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Deparftment of Energy
Office of Civilian Radioactive Waste Management
Yucca Mountain Site Characterization Office
P.O. Box 68608
Las Vegas, NV 89193-8608

JAN 1 2 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-D00S 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
YMOAD-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 285-9185.

Lk

- 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 Environmental 101 Convention Center Drive, WBS: 1.2.6
Safety Systems Inc. Suite P110 OA: L )
Las Vegas, NV 83109 *
702.794.1800

Contract #: DE-AC01-91RW00134
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,

ﬁ/ prest; Manager
MGDS Dévelopment

Management and Operating Contractor

TRW Inc.
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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, NV !
J. J. Clark, M&O, Las Vegas, NV
B. R. Justice, Las Vegas, NV
J. R. Massari, M&O, LasVegas,NV
A. O. Thompson, M&O, Las Vegas, NV

W. W. Wallin, M&O, Las Vegas, NV
J. W. Willis, M&O, Las Vegas, NV

RPC
AMS:Iimh
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Department of Energy
Office of Civilian Radioactive Waste Management
Yucca Mountain Site Characterization Office
P.O.Box 98608 -
Las Vegas, NV 89183-8608

NOV O 8 1995

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 OF DEFICIENCY REPORT (DR)
YMOAD-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&0O) (SCPB: N/A)

The YMOAD staff has verified the corrective action to .
DR YMOAD-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&0O) 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.

A 2

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&0O, Vienna, VA
Richard Jiu, M&0O, 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, YMOAD/QATSS, Las Vegas, NV
- - .,
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TRW Environmental
Safety Systems Inc.

| : F L ¥ ¥4
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. - 71w
101 Convention Center Drive, WBS:
Suite P110 Q A,S li‘z -6
Las Vegas, NV 89108 *
702.794.1800

Contract # DE-AC01-91RW00134
LV.MG.AMS.10/95-150

October 6, 1995

Mr. Richard E. Spence, Director

Quality Assurance Division

Yucca Mountain Site Characterization Office

P.0. Box 98608
Las Vegas, NV 89193-8608

Attn: Mr. Steven R. Maslar, QAR

Subject: Deficiency Response
-NMQAD-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 Bvidence 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.

Management and Operating Contractor

TRW Inc.
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LV.MG.AMS.10/95-150
October 6, 1995

Page 2

Enclosure:
Deficiency Responses

“gpetnEEmOg
dgoREmEEtp®

2

Abend, M&O, Las Vegas, NV
Benton, M&O, Las Vegas, NV 1/
Clark, M&O, Las Vegas, NV //
Justice, M&O, Las Vegas, NV
Maslar, M&O, Las Vegas, NV
Massari, M&O, Las Vegas, NV
Matras, M&O, Las Vegas, NV
Thompson, M&O, Las Vegas, NV

. Wallin, M&O, Las Vegas, NV

Willis, M&O, Las Vegas, NV

AMS:lmh
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~ . Department of Enérdy
Office of Civilian Radioactive Waste Management
Yucca Mountain Site Characterization Ofiice
P.O. Box 98608
Las Vegas, NV 851963-8608

SEP 0 6 199

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 89108 :

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/R)

The YMQAD staff has evaluated the responses to DRs YMQAD-95-D-004
through YMQAD-$5-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 thie 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.
Constable at 794-7945 or Stephen R. Maslar at 794-7762.

O ‘. QP@ f ql}&

Richard E. Spence, Director
YMQAD :RBC-4478 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, EQ (RW-14) FORS

R. L. Robertson, M&0, Vienna, VA
Richard Jiu, M&O, Las Vegas, NV

R. P. Ruth, M&0O, Las Vegas, NV

i~ .

ce w/o encl: '

W. L. Belke, NRC, Las Vegas, NV

D. G. Sult, YMQAD/QATSS, Las Vegas, NV
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) TRW Environmental
Safety Systems Inc.

~ L ~ 72 <

101 Convention Center Drive, WBS: 1.2.6
Suite P110 QA: L
Las Vegas, NV 89109 ’
702.794.1800

ECGEIVE

Contract #: DE-AC01-91RW00134 EIG 31 B
LV.MG.AMS.8/95-134 :

August 30, 1995

“SAIC / QATSS

ﬁl

Mr. Richard E. Spence, Director

Quality Assurance Division

Yucca Mountain Site Characterization Office
P.O. Box 98608

Las Vegas, NV 89193-8608

Attn:  Deborah Sult
Subject: Deficiency Response (SCFB: 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. :

Sincerely,

. Segrest, Manager
MGD elopment
Management and Operating Contractor

TRW Inc.
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LV.MG.AMS.8/95-134
August 30, 1995

Page 2

Enclosure:

Deficiency Responses
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Abend, M&O, Las Vegas, NV
Benton, M&O, Las Vegas, NV
Clark, M&O, Las Vegas, NV

Justice, M&O, Las Vegas, NV
Maslar, M&O, Las Vegas, NV
Massari, M&O, Las Vegas, NV
Matras, M&O, Las Vegas, NV
Meyer, M&O, L’Enfant, VA
Thompson, M&O, Las Vegas, NV

. Wallin, M&O, Las Vegas, NV
. Willis, M&O, Las Vegas, NV

AMS:Imh



- Départment of Ene?ﬁy
Office of Clvilian Radioactive Waste Management
Yucca Mountain Site Characterization Office
P.O. Box 68608
Las Vegas, NV 89183-8608

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 8910¢

ISSUANCE OF DEFICIENCY REPORT (DR) YMQAD-$5-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 MANI/&G?MENT SYSTEM MANAGEMENT AND OPERATING CONTRACTOR
(SCPB: N/A :

Enclosed are DRs YMQAD-95-D-004 through YMQAD-$5-D-006 generated

~as a result of YMQAD Audit YM-ARP-95-16.

YMP-5

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 79?T7762. ”

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

Enclosures:

1. DRs YMQAD-S5-D-004
through YMQAD-95-D-006

2. PR/DR Continuation Pages
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L. Dale PFoust - -2-

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&0O, Vienna, VA

T. L. Badredine, M&0, Las Vegas, NV
Richard Jiu, M&0O, 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, - YMQAD/QATSS, Las Vegas, NV

AUG 0 3 1935
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. OFFICE'OF TIVILIAN o Tl Denciency Report
RADIOACTIVE WASTE MANAGEM
U.S. DEPARTMENT OF ENERGY No. THQAD-95~-D-005
WASHINGTON, D.C. PAGE 1 ,/,3 \PS
. aa: L9 |
PERFORMANCE/DEFICIENCY REPORT T
1 Controlling Document: 2 Related Report No.
QAP 3-9, Revision § . A YM-ARP-”JG
3 Responsible Organization: 4 Discussed With:
CRWMS M&O Hugh Benton
b ReqdrememIMeasuremem Criteria:

QAP 3-9, Revision S, Attachment I, Item 7
Design Analysis - reqmmﬁzmmpk&pmcnﬁﬁmof&eam!ymghdudmgmmlaﬂmmmwbehdudedmcth
qualified individual could review the analysis without recourse to the eriginator.

6 Description of Condition:

Contrary to the above requirement, examination of *Analysis of Degradation due to Water and Gases in MPC," Document
Identifier BBO000000-01717-0200-00005, Revision 00, "Initial Waste Package Probabilistic Criticality Analysis: Multi-Purpose
Canister with Disposal Container (TBV-060-WFD)" Document Identifier B0O0000000-01717-2200-00080, Revision 00, and
*Initial Waste Package Probabilistic Criticality Analysis: Uncanistered Fuel (TBV-069-WFD," Document Identifier
B00000000-01717-2200-00079, Revision 00 showed that this requirement was not complied with. These documents do provide
the basic data and do describe how the calculations were performed, but do not inciude an actual copy of these calculations. For
example, on page 6 of *Analysis of Degradation due to Water and Gases in MPC* the statement is included that the vapor pressure
of water at 295K was calculated by linear interpolation. However, the vapor pressure actually used, as cited from the reference are
not given, nor the conversion factors from Fahrenheit to Celsius, nor from psia to Pa. The temperatures used, 71 and 72 F, the
corresponding pressures, 0.37549 and 0.38844 psia, 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 should all have been shown. Similarly, the details
of the interpolation for density of saturated liquid water at 295K and the enthalpy of vaporization for water at 295K should have

7 tnitigfor . 9 QA Revie
:Km@m sz/a/ 74| aan j (. K/%f’
10 Response Due Date 11 QA Issuance Approva %
20 Working Days from Issuance . mmzAmmmiM Date ¥ 2+ ﬂ§
12 Remedial Actions:
SEEL LESSLNsE o P.3 oFf 3

14 Remedial Action Due Date.
Date 78| oerosce ¢, 19598 Date
ptance /7 16 PR Verification/Closure
< D 1/) /]d( QAR M/n Date

Exhl 6 10.1 Rev. 07/03/85
57 30/95  LY.ME.AmS. 87513



Bd‘ubrt AP-16.10.2

8
DR NOYMQAD-95-D-00
RADIOACTIVE WASTE MANAGEMENT aA: L Wl
U.S. DEPARTMENT OF ENERGY 02 ‘i“‘ I
WASHINGTON, D.C.
DEFICIENCY REPORT

17 Recommended Actions:
Review extent of problem and establish corrective action.
18 Investigative Actions:

SEL LLSPoNITE o A3 O F
19 Root Cause Determination:

SEELE LESPONSE o L 3 ofF3
20 Action to Preclude Recurrence:
Sgx LrsPonse o A3 o~ 2
22 Corrective Action Completion Due Date:
. vae £22/4s~ | ocrosre o, (/995
. : 7 24 Res ] &;.

ansd. K ///1 ADQAM Ao & pate 4.8945
25 Amended Response ccepted 26 Amended Responsﬁkccepmd

QAR ADQAM Date

27 Corregtive Verirﬁed /n/? 28 Ciosure

MM‘ 7% 7; 95,,1;“'§OQAM 1@04;& \-1-Av
Rev. 07/03/85
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OFFICE OF CIVILIAN Deticioney femr
RADIOACTIVE WASTE MANAGEMENT
U.S. DEPARTMENT OF ENERGY NO. YMQAD-
WASHINGTON, D.C. PAGE 3 OF 01
) N QA: L u

PR/DR CONTINUATION PAGE 1

6 (Continued)

been provided. It is noted that ope of these values was calculaxedincamctly Identification of, orperhapsavoxdanoeof the error
would have been assisted by havng the details 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 (BO0000000-01717-2200-00080 REV 00, B00000000-01717-2200-00079 REV
00 & BB0000000-01717-0200-00005 REV 00 ) with attachments illustrating the steps of all hand calculations.

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

118 Investigative Actions:

OftheSWastePackageDevelopmentdocumentspreparedundchAP—S—Q threcwu'cthesubjectoftbxs DR. The other two were
reviewed for compliance as part of this invest:gatxon : A

41In one of the documents (BB0000000-01717-0200-00003Revw)therereanumbaofdxmcnmons 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

gencra!ly There were no other calculatxons in the document.

In the other document (BBA000000-01717-0200-00121 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 Characteristics
Database (CDB), a QA certified database. This CDB file is in dBASE IVformat, 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 analysis; inéluding 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. .

Exhibit AP-16.10.3 _ : ) Rev. 07/03/95
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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.

A% 77/vam /5

Stephen R. Maslar, QAR Date '/
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OBJECTIVE EVIDENCE
DEFICIENCY REPORT

YMQAD-95-D-005

QAP-3-9 Calculation Details

J.R. Massari
702/794-7019
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INDEX
DR EMCEED-95-D-005

Dated £/2/95. By Stephen R. Maslas- ’/;//,4, DS ///ﬁ/ég

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

Revision 1 of "Analysis of Degradation Due to Water and Gases in MPC,"
DI BB0000000-01717-0200-00005 REV 01, 23 Total Pages, Effectwe
9/29/95, By J. Kevin McCoy

Rev1s10n 1 of "Initial Waste Package Probabilistic Criticality Analysis: _.
Uncanistered Fuel," DI B00000000-01717-2200-00079 REV 01, 98 Total
Pages, Effective 10/6/95, By John R. Massan '

First three pages (sign-off sheets) of Rev1slon 1 of "Imtlal Waste Package
Probabilistic Criticality Analysis: Multi-Purpose Canister with Disposal
Container,” DI B00000000-01717-2200-00080 REV 01, Effective 10/6/95,
By John R. Massari. Full document available upon request. -
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_ Interoffice Correspondence —?---
Civilian Radioactive Waste Management System ' N A4S 4 4

Management & Operating Contractor
) TRW Environmental
Safety Systems Inc.

WBS: 1.2.2
QA: N
Subject Date . . From
Transmittal of QAP 3-9. ~ September 14, 1995 John R. Massari
PAR Regarding Level of LV.WP.JRM.09/95.307 L.
Detail for Calculations Qﬂ‘“’" _
To cc Location/Phone
George Carruth H.A. Benton TES3/423
TES1/30 P. Gottlieb (702) 794-7019
RPC
A. Seqrest

Please find attached a PAR prepared as a remedial 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:

Ml Bt
HughA. Benton
Department Manager

Waste Package Development

—
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) W, o/
> Procedure Action Request oA: N
CRWMS/M&O Page: 1 Of: 1
+ECTION | - Action Request
2. Procedurs No. 3. Revision

1. Procedurs Title

Design Analysis QAP-3-9

5

4. Type of Action Requested
D Develop New Document

2 Revise Existing Document

D Cance!l Document

5. Description of Action Reguested
Revise Attachment I, item 7, to read as follows:

*The complete analysis, 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.”

%ﬁu;mmw?;&ng provides no guidance on the level of detail

for the calculations to be presented. This action is requested in
response to Deficiency Report YMQAD-95-D-005.

7. Requestad By: {Print Name) Date: Organization: Phone:
John Massari 08/24/95 Waste Package Development (702) 794-7019
SECTION Il - Action Initiation
8. Documents Affected

QARD Reguirements Matrix
9. Raquest . 10. Editoria! Ravision 11, Action Required 12. Priority

g Approved O Rejected D Yes D No D Develop O Revise D Cance! ' D Hold D Process
13. Names of Author Assigned
14. Comments
15. Rasponsible Manager Name Signature Date
16. QA Manager Name Signature Date
SECTION HI - Action Review

7, Recommended Indoctrination/Training D Read D Classroom D Briefing

“J] Other: No. of Days Reguired:

I . Training Name Signsture ’ Date
| 18. Responsibie Manager Name Signaturs Date




Procedure Actlon Req-~st Page.4 oe | 3k

' CRWMS/M&O U " Page: 1 OF

SECTION 1 - Action Request

[~ Procedure Tive 2. Procadure No. 2. Raviinn
Design Analysis QAP.3-9 5
4. Typo ot Aotion Reguettad

O Davelop New Document &2 Revise Existing Document [ cance! Document

R L '
(Rt Amiachment I, Hem 3, to read as follows: *The complete | T12 Gafreat wording provides no guldance on the level of detal

analysis, including calculations, shall be presented in suficient | for the calcutarions (o be presunted. This sction is requested in
detafl that 8 qualified individual would be able to understand,  |response to Deficiency Report YMQAD-95-D-005.
and ieproducy, the wnulysis without recourse to the originator,”

"l'.'liequeszeu By: (Print Name) Dats: Organizaton: Pnone:
John Massari : 08/24/95 Waste Package Development (702) 794-7019

SECTION Il - Acton Initiation
8. Cocumants Affactee

GARD Regquirements Matrix

0. Regusnt 1€, Editorial Raviston 11. Action Reguired 12. Pricrity
Approved [JRejected | (JYves EINo |[JDevelop B Revise [ Cancet O Hote Process

[ $X Nams of Author Asvigned
W. Reed
ffe’n?‘)"'\:’ifl"bcchﬁﬁedmﬁngthc pext revision, w M MW

W clinva Whete W %.%g@ﬂﬂb

Lﬂ.‘ie—cpomm Manags: Rame 17 T3 / Teu
G. A. Carruth : : 7 10/12/95

6. GA Wmaer Name Duts

R P.Ruth QLMM foer 10/12/95

SECTION Il - Actdon Review
(37, Recommendsd IndoctrinatonTraining D Fead D Classioom D Briefing

[ other: No. of Days Reguired:
Y&, tranmg Name Signature Date
18, Respensibls Manager Name Signaturs Date

QAPE-1 Ettactive 0272008} 084 Psv. $2.3098



. FOR INFORMATION 0" p@‘)u o 613}
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© CRWMS/M&0 Design Analysis Rev;ew Summary

( . Complete on.’_y applicqble items. . i Page: 1 of: 1
(2 DESIGN ANALYSIS TITLE o 1
Analysis of Degradation Due to Water and Gases in MPC o
3. DOCUMENT IDENTIFIER (including Rav. No.) - : _ ] . 4. REV. NO.
BB0000000-01717-0200-00005 REV 01 ’ . ’ o1
. I's. ORIGINATOR _ ] - ~ 1 6. DATE
| V . .I 3 N § - 3 D hd 95
7. CHECKER _ . . : 8. DATE
|/ A - - - 1 9/25/s
5.0 L 11. Review Comments 12. Backcheck
- Jue 10. Disciptine , : .
Date - ] Signature , Date Yes | No . Signature Date

r-’." ~y

13. REMARKS '
As LDE, | have determined that.no itenfiscipline review Is required b‘fﬁ““ e resed 'ﬂ‘”""aﬁon does not

eflect ary otler Tupctionl area . A. % Yzalas™
As LDE and depar tment wanager, [ have chcrmra‘ that ns uf"""’"’"’e" is reguired be“m the

revised in{ormation does not a”ec(’ cey other drqanizatin M A M\ 7/27,?(

14. APPROVED:

| //M/V/cé,z/ - . ~ 9-27-95

tor chnam . Date

A)ax/u—ué 9‘ ' o 7/294'?.’5’
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1. Purpose k . o

This analysis is prepéred by the Mined Geologic stposal System (MGDS) Waste Package

| - Development Department in response to a request received via 8 QAP-3-12 Design Input Data
Request (Ref. 5.16) from WAST Design (fonnerly MRS/MPC Design). The request is to
provide:

1) Dryness requzrements Jor the MPC cmmy environment afier Ioadmg and cIosw'e
operations at the Purchaser site. ‘ ) _

The objective of this analysis is to provide a response to the foregomg request. The analysis
| treats nominal loading conditions only, not accidents or accident conditions. In particular,
* | leaky (waterlogged) fuel rods are not considered. The purpose of this analysis is to provide
' the basis for the response. The response is statéd in Section 8 herem.

2. Quahty Assurance

| The quahty assurance (QA) program applies to tlns analy515 This analysis focuses on
o compatibility of certain Multi-Purpose Canister (MPC) design features that interface with the
( MGDS. These features could potentially affect the proper functioning 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
| Material and Performance Information and Data in Support of Waste Package/Engincered
| Barrier Segment Development (Ref. 5.2). This QAP-2-0 evaluation determined such activities
. to be subject to the requirements of the Quality Assurance Requirements and Description
.} (Ref. 5.3). Applicable proccdural controls are listed in the evaluanon. '

3. Method

The Multi-Purpose Canister (MPC) Subsystem Design Procuremient Specification (Ref. 5.1)
specifies the amount of water and gases that may be present in an MPC. This design analysis

. uses the current revision of thosc speclﬁcatxons.to determine limits on lntemal degradation of
an MPC. .

The design method is to (1) analyze the wording of the specification to détermine 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 addmOnal, detailed calculations for

C other types of MPC are- unneccssa.ry
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This method will determine whcther the specification is adequate but will not provxde an
‘upper bound on the allowable amount of water. : :

4.  Design Inputs
41 Design Parameters

4.1.1. Design inputs come from the current revision of the MuIn-Purpose Camster MO
Subsystem Design Procurement Specq?catxan (Rcf 5.1). Relevant specifications are as
follows: .

Section 5.1.1.7.1.A: The MPC sbaII be capable of bemg dramed vacuzzm—dried and back-
Jilled with an inert gas after SNF loading. This specification is taken to mean that the MPC
maybcana]yzcdudltwacmaﬂyvacmzm-dnedandback-ﬁlledmthanmcrtgas

Section 5.1.1.7.1.C:  Vacuum pumps used to vacuum dry the interior of the MPC 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 sufficient to demonstrate by calculation
that the residual water content of the MPC ipterior is less than 0. 25 volume percent.

4.1.2. The following physical, chemxcal, thel:mal, and geomeu'm data are used as needed in
the analysis: .

gas constant: 8.31451 J/mol'K (Ref. 5. 7)

molar mass of (atomxc) hydrogen:. 1.00794 g/mol (Ref. 5. 7)
molar mass of (atomic) nitrogen: 14.00674 g/mol (Ref. 5.7
molar mass of (atomic) oxygen: 15.9994 g/mol (Ref. 5.7)
molar mass of chromium: 51.9961 g/mol (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 zirconjum: 91.224 g/mol (Ref. 5.7)

molar mass of molybdenum: 95.94 g/mol (Ref. 5.7)

vapor pressure of water at 295 K: 26184Pa(Rcf.56 p. E-23; ca!culatedbyhnear L
interpolation as follows: " 295 K = 21.85 °C =.71.33 °F. From Ref. 5.6, the vapor
pressure of water is 0.37549 psia at 71 °F and 0.38844 psia at 72 °F. By linear
mterpolatlon, the vapor pressure of water at 295 K is ((1 - 0.33) x 0.37549 +0 33 x
0. 38844) psxa 0.37976 psxa (0. 37976 x 6894 757) Pa=2618.4 Pa)
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density of saturated liquid water at 295 K: 997.87 kg/m? (Ref. 5.6, p. E-23, calculated by
linear interpolation es follows: As shown previously, 295 K =71.33 °F. From Ref.
5.6, the specific volume of saturated liquid water is 0.016052 Ibm/ft’ at 71 °F and
0.016054 Ibmy/fi® at 72 °F.- By linear interpolation, the density of saturated liquid
water at 295 K is 1/ (((1 - 0.33) x 0.016052 + 0.33 x 0.016054) Ibm/f) = 62.295
Ibm/f® = (62.295 x 16.01846) kg/m® = 997.87 kg/m?.) '

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/bm 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/ibm = 1053.3 BTU/Ibm =
(1053.3 x 2324.444) J/kg = 2,448,300 Jkg.) ’ .

- heat capacity at constant pressure of liquid water at 205 K: 4179 JkgK (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 °F and 0.998 BTU/Ibm°F at 80 °F. By linear
interpolation, the enthalpy of vaporization for water at 295 K is (((80 - 71.33) /(80 -
60)) x 1.000 + ((71.33 - 60) / (80 - 60)) x 0.998) BTU/Ibm-°F = 0.9989 BTU/Ibm-°F

= (0.9989 x 4184) J/kkg’K =4179 JkgK)

vapor pressure of water at the triplc point (273.16 K = 0.01 °C = 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: 02095 (Ref. 5.6, p. F-208)

mole fraction of nitrogen in dry air: 0.7809 (Ref. 5.6, p. F-208)
density of zirconium: 6.49 g/cm® = 6490 kg/m® (Ref. 5.6, p. B-165)
density of Type 316L stainless steel: 8 Mg/m® = 8000 kg/m® (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: (583 /2) in. = 0.74041 m (Ref. 5.11)

inside length of shell of 21 PWR MPC: 180 in. =4.572m (Ref. 5.11)

edge length for square opening in basket fuel channels for 21 PWR-MPC: 8.8 in. = 02235 m
(Ref. 5.11) o S ' :

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

thickness of 21'PWR MPC shell: 1 in. = 25.4 mm (Ref. 5.11)

thickness of inside basket cladding for 21 PWR MPC: 025 in. = 635 mm (Ref. 5.11)
- 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 Wilcox 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):
| 153681n.=390347mm(outpmﬁ'omsec6)

thxckncss 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 Wilcox 15 x15/ B&W Fucl Company Mark B4)
| 208 (output from sec. 6) -

| vapor pressure of HNO, and H,0 over soluuons of HNO, in H,O

S o G e— t— Gt G — —— v e ity cvuts S e ——

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

)

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
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° | " Barrier Design Requirements Document (EBDRD) (Ref. 5.13), section 3.7.1.A: 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 perjbnnance of the underground

Jacility or the geologic setting. _ ,

The analysis addresses the effects of the fill gas on o:ndauon/reductxon reactlons, eorrosmn,
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,
| 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, radiation damage, radionuclide retardation, Ieachmg, ﬁre and
explosion hazards, thermal Ioad.s' and Synergistic interactions. '

" The analysxs addresses the presence of chemically reactive matenals in the fill gas. Such
| work is a partial responise to the requirements of the EBDRD, section 3.7.1.C: The waste
| packages shall not contain explosive or pyrophoric materials or chemically reactive materials
in an amount that could compromise the ability of the snderground facility to- contribute to -
waste isolation or the ability of the geolagzc repasuory to san.sﬁ' the perﬁ)rmance objectzves

The analysis addresses the presence of free hqmds Such ‘work is a parnal response to the
- | .requirements of the EBDRD, section 3.7.1.D: The waste package shall not contain frée
liquids in an amount that could compromise the ability of the waste package to achieve the ‘
performance objectzves relating to the containment of radioactive waste (because of chemical
interactions or formation of pressurized vapor) or that could result in spillage and spread of
contamination in the event of waste package perforation during the period through permanent
closure

A
rn—

The analysxs addresses the effect of the fill gas in dcgmdmg the abxhty 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
be designed to maintain waste containment during transportation, emplacement, and retrieval.
The more recent Mined Geologic Disposal System Reguirements Docirment (MGDS-RD) (Ref
5.4) clarifies this reqmremcnt by changing ”trmoﬂatzon to "tramportanon within the
MGDS".

43  Assumptions

To determine the amount of éas in the MPC, it is necessary to know the void volume of the
- |- MPC andthcpmsure/temperatm'eranoauheumcofﬁlhng ‘Rather than making a single

L-
( | assumptxon about the pressme/tempmmre rano, scparatc assumptxons are made about
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temperature and préssure. Specific asétnnpﬁons for these quénﬁﬁcs, with values suitable for a

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

Tl

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.

43.1 Void volume of MPC: The void volume of the MPC (that volume of that portion of
the interior of the MPC that is not filled with waste or internal structure) is taken to be 4.555
m? for an MPC with a capacity of 21 PWRs. This volume was provided by David N. ‘
Summers of the Vienna M&O and was supported by a non-QA analysis. The volume for
actual MPCs may be slightly different. (For comparison, the void volume of a completely

empty MPC is = - (0.74041 m)? - 4572 m = 7.874 m’. 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.

432 Fill gas pressure for MPC: The MPC is taken to be filled to an absolute pressure of
152 kPa. This value is the same 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
expected to be higher than this because a higher initial pressure would increase the operating
pressure of the MPC-but would not provide any benefits. This assumption is used in sections
7.1, 7.4, and 7.7. : o - _

433 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, and 7.7.. '

44  Codes and Standards | | i
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 .

: 20 D} -
P?agnr.l{{ 0!,%- )
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Testing and Materials standard E 380-O1a, "Standard Practice for Use of the International
System of Units (SI) (the Modernized Metric System)" (Ref. 5.5).

5. References

51 MuIn-Purpose Canister (MPC) Submtem Design Procurement Speczﬁcatxan
- (DBG000000-01717-6300-00001 REV 04, August 26, 1994) ‘

< | 52 Analyze Material and Performance Information and Data in Support of Waste
- Package/Engineered Barrier Segment Development (BB0000000-01717-2200-00004 o
| REV 04, Scptcmber 29, 1995) ,

| 53 Quality Assurance Requirements andDesa'gonon ('DOPJRW-0333P Rev. 4, August 4
| '1995) .

54  Mined GeoIogic Dz.sposa! System 'Requ-zremenrs Document (DOE/RW-0404P,
- 300000000-00311 1708-00002 REV 01, DCN 01, May. 1995)

. 5.5 American Socxety for Testmg and Materials, Standard E 380-91s, "Standard Pract;ce
( for Use of the International System of Units (SD (the Modernized Metric System)"
(October 3, 1991) . _ |

M 5.6  CRC Handbook of Chemistry and Physics, Glst ed., Robcrt C. Weast, edxtor (CRC
. ~ Press, Boca Raton, FL, 1980) -

5.7  CRC Handbook of Chemzstry and Physxcs, 74th ed., Davrd R. lee edrtor (CRC Press
Boca Raton, FL, 1993), inside front cover and p. 1-1. . -

58 D.T.Reed and R. A. Van Konynenburg, nEffect 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 Engmecrs New York, 1991)

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

510 C. Pescatore, M. G. Cowglll, and T. M. Sullivan, ercaloy aaddmg Pen‘brmance
Under Spen.f Fuel stposal Condmons (BNL 52235).

‘(" 511 MPC Conceptual Design Report (A20000000-00811-5705-00002 REV 00 September
o 1994), vol. ILA, table 4.16-1, ﬁgures 42.1.1-1 and 42.1.1-3
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6.

- o =S uly
Metals Handbook, Sth ed., vol. 3, Stainless Steels, Tool Materials and Special-Purpose
Metals (American Society for Metals, Metals Pa.rk, Ohio, 1980), pp. 34, 191.

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

Gordon M. Barrow, Physxcal Chemistry, 3rd ed. (McGraw-}ml, New York, 1973), pp.
548, 567

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

IOC VA.DES.NLS.11/94.018, "MPC Design Procurement Specxﬁcatxon from J. B.
Stringer to H. A. Benton, November 9, 1994.

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

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

Chemical Engineers’ Handbook, 3rd ed., John H. Peu'y, edltor (McGraw—Hﬂl, New
York, 1950), pp. 169-170.

Use of Computer Software

The Fuel Assemblies Data Base (FADB) (LWR Assemblies PC Database, CSCI: -
A00000000-02268-1200-20004 VER 1.1, loaded on a 66 MHz 486 PC, ID: 108141, Seril #

3088159) was used to obtmn 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 asscmbly (Babcock and Wilcox 15 x 15/ B&W Fuel
Company Mark B4)

thickness of fuel cladding (Babcock and Wllcox 15 = 15 IB&W ’Fuel Company Mark
B4)

number of fueled posmons (Babcock and Wilcox 15 x'15 / B&W Fuel Company S
Mark BY). o J
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Because of the mteractxve nature of FADB, no input file is ngen here. The descnptlon of the
results is sufficierit to repeat the calculations. Because of the small number of data obtained,
no output file is ngen here. Instead, the results are simply listed in section 4.1.2. The
FADB software is appropnate for this application and was used only within the tange of
vahdanon.

7. Design Analysis

| The analysis responds to reqmrements ﬁ-om the EBDRD that are listed in section 4.2 None
of these i is listed as 'IBD TBYV, or TBR.

7.1 Qnantnty and phasec of water allowed by speciﬁeatxon

The specxﬁcanon quoted in section 4.1.1 herein has been mterpreted by some readers as ,
‘meaning that up to 0.25 volume percent of the interior void volume of the loaded MPC may
be filled with liquid water. Others bave mterpretedltasmeanmgthaino liquid water will be
present and that, by the ideal gas law, the mole fraction 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 specxﬁcatlon may, at first glance, gppear to be ambiguous about the phases of
water present, closer examination shows that the first lm:mretanon, which is discussed in this
section, is untenable. The third interpretation 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 tbe analysis, the second unerpretamn is taken.

Let us examine what the first interpretation implies. Consxder a2l PWR MPC, which has a
void volume of 4.555 m?® (scc. 4.3 1). Using the first interpretation, we may assume that 0.25

| percent of this volume, 4.555 m® x 0.0025 x 1000 L/m® = 11.39 L, is filled with liquid water.
Because of the large volume of water and the flat-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 -

| 295 K (sec. 4.3.3) is 2618.4 Pa. IftheWC;sevacuatedtoapressmeof3milh’bar (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 achxeved until most
of the watensevacuaiedbyvacuumpumpmg ‘

For reasonable temperatures, evaporatwe coolmg of the water is msuﬂicxent to prevent vapor
| formation; the vapor pressure of water exceeds 600 Pa even at the tnple point. In any event,

the evaporative cooling effect is Small. Evaporating enough water to increase the pressure in

the MPC by 300 Pa requires 300 Pa - 4.555 m3 /-((8.31451 J/mol'’K) - 295 K) = 0.557 mol of
| water (sec. 4.3.1; sec. 4.3.3). Since the molarmass,ofwatens (2 x 1.00794 + 15.9994)



Waste Package Development— = o Design Analysis™ -
Title: Analysis of Degradation Due to Water and Gases in MPC ‘ : - 2Y ,gd -
| Page 34 0 M)

Document Identifier: BB0000000-01717-0200-00005 REV 01

- _, | , VL% L
| g/mol = 18.01528 g/mol = 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 mol = 24.6 kJ. Under
| adiabatic conditions, such evaporation will cool the water by only 24,600 J / ((4179 J/kgK) -
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 tempera-
| ture, at a rate that increases the pressure in the MPC-by 300 Pa over the period of 10 minutes
| =600 s mentioned in the specification (sec. 4.1.1). The smallness of this input is apparent if
~ we compare it to the 14.2 kW spent fue] 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 sensitivity of this test shall be
sufficient to demonstrate by calculation that the residual water content of the MPC 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, ° S . o T

Interpreting the MPC specification as allowing 0.25 volume percent of liquid water raises
mumerous 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 future 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".

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

| allowable water concentration (0.25 volume percent), the amount of water present is 152,000

| Pa-4.555m®-0.0025/ ((8-31451 J/mol'K) - 295 K) = 0.706 mol. By using the molar mass

| 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 m® / ((8.31451 J/mol-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. EESR : '
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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 radlolyuc products are consumed (e.g., by oxidation of metals or dissolution of
hydrogen in meta]s), the rate of reverse reactions, and the effectiveness of ionized atoms of
inert fill gas in promotmg decomposition of water. However, it is conservative to assume that
all of the water is decomposed and the products react with the waste or mctal componcnts of

" the MPC. | _

Because of the affinity of zirconium for hydrogen, we may assume that 1he 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

plugs are ncglected, the mass of the cladding for one fuel rod can be calculated from the
density of zirconium and the formula for the volume of & cylmdncal shell to be = x (10.922

mm - 0.673 mm) x 0.673 mm x 3903.47 mm x 10? m¥mm® x 6490 kg/m® = 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.

Radiolysis of the maximum allowable amount of water (12.7 g) will produce (((2 x 1 00_7_94) !

18. 01528) x 12.7) g = 1.42 g of hydrogen, so the increase in hydrogen content of the
zirconium will bé at most (0.00142) kg / 2398 kg = 0.59 x 10 = 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)tooontrol

hydrogen embrittlement. The addmonal hydrogen provxded by the res1dua.1 water is neghgl- :
ble.

7.3 _ Effect of oxygen

To determine the effect of oxygen, we calculate thc amount of oxygen prwent (from water or
other sources). We assume (conscrvanvely) that all of the oxygen is present in a reattive
form. We calculate the maximum possible dcpth of oxidation ﬁom the amount of ¢ oxygcn
and the area of exposed metal. )

Upon evacuation of the MPC to & pressure of 300 Pa (sec. 4.1.1), and if the remaining gasin
the MPC is conscrvatively taken to be dry air, the partial pressure of oxygen will.be 300 Pa -
0.2095 = 63 Pa. The partial pressure of oxygen will remain after backfilling. The amount of

“residual oxygen from the dry air is thus 63 Pa - 4.555 m® / ((8.31451 J/molK) - 295 K) =

0.117 mol (sec. 4.3.1; sec. 4.3.3). To this we add the oxygentha.tmllbegomeavaﬂablerf o
the maximum allowable amount of water is also available. “This treatment is appropriate if
water outgasses after evacuation of the MPC. The mass of oxygen is 12.7 g H;0 : (15.9994
g 0/18.01528 g H,0)=113¢g from water vapor and 0.117 mol O, - 31.9988 g/mol O, =
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'| 37gﬁomres:dualmr,foratotalof(ll3+37)g=150g=150g1(2x159994ymol)=
0470m0102

"}

‘Design Analysis"

| For the 21 PWR bumup credit MPC, the interior smfaces of the MPC aremade of Type 316L
stainless steel, which has a density of 8000 kg/m? and a nominal composition of 17% Cr,

| 12% Ni, 2.5% Mo, and 68. 5% (balance) Fe. The mﬂuence of carbon (0.03% C max:mum) is

| neglected. To oxldxze 1 md ufthls maxcnal, we nced

8000 kg x 0.17 = 1360 kg Cr= (1360 kg) / (0.0519961 kg/mol) 26,200 mol Cr' oxidation
to Cr,0, requires (3/4) x 26,200-mol = 19,600 mol O,

8000 kg x 0.12 = 960 kg Ni = (960 kg) / (0.0586934 kg/mol) = 16,400 mol Nl, oxxdauon to
NiO requires (1/2) x 16,400 mol = 8200 mol O, -

I
I
I
|
| 8000 kg x 0.025 =200 kg Mo = (200 kg) / (0.09594 kg/mol) 2100 mol Mo; oxidation to
| MoO; requires (3/2) x 2100 mol = 3100 mol O,

|

|

8000 kg x 0.685 = 5480 kg Fe = (5480 kg) / (0.055847 kg/mol) 98,100 mol Fe; oxldauon
to Fe,0, requires (3/4) x 98,100 mol = 73 600 mol 02 S

| The total amount of oxygen needed is.thus (19, 600 + 8200 + 3100 + 73 600) mol 02 )
| 104500mol 02percubxc meterofalloy S . o _ )

| From the formulas for the areas of cylinders and cu‘cles, the area of the inner surface of the
shell is 2n - 0.74041 m - 4.572 m + 2% - (074041 m)? = 24.7 m?; the surface area of the fuel
channels is 21 - 4 - 0.2235m 4,064 m = 76.3 m?; the total exposed surface area inside the

. MPC is at least 101 m%. Asubstanuallylatgeramanghtbejustlﬁed. The fue] basket is.
composed of an array of square tubes. The tubes are placed so that the outer surfaces face
other tubes or support structures and therefore are not fully exposed. The outer surfaces of
the tubes are not included in the area calculation above. As a result, the treatmentis -
conservative in that it may overestimate the depth of oxidation. The maximum depth of
oxidation for the exposed alloy is thus 0.470 mol / (104,500 moV/m® - 101 m®) = 45 nm. - This
may be compared to thicknesses of about 25.4 mm for the shell, 6.35 mm for the inside
basket cladding, and 2.39 mm for the outside basket cladding.” The effect of oxidation is
considered to be neghglble 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 mm tmdemze respectively (Ref. 5.18,
Tablcs Al2 and Al. 17) .

T GO SERES G — — A —

Fuel cladding is zirconium with small amounts of alloymg elements (Ref. 5.9). Forthe
purposes of calculating oxidation depths we may use the densny of the pure metal. @ -
Zirconium has a density of 6490 kg/m?, so to oxidize 1 m? of zirconium to ZrO,, we need , \
{ (6490 kg/m )l(0091224 kglmol) =-7l 100 mol 0, - o ' _ ' )
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The total number of rods per MPC is 21 assembhes 208 rods/assembly = 4368 rods. The
area of the fuel cladding is 4368 - &t - 10.922 mm - 3903.47 mm = 585 m2. The maximum

depth of oxidation for the cladding is thus 0.470 mol / (71,100 moV/m?® - 585 m 2 =11 nm.

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 neghglble because the maximum depth of oxidation is
smaller than the permxssible variations in thickness. Standard specifications for this material
allow a variation in wall ttnckness of £10% (Ref 5.9, Tablc 5)

74 Eﬂ'ect of nitrogen

Radiolysis of residual nitrogen in the MPC could lead to formation of gaseous HNO, and
possibly condensation of nitric acid solutions.” Because of the high diffusivity of gases,
gascous HNO,; would be expected to produce uniform attack, the depth of attack being
limited by the amount of available oxygen. Liquid nitric acid solutions could produce

- localized attack. This section assesses the possibility thax such solutions will condense.

Upon evacuanonoftheMPCtoapr&ssmeofsooPa,andnfthcremmnmggasmtheWCm
conservatively taken to be dry air, the partial pressure of nitrogen will be 300 Pa - 0.7809 =
234 Pa. The pa.rnal pressure of nitrogen will remain after backfilling. The amount of -
residual nitrogen is thus 234 Pa - 4.555 m® / ((8.31451 J/mol'K) - 295 K) = 0.435 mol (sec.
4.3.1; sec. 43.3). Wcassmctha:producnonofl-mo3 is limited by the availability of

" constituent elements. This assumption is extremely conservative. Since amount of oxygen

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

- molar mass of HNO; is (1.00794 + 14.00674 + 3 x 15.9994) g/mol = 63.01288 g/mol, this is

0.313 mol x 63. 01288 g/mol = 19.7 g HNO;. That quantity ofgasvnllhaveaparual
pressure of 0. 313 mol - (8.31451 JImolK) 295K /4.555 m* = 169 Pa (sec 43.1; sec. .

1 4.3.3).

Under suitable condmons, gascous HNO, md water vapor can condense to form a sohmon of

nitric acid. At equilibrium, the partial pressures of HNO, and H,0 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 HNO, and H,O are both no larger than the respective partial pressures of these

gases as calculated sbove. 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 Clausms-Clapcyron
equanon (Ref. 5.14), which states that the logarithm of vapor pressure varies linearly with
inverse temperature. To mterpolate to 295 K from 20 °C =293.15 K and 25°C =298.15K,

the appropnate equation is .
[(1/298 15 -1/295) lan s * (11295 1/293 15). lnP”u,)]

n
(11298.15 -1/293.15)

InP =
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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. | ‘ . .

‘ _ . | o
| From treatments of ideal solutions in physical chemistry (Ref. 5.14), it is expected that vapor
| pressures will correlate more predictably with the mole fraction of the components than with
| the mass fraction. For a solution of two components 4 and B, the mole factions may be
| obtained from the equation : : - ' '

- m, /M _ S . - - —_—
7 £ : | @

.= myl My +mp/ My

where m, and mp = 1 - m, are the mass fractions of 4 and B, respectively, M, and M are ,
the molar masses of 4 and B, respectively, and 7y, is the mole fraction of 4. As was
calculated previously, the molar masses of H,O and HNO; are 18.01528 g/mol and 63.01238
g/mol, respectively. _ -

Applying the two equz-itions above gives the féllowiné’ results:

Calculation of vapor pressure of HNO; and H,0 at 295 K oo
1 2 3 . 4 5 8 . 7 8. 9 10 ')
mole mass  Paais Passis Pes  Pags Pags1s Paopis Pags  Pags
fraction fraction mm Hg mm Hg mm Hg Pa mm.Hg mm Hg mm Hg Pa
'HNO; HNO; HNO; HNO; HNO, HNO, H0 H,0 H,0 H0
0.000 0.00 - . . 0.0 . ..-2818.4
0.067 0.20 = : . 15.2 20.8 17.030 2270.5
0.087 0.25 ' 14.2  19.2 15.896 2119.3
0.109 0.30 ST 13.2 17.8 14.781 1988.0
0.133 0.35 12 18.2 13.425 1789.9
0.160 0.40 0,12 ' 10.8 14,8 12.089 1811.7
0.190 045 0.15 0.23 0.178 23.5 9.4 12.7 10.519 1402.5
0.222 0.50 0.27 0.3%9 0.310 413 7.9 - 10.7 8.849 1179.8 .
0.253 055 0.45 068 0.519 89.2 ) 8.7 9.1 7.513 1001.8
0.300 0.60 0.84 1.21 0.983 128.4 ‘5.8 7.7 8.308 841.0
0.347 0.85 1.88 2.32 1.898 252.7 4.9 8.8 85.477 -730.2
0400 070 . 3 4.1 3.372 44935 4.1 5.5 4.578 '810.1
0.533 0.80 8 105 8.856 1180.7 = 2.4 3.2 2873 356.3
0.720 0.90 20 27 22.375 2983.1 ‘ 1 - _
1.000 1.00 42 .57 47.081 8276.9 o 0.0
| The mass fractions from column 2 are used with Equation 2 to calculate the mole fractions in _)
} { column 1. The vapor pressures in columns 3 and 4 are used in Equation 1 to calculats the
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vapor pressures in column 5. The vapor pressures in columns 7 and 8 are used smnlarly to’
calculate the vapor pressures in column 9. Fmally, 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, mterpolatxon of vapor pressures by Equatxon 1 was
not possible.

In these calculauons', the vapor pressure data from the table in section 4 have been
supplemented in two ways: First, the vapor pressure of HNO; 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 calculation of this quantity in section 4. To md
visualization, the results in the table have been plotted in the ﬁgure below. :

Vapor pressure of H,0 and HNOs at 295 K _
7000 T T~ T T — T T L T

6000

5000

4000

3000

Vapor Pressure, Pa

00 01 02 03 04 ©O5 06 07 08 05. 1.0
' Mole Fraction HNO; - o

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
i(, | partial pressure of HNO, cannot exceed 169 Pa.. These pressures are indicated in the figure
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by dashed lines. Because of the smallness of the parual pressure of water vapor.
condensation of solutions with mole fractions 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 H,0 of 330
Pa is expected at a mole fraction of HNO, of 0.400 + ((380 Pa - 610.1 Pa) / (3563 Pa- -
610.1 Pa)) x (0.5.33 - 0.400) = 0.521. Snmlarly, because of the smallness of the partial
pressure of HNO, vapor, condensation of solutions with mole fractions of nitric acid greater
than about 0.315 is impossible. This composition is obtained by linear interpolation on mole
fraction from data for HNO, vapor pressure at mole-fractions 0.300 and 0.347: A vapor
pressure of HNO; of 169 Pa is expected at a mole fraction of HNO; of 0.300 + ((169 Pa -
128.4 Pa) / (252. 7 Pa - 128.4 Pa)) x (0.347 - 0:300) = 0.315. Therefore, condensanon of
nitric acid solutions is unposable, regardless of composmon. :

7. 5 Effect of lmpuntxes in fill gas

PNL-6365 statesthatthestandardﬁllgasfordrystoragecasksxshehmmtbaptmtyof
99.995% (Ref. 5.17, p. 10), so the maximum impurity content is 0.005%, or 0.00005 x
(152,000 Pa) x (4.555 m®}/ ((8.31451 J/mol-K) x (295 K)) = 0.014 mol of impurities. This
is much smaller than the amounts of water, oxygen, and mu'ogcn calculated above and- wxll
have a neghgxble eﬁ'ect on the calculat:ons ' :

7.6 Other types of MPC
Analysis of other types of MPC will give shghtly different results. For the following reasons,

-however, the resuits will not differ significantly. (1) The effect of residual water on

hydriding is extremely small (sec. 7.2). Credible changes in fuel or MPC design will not give
significant amounts of hydriding. (2) The residual oxygen can cause only extremely small
depths of oxidation (sec. 7.3). Credible changes in fuel or MPC design will not cause .
significant amounts of oxidation. (3) The maximum possible vapor pressures of water and
HNO; are independent of fuel type and void volume, so condcnsauon of nitric acid cannot
occur, regardless of fuel or MPC type (sec. 74). .

1.7 Apphcatxon of water content limit at ?;00 Pa pressure

As mentioned previously, Section 5.1.1.7.1.0 of the speciﬁcétion (Ref. 5.1) can be ihiapreted
as meaning that the water content is limited to 0.25 vohnneperccntwhcntheMPCmtenorls

-at an absolute prcssure of 300 Pa. Under this interpretation, the allowable amount of water is

300 Pa - 4.555 m® - 0.0025 / ((8.31451 J/mol- ‘K) - 295 KX) = 0.00139 mol H,0-= 18.01528
g/mol x 0.00139 mol H,0 = 0.0251 g H,0 (sec. 4.3.1; sec. 4.3.3). .Upon radiolysis, this
water could be dissociated to form 0.00139 mof: H, = 000139 mol x 2 x 1.00794 g/mol =
0.00281 g H, = 2.81 mg H, plus (1/2 x.0.00139) mol =0.000696 mol 0, = 0.000696 mol x
(2 * 15.9994) g/mol 00223 g 02 Because the available amounts of hydrogen and oxygen
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under this mtcrpretanon are both smaller than what was calculated in sections 7.2 and 7.3, the .

~ amounts of damage will also be smaller..
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In contrast to the calculation in section 7.4, the amount of HNO, that could form is now
limited by the availability of hydrogen. The maximum amount of HNO, that could be .

-formed is (0.00139 x 2) mol = 0.00279 mol HNO; = 0. 00279 mol x 63 01288 g/mol = 0.176

g HNO,. Since the amounts of HNO, and water vapor are both smaller than the amounts
calculated in section 7.4, condcnsanon of nitric acid solu’aons 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 Specxﬁcarion (Ref. 5.1) places sufficiently stringent
conditions on the dryness requirements for the MPC cavity eavironment after loading and
closure operations at the Purchaser site. The requirements of the specification are found to be
inconsistent with the interpretation that up to 0.25 volume percent of the interior void volume
of the loaded MPC may be filled with liquid water. To avoid future confiision, 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 addmonal restrictions on water or gases beyond -
those given in Rcference 5.1.

-The Multi-Purpose Canister MC) Subsystem Design Procurement .Spec:ﬁcatzon (Ref 5. 1)

imposes sufficiently stringent requirements on the quantity of water and composition of gascs
inside the MPC that any damage to the waste package bythe fill gas will be neghgible
view of this, the following criteria are satisfied: o _

The requ:.rements of the EBDRD, secnon37l.A,aremcttotheextentthatthe
chemical properties of the ﬁll gas do not comptomxse the function of the waste
packages.

The requxremcnts of the EBDRD section 3.7. l.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 hannful 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 abihty of the waste package to oonm'bmc to waste isolation.

The reqmrcmcntsoftchBDRD section 3.7.1.D, mmettothcextcntthattthPC '
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 objectwcs relating to the contamment of
radioactive waste (because of chemical interactions or formation of pressurized vapor)
or result in spillage and spread of contamination in the event of waste package
perforation during the périod through permanent. closm'e

| . The requirements of the EBDRD, section 3.7.1.E, aremcttotheextentthattheﬁllgas
. will not degrade the ability of the MPC to maintain waste containment during
transportation within the MGDS, emplacement, and remeva.l. ,
9. Attachments

Not applicable.
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Purpose o o | 3 - 5 1)ie

This analysis is prepa'red 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: . g : -

1. - Establish a process for determining the probability of waste
package criticality as a function of time (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; A ' B .

2. . Demonstrate the established process by estimating the probability .

* of criticality as a function of time since emplacement for an intact .
uncanistered fuel waste package (UCF-WP) configuration;

3. - Identify the dominant sequences leading to wasts package criticality
for subsequent detailed analysis. ' :

The pﬁrposc of this analysis is to document and demonstrate the developed process as it
has been applied to the UCF-WP. This revision is performed to correct deficiencies in
the previous revision and provide further detail on the qa]culations 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
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
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
designations by license application submittal.  The final output of this document, the
probability of UCF-WP criticality as a function of time, is therefore also TBV.

This document is intended to dcal only with the risk of internal c’ﬁﬁcality with unaltered -
. fuel configurations. The risk of altered fuel configuration, 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). ~ - : .

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

<

™
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C _ specifications. Therefore, it has the potential to affect the design and fabncauon
- “requirements of the Waste Package/Enginecred 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 safety®". The QA Program applies to
this analysis. The WPDD QAP-2-0 Work Control evaluation®? determined that "Perform
B ] Probabilistic Waste Package Desxgn Analysxs, ‘within which this analysis is prepared. is
. | subject to QARD requirements®. Applicable procedural controls are listed in the
| evaluation. The information and results presented in this analysis are preliminary and, at

this time, are yetto be verified (TBV-059-WPD). Any additional notation of TBV will -
be omitted since the TBV gqualification apphes umversally to the eontcnts of this

analysis. :

3, Method |

A quantitative estimate of the probabxhty ofa UCF-WP onucahty evcnt, and the dominant
‘ sequences Jeading to this event, will be determined using the method of fault tree analysis.
T In the first step, & qualitative Failure Modes and Effects Analysis (FMEA) will be
o 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 & 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 componcnts and the system as 2 whole.

. The FMEA will be conducted within the framework ofa fault tree analysxs The analysxs
" method includes the following steps: ‘ .

1. Definition of the system to be analyzed and its boundaries;
2. Performance of a qualitative Failure Modes and Effects Analysis
: (FMEA) to determine the credible initiating events and subsequent
individual component fmlure modes (basic events) which could lcad
~ to criticality;
3.  Development of the fault tree -logic structure indicating the
sequences of events which could lead to waste package crmcahty
(the top event);
4. Description of discrete events and those whxch take plaoc continuously
over time; :
5. Estimation of probabilities of discrete events and ‘probability
- density functions (probabilities per unit time) based on the cum:nt
understanding of their likelihood of occurrence;
6. Quantification of the faunlt tree to determine the probabxhty of
occurrence of the top event (waste package criticality). "

C | Initsting and basic event probabxhtles used in the fault tree will be determined by

| Originator: J.R. Massari ~ | cecker: LE. Boot
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statistical analysxs of expcnmental mformauon on UCF-WP material degradauon, m:{')
assistance of empirical, mathematical models of underlying physical mechanisms and
forecasts of the environmental conditions and hazards which make up the initiating events.
Design Inputs

Design Panmet;fs'

UCF-WP Basket Inner Length: 4580 mm, Reference 5.32
Length from Basket to Inner Lid 5 mm, Reference 5.32

Outer Barrier Material: ASTM A 516 Carbon Steel, Key 042, Reference 55
Outer Barrier Thickness: 100 mm, Reference 5.7 °
Inner Barrier Material: Incoloy Alloy 825, Key 042, Reference 5.5
Inner Barrier Thickness: -20 mm, Reference 5.7 -
Basket Absorber Material: Borated Type 316 Stainless Stéel Reference s 7 o
Filler Material: _ - Inert Gas, Reference 5.7
Emol Drift and Near-field Enviror . o
Thermal Loading: -~ ' 242 MTU/acre Reference 5.11
Backfill: ,  None, Key 046, Reference 5.5
Drift Diameter: 427 m (14 ft), Reference 511 = ' =
TSw2 Volumetric Fracture Freq.: = 19.64 fractures/m® Reference 524 : -
Materi l C ion D
" All materials corrosion data used as mput to -develop dxsmbuuons is pro\nded in Table
7.6 and Attachment I. ,
WP Criticality D

Figure 6.8.3-5, Time Effects on Cnucahty Potential - 21PWR Metallic Mult:-Bamer WP
Design (No Addmonal Neutron Absorbers Added), Reference 5.7. .

Table 2, Percennles of Burnup and Cnncahty, Reference 5.25.

Criteria

[

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

The Engxneered Bamer Segment deszgn orgamzanon shall establish and executs a
reliability, availability, and ‘maintainability program to support Integrated Logistics
Support and the general engineering program for the Engineered Barrier Segment.

| originator:  1.R. Massari
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Reliability shall be addressed as an element of design reviews. [EBDRD 3.2.5.1.1]%9 95\\

The Engineered Barrier Segment shall be designed to easure 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 desigried for criticality safety under normal and accident conditions. .

The calculated effective multiplication factor must be sufficiently below unity to show at
least & 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
3.22.6.A)%% R ,

Assumptions

Assumptions and their bases are given in Section 7, in connection with the individual

.events. They have been italicized for easy identification and generally contain a form of

the word "assume” (note: single words and titles which may be italicized are not
assumptions). The assumptions are generally conservative, o 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 possible, within
the context of presently available experimental and theoretical understanding.

Codes and Standards

The following document was used as a standard for the construction and evaluation of
fault trec models: T I v

Fault Tree Handbook, NUREG-0492, U.S. Nuclear Regulatory Commission, Washington,
D.C., January 1981%¢- : S .

References .

51 "Yucca Mountsin Site Characterization Project Q-List,” YMP/90-55Q, REV 3,
December 1994 R o

5‘2 *Perform Probabilistic Waste Package Design Aﬁalyscs ‘SCPB:N/A," DI#

' BB0000000-01717-2200-00030 REV 01, August 30, 1995

§3  "Quality Assurance Requirements and Description, DOE/RW-0333P, REV 4,
August 4, 1995 o . -

54 “Enginecred Barrier Design Requirements Dogument,” YMP/CM-0024 REV 0,
. ICN 1, September 21, 1994 -~

55  “Controlled Design Assumptions Document,” DI# E00000000-01717-4600-00032
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532 Wallin, W.E. "Waste Package Sizing Spreadshest ACD Sizing, Masses agd W

Costing,” IOC LV.WP.WEW.7/95-229, July 14, 1995,
Use of Computer Software | |

4 t e

Microsoft Excel version 4.0 spreadsheet software was nsed to plot cermm graphs, and as
a general calculational aid. Plotting of the fault tree diagrams was performed using
CAFTA version 2.3. Evaluation of McCoy's corrosion model utilized a simple C code

. provided by McCoy. Mathcad+ 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

Design Analysis
System Description
The first step in performing any risk analysis is to provide a clear and conéise déscription

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, $uch 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 for the emplacement package containing

the Multi-Purpose Canister (MPC) 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 structure; 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 assembly 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 analysis, both designs will be treated
identically as a single 10 mm thickness of stainless steel. The remainder of the interior
of the UCF-WP is assumed to contain only an inert gas and no filler material®™. The

oY
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' UCE-WP design is assumed to have an inner cavity leagth of 4.585 m®*2, - o°

The local emplacement environment to be used in this evaluation is consistent with the
horizontal in-drift emplacement concept using a low-thermal loading (24.2 MTU/acre)
strategy and 4.27 m (14 ft) drifts. [t is also assumed that backfilling of the emplacement
drifts has not been performed. With & low thermal loading, the pear-field temperatures
fall below the boiling point of water within 200 years following last emplacement®!V,
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 & 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-93%2 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. ‘ : ; : :
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. Figure 7.1. 'Waste Package and Local Drift Eavironment
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Failure Modes and Effects Analgsis - . - -

To assist in the development of the fault tree logic diagram, the technique of failure
modes and effects analysis (FMEA) has been apphed 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 performcd 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 packagc to remain subcritical will reprcscnt 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 probabihty of discrete events and probability density
functions (pdf) for the events continuous in time will be dcveloped in Section 7.4. These
events can also be mtcrprctcd as engineered barrier system componcnt failure modes, with
their relationships prov:ded in Table 7 1.

E ) . l i. \ oo !.l

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
fuel with fissile content less than 5%%'9, Water is the only moderator present.in the
waste package environment which can enter the waste package. External criticality,
which could involve moderation by silica, will be eonsxdcred in the 1996 vcrsxon of this
analysis. ‘ .

While a large list of event sequences (sccnanos) mvolvxng extensive water mtmsxon has
been proposed for performance analyses of radionuclide containment™' (j.c., 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 & 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 (bercafter 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 soqucnccs (sccnanos) can be described in terms of the following
specific events:

1.  Concentration of the flow 50 as to directly impinge upon ,the waste package (¢.g.,
flowing fractures in the drift directly above the waste package, or flooding of the
entire drift). A fracture configuration leading to such concentration is assumed to
be stable with respect to minor geologic changes over thousands of years, but not

| Originator: J.R. Massani
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necessarily with respect to events on a 100000 year time scale which c??d\

nbhwe

produce major geologic changes, - .

Increased water flow or flooding,

Breach of the waste package to permit moderator entry (pnmanly by eorrosxon),
Leach of the neutron absorber from the containing matrix,

Ponding of water in the waste package to serve as a stable moderator (which is
a direct consequence if the alternative flooding is used in steps 1 or 2 above), and
'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).-

o

-

The above water intrusion scenarios are conditional on the teinperamre of the rock in the
local drift environment being below 100°C. The initiating events for this analysis are

therefore defined as infiltration flow (nominal and l:ugh rates), ﬂoodmg due to chmate

change, and flooding due to severe tectomc actmty

Of the 6 events (or conditions) listed above as being essential ingrediénts of a criticality
sequence (scenario), the third and fourth can be viewed .as failure modes of individual

-~

components of the waste package the barriers (mner and euter) component and the basket '

component. .
E .] ] ! ! X [ I! I i. I B’ l E i & I

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
adnftopemngmsuchawaythatalocaldamxscreaxed,causmgﬂoodmgofthednfnf
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. : .

A

There are also several possible rock faxlure modes wlnch could dxrectly 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 béfore a criticality event could occur. -
- Further information on the frequency of a rockfall striking the package, and the variation

in the structural responseoftheWPasndegrades.willbereqnnedbefommch sequences
.can be represented in the fault tree diagram. As this information is still under develop-
mem. these sequences will be spemﬂcally mcluded in future analyses.

)
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Immediate Fails to prevent Hydrauhcally con- .| Eventual corrosion | Requires infiltra-
rock environ- | ment which ensures | infiltrating water | ductive ceiling frac- | of barriers, and tion of surface wa-
" ment. long waste package | from contacting ture concentrates possible filling of ter to initiate se-
(Surrounding life by limiting | waste package infiltrating water WP, and leaching quence.. Requires
the emplace- contact with water onto waste package | of neutron absorber. | proper cotrosion
ment drift) | and other hazards - | "hole configuration
_— . L to fill WP,
| Drift collapse forms | Eventual flooding " | Requites infiltra-
a dam, preventing | of drift and immer- | tion of surface wa-
drainage of infiltrat- | sion of one or more | ter to initiate se-
ing water from WPs. Eventual cor-- | quence, However,
. drift, rosion of barriers, | flooding may occur
filling of WP, and | in the absence of
| leaching of absorb- | drift failure modes
er.. = : due to other nmtlat-
_ . o _ ing events,
Fails to prevent Rock fall or fault- | Possible breach of | Sequence not in- .
mechanical dam- | ihg incident on - WP barriers de- cluded in cutrent
age to waste pack- | waste package, pending on amount | fault tree.
' age. which may be par- | of applied stress. '
: tially degraded by | and degree of bar- -
corrosion. rier degradation.

Table 7.1. Summary of Engineered Barrier System Fallnre Modes and Crltlcallty Effects

Provide an environ-

| Originator: J.R. Massari ) Checker: L.E. Booth '
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riticality Effects

Isolate SNF fro
environment and
prevent intrusion of
walter to interior.

Waste package
barriers breached,
allowing modera-
tor entry and neu-
tron absorber re-
moval.

ers by intruding
water.

Corrosion of barri- .

WP eventually
breiched. Immedi-
ate filling under
flooded conditions.
Specific corrosion
hole configuration -
required for filling
by overhead drip-
ping.

‘Rate of corrosion

varies according to
drift conditions.
Rates of sufficient
magnitude to cause
breach in the time
frame of this anal-
ysis are conditional
on watet intrusion.

Pre-existing
through-wall defect
in both barriers

WP barriers

ate filling if flood-
ed conditions occur,

breached. Immeai- ‘

Sequence not in-
cluded in current -
fault tree.

“ Waste Package
Basket

Maintain SNF in &
subcritical condi-
tion

Insufficient neu-
tron absorber
available to main-
tain sub-criticality
under moderated
conditions

absorber leached
from basket materi-
al by intruding wa-

Sufficient fieutron

Waste package crit-
icality if fuel as-
semblies maintain
appropriate geoine-
try and basket filled
with water. '

Leaching is condi-
tional on waste
package breach
and intrusion of
walter.

Basket material
cient absorber dur-
ing fabrication

doped with insuffi-

WP criticality if
fuel assemblies
maintain proper ge-'
-ometry and basket
filled with waier.

| Sequence niot in-

cluded in current
fault tree.
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Development of FaultTreeLogic , L -~ ']\W

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 are 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 failore modes that -
could lead to a waste package cntlcahty event.” In this secnon, the results of the FMEA
will be used to develop the fault u'ec loglc diagram. . - . :

Thc fault tree diagram is & grapluca] represcntahon of the various parallel and sequential

combinations of fanlts that lead to the occurrence of the top event. The methodology and
symbols used in the construction of the fanlt tree diagram are given in the Fault Tree
Handbook®®. Figure 7.2 is provided as a reference for the symbols vtilized in this
analysis. The fault tree developed from the engmeered 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 acronyms will be used
as identifiers for cach 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 probab;lmes and probability dcnsxty functions.

. Design Analysis
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PRIMARY EVENT SYMBOLS
BASIC EVENT - A basié initiating fault requiring r;o further develop- '
ment )

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

either because it is of insufficient consequence or because infor-
mation is unavailable .

EXTERNAL EVENT - -An event which is normally axpected to occur

Q UNDEVELOPED EVENT ~ An event which is not further developed

" INTERMEDIATE EVENT SYMBOLS .

INTERMEDIATE EVENT = A fault avent that occurs because of one
.Or mors antecedent causes acting through logic gates -

-

GATE SYMBOLS

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 snabling condition is
represented by a CONDITIONING EVENT drawn to the right of
the gate) '

O DD

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

| Originator: J.R. Massarik -~
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74  Development of Probabilities and Probability Deénsity Functions (pdf). " ‘l"\q" .

The following sections provide a detailed description of the estimation 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 pdf's have been
| - summarized in Table 7.7. Copies of the actnal calcvlations performed in this section are
| contained in Attachment 1. : : o ' X

WA R At e

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, <t, followed by event 2 at
some time t;+t,, such that O<t+t,<t, which is followed by event 3 occurring at time t.

The pdf for t is then found from the two-fold convolution ’ '

FUSLA gk R e W

| : _ : - »' .
RO=free [feye-tga, - O
0 0 S :
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 indefinitely
once initiated. In other words, we usé 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). These pdf's are all in expressed in units of
per-year. , _— ‘ -

L

. v;“;!

e gl

4 ' 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. - S

»

The events, or event scenarios, described below reflect alternative forecasts of climatologi-
cal or tectonic change. As such they shonld be mutually exclusive. However, this would
be an oversimplification. ‘The actual environmental changes over the next 1,000,000 years
would be a mixture of these four alternatives at different points in time.” An analysis .
based on comparison of the large number of combinations possible would be confusing J

......

L)
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and difficult-to interpret, and, considering the uncertainty in the forecast process itself,
would not be very mcamngful 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 pdf's and with the discrete probabilities for sufficient fissile material and sufficient
smoderator (sections 7.4 4 and 7. 4 .6, below)

This is the probabmty that a oorrosxvely significant stream will pass through the waste
emplacement areas. Such a stream would have to accumulate sufficient volume to fill 2
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/fyr, wlnchjusthappcnsto be the middie of the flow rate
range prescnﬂy 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 least a factor of 10 increase would be required for such
a process, for a total infiltration rate of 1 mm/yr.” [Note: This estimation of required flow
rate is only to define this low infiltration category. The actual rate of basket leach is
estimated in section 7.4.3.2 (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 &s an ice age). We very conservatively
| assume that such an event is certain to occur within 10,000 years (and that such an
enhanced flow rate would be maintained 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 yeaxs. which can be expresscd in units
of per year as

- f0=m00 . 1000<t<10000 - '(2)
This pdf is shown in Figure ' 74 togethcr thh the resulting cdf. |

'm@mmmmmwmmw

This would be an infiltration ﬂow tate 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 mgmﬁcantly disturb the corrosion passivating
film, so 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 infiltration rate
| would require a very significant climate change, which we assume to be likely sometime
between 2,000 years and 100,000 years (which would be likely 50 encompass several ice
ages, and their aftermaths, which could result in increased atmospheric precipitation. As
with the Jow infiltration case, we mse the eouscrvanve uniform distribution, again
“expressed in units of per year o

Checker' LE Booth
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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 of the repository would require a substantial increase in

. rainfall, sustained over & 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®, 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 jce 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 its present level (p. 78).

Therefore, we assume the pmbhbﬂity of flooding due to climate change in the next 10,000
Yyears 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 10° 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 asymmetric triangular

 distribution with the upper limit at 10,000,000 years, which would be

CUA@10% - 1000041000000 - . @

~ ‘where t is expressed in years, and f, is expressed in units of per year. For simplicity, we

have normalized this pdf as if -the lower limit were O, instead of 10,000. This
normalization approximatjon 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 analysis®®. - Given a repository wide non-lethal shock,
such as flooding and immersion of all waste packages, éach 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 multiplied by the number of packages to get the
expected number of criticalities in the repository. - - - S .

| Originator: ' J.R. Massari
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Flooding can also be caused by hydrothermal or volcanic activity raising the water table
from below. This would require a tectonic change comparable to the major volcanic
activity which produced Yucca Mountain in the first place. The geologic record indicates
that this has not happened for the last 107 years. The time scale for occurrence of this
severe tectonic activity is, therefore, similar to that which applies to climate change

induced flood, soﬂ;epdffortkzseventhllbeasszmzedtobethewneasthatgwenm_

Figure 7.6.

Thxs reasoning is more conservanve than the authoritative findmg that the possibility of
a dike intrusion close to the repository is less than 10 per year and would cause only a
10-15 meter rise in the water table anyway 2P 7, One possible type of seismo-tectonic
event which has been advanced as a possible initiator of repository flooding is & rupture

"in the low permeability zone imputed to be the source of the steep hydravlic gradient

north of the site. An authoritative analysis has shown that should such & barrier exist, its

removal would cause no more than a 40 meter rise in the water table at the repository site
522,5. 70 i

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 apphcd on an mdmdual package basxs es 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 blockcd, 8 very unlikely event.

C_" ff | individual w ] B

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). This 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 fractures may be & dynamic occurrence over the time periods

- of interest, and that they may even increase with time. The mechanisms which have been

Pag é Z/QA L, \:
\\\a
.fauzcmcl

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 fractures from flowing fractures which
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approach does not resolve the conflict between pitting and bulk corrosion iht_etpretations
of some of the data, but it does present the range of possible consequences.

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 here. ‘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 will have a-small effect by comparison, and (2) if water is never
present we can't have an internal criticality. 8 S '

For this analysis, it has been assumed that the primary variables influencing the rate of
corrosion in the postulated environments are the surface temperature of the waste
packages and the: chemistry of the intruding water. However, the latter will be postulated
1o be constant for a given environment unless 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.

Stahl®™® has summarized diversity of messurements and analytic models with he

. following time and temperature dependent equation as a heuristic representation of the

penetration of certain metals by aqueous corfosion, -

. where P is corrosion ﬁenetraiion depth, 7 is time (years), T is temperature (K), and A, B,
-and c are constants. This equation is representative of experimental data for moderate
temperatures (up to about 350K). 'At higher temperatures the equation is expected to be

conservative because it does not account for the decreasing solubility of oxygen. The
value of ¢ describes the degres of protection afforded the base metal surface by the
corrosion products. For ¢ = 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 ¢ = 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 ¢ can be used!to describe varying degrees of protectiveness.

~ Stahl's formula is adequate for predicting aqueous corrosion j)cncu'aﬁon of a material that
. is beld 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 arbitrary, it is
also desirable to have an expression for the corrosion rate that does not have an explicit
time dependence. McCoy®? has proposed the following expression for corrosion rate,
in which all time dependence is implicit: .- - ... - :

o .
ey
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£ . - might get plugged by some sihea redistribution mechamsm However, there is no !
' . evidence thaf néw, or alternate, fractures would possess the nécessary connectivity to
provide flow enhancement. Furthermore, there is no model of the hypothesized time
" dependent behavior, 5o a constant value intended to have a safety margin large enough
to accommodate any increase mﬂxunicoftbcnumbcrﬂowingﬁgcurcswmbeused.

This probability will be expresscd in units of per- '

The first step in developing a probabihty that a waste package is located under 8 dnppmg
fracture is to determine the frequency of these fractures per unit length of drift ceiling.
We have started with an estimate of the non-d:rect:ona] volumetric fracture frequency for
I the TSw2 unit of approximately 19.64 fractures per m®, from available borehole sample
data®29, The present, simple, model does not accomnt for more detailed parameters, such
as distribution of aperture sizes or fracture surface conditions; such information will be
- incorporated into future models when it becomes avaxlablc '

For the purposes of this analysxs. 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 1 m long section of a 427 m (14 ft) diameter emplace-
-ment drift (281 fractures). It was then assumed that only 50% of the fractures would-
intersect the surface of the volume (evenly distributed) and that the drift ceiling :
y constituted approximately 8% of the surface area of that volume (top 90° arc of drifs). -
| 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 fractures™! ¥ ), The high flowing 14% actually
had a three times higher fracture density, suggesting that such areas could be easily
detected and avoided. Withont more data on the variable density of fractures in the
repository horizon, and some possible correlation of such data with any ﬂomng water.
we take & somewhat dszerent approach. : : ,

We ammzethatthem mllbesomedamtyof mdetectcdﬂawingfmcmres We estimate
suchadamtybynamngwitkthemdu%andapplymguonaﬁacmbam
rather than an area basis. “This may not seem conservative since the STRIPA flowing
arca 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 udf at the repository horizon is unsaturated, and Urifiltrating water will be preferen-
| tially absorbed in the rock pores rather than flowing through fractures, we assume that
this flowing fraction of all fractures should be reduced by a factor of 100 for a drift in
the TSw2 rock unis. [Note: This is the most significant of the assumptions to be verified
: _ by the time of the next revision of this document] With this assumption, the linear
. ) ﬁequcncyofﬂowmgldnppmgcdlmgﬁaﬂmlseshmmdmbeofomﬂmpcr -
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meter of drift ccilihg or 1 flowing fracture every 64 meters. This frequency will hﬁ? \\W

to be verified by actual observation in the Exploratory Studies Facility.

Lacking precise characteristics of the fracture flows in the repository hoiizon,- this model J _

is necessarily somewhat arbitrary. It will be revised in the next vérsion 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 Sandia®'* @, 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 fractures™®. 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 thé 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 distribugion, :

- p,(;,)g'(’-x)‘?('lx) " formA>0, 0=0,12,... (5
R | | ,

where A 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 2 WP inner
cavity length of 4.585 m, the probability that a waste package does not bave 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(0), or 0.069. T

Corrosion Events
In this analysis, criticality cannot occur 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 represented by the pdf's f, and f, 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 & great ra.ﬁgc 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 calculation under the
worst case barrier corrosion assumption: that the owter and inner barriers are penetrated

by pitting corrosion in no time at all folowing occurrence of the initiating event. This

W
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difference in temperature between the waste package surface and the drift wall was takenl
to be _

T, -7, =qm I
Here T and T, are the temperatures of the waste package and dnft wall, respectrvely.

hisa heat transfer coefficient, and g is the heat output of the waste package. The heat
transfer eoefﬁcrent is given by the equanon ~

h =(98.36543 +0.3127311T,, +0 0053413551’_) wansik . (0)

where T = [(T,, + T,) 1 (2 K)] -273. 15, thatis T, isa drmensronless quanuty that is
numencally 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

g =exp(11. 49766 - 072388011n[tl(1 yr)]) watts - -1

where ? is the age of the fuel, measuring from the time of drseharge. This heat output is
suitable for fuel with an iniﬁal enrichment of 3 92% and a burnup of 424 GWdIMTU.

‘Since the temperature drop 7., - T, predrcted 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(T,, - 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 contmuous at 100 years aﬁer emplacement. The requrred values of F were as

follows

{ Position

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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~Here h is a complement to the relative humidity H, and given by the expression
o | k= H(in %) - 100, and the remaining constants are equivalent to those used in
- | 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 -
| corrosion penetration during a given interval of time, Equation 7 may be reduced to &
| problem of integration: ' o .

-y : .
Bj“<P{* -+ A% [explkbfe-Bl(cTld, ®
| 4 @

l _where the subscripts i and f indicate initial and final values, respectively. A C program '
| " provided by McCoy was used to perform the above integration for this analysis to

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

| section 7.4.3.1.” A copy of the source code is included in Attachment I 4

| McCoy®® obtained a value of & 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 flooded drift,

' | " the relative humidity will be assumed to be 100% for all times when T<100°C (the
expression kk/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 & 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 =06°C. For times when T2100°C the environment is taken to be a mixture of
superheated steam and air at atmospheric pressure. . . o . .

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 Bahney®!” 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-shaped repository
with a smeared heat source. In similar calculations that were reported previously®, the

A N
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The parameters for Alloy 825 were developed from available corrosion data ?&r
representative environments and assumptions about the time and temperature dependence
of the material. The temperature dependance parameter, B, was assumed to have a value
of 5000°K, 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 temperature range ‘than carbon steel The
. protectiveness of the corrosion product layer was cansewatzvely assumed to be similar
to that of carbon steel, and thus, a ¢ of 0.75 was ‘chosen. ‘One source of corrosion

data®® indicated that Alloy 825 experienced a corrosion rate 1.01 pm/fyr during 1.06 -
l years of exposure to seawater at the ocean surface at 17.2°C®*", Using the values of B
| andcasgwenabove.thxsgwesanAofﬂ.SlmeIyr These parameters will be used
| to define the corros:on performanoe of A!loy 825'in the continuous wetting environment.

N A Ry

AN B

ey

Another study sponsored by the Nuclear chulaxory Commxssxon‘m’ tested the corrosion
- behavior of Alloy 825 immiersed in a sample of J-13 well water ‘that was specifically
e ' modified to present an aggressive pitting environment (cailed Solution No. 20), including
. the addition of up to 4800 ppm peroxide to simulate radxolysxs ‘This test, which was’
? performed at 90°C for 2784 hours found a pitting corrosion rate of 9.17 pm/yr. Using
the same assumptzons for B and c as above, this results in an A of 6602 mm/yr. Since
‘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 - '
intermittent wetting envxronment. ’

At N

. Table 7.2. Summary of McCoy Model Paramctcrs for WP Bamcr Maxcnals B

-y e
.

v e —— w——— o) C—— G —— | S—— S— — —

Using the corrosion parametcrs xdcnuﬁed above for ombon stee] and Alloy 825, each of -
the six temperature. histories shown in Figure 7.7 were evaluated using McCoy's model
N to predict waste package breach times for differcsit locations in‘the repository. This
L evaluation was performed on the WP HP9000 compmct Opus using the compiled C code
: | - and batch files contained in Attachment L The tiiné 1o penetrate the 120 mm thick dual-
- barrier waste package was detérmined by uvsing the parameters for carbon steel until the
r & penetration depth was equal to 100 mm (the thickness of the ooter barier), and then
. . switching to the Alloy 825 paramcters for the reriaining 20 mm. Also, for the Alloy 825
| bamer.cwasas:wnedzobeOJSfortheﬁrszm szrmerbamcre@amre.md L~
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is the edge).-
For the functional form of the pdf for corrosion (f, or f,) the three parameter Weibull

distribution ‘will be used. This distribution is often used in reliability analysis to model
corrosion resistance®™®. The pdf of the Weibull distribution is given by,

t)=«“—("°)’ “lexp[- (‘° SR 7))

where @, P, and © represent the scale, shape and locatlon parametcrs respecuvely (all >
0) and 6. The assocxated Weibull cdf is given by,

F=1-expl-(> Oy )

bution of observed time to failure data of a sample of components.

.c - l l t' I l‘ l -

s te

b \“\F

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
Stahl®'® recommends A=2525 mm/yr, B= 2850K and ¢=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 & 9 week corrosion testing program performed

for carbon steel in tuff groundwater at temperatures ranging from 50 to 100°C. Pmmg :

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 ¢ of 0.75, produces-an

.average corrosion rate at 9 weeks time similar to that reported in the ASM Handbook.

Therefore, this analysis will assume a ¢ of 0.75 for carbon steel. This modification of
¢ is considered appropriate, as the oxide layer formed -during corrosion of carbon steel
(i.e., Tust) is typically regarded as providing very little protection against & corrosive
environment. The above parameters from Stahl, and the ¢ 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 50 to 100°C. These corrosion rates were found

-to 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 & ¢ of 0.75, produces an A of =1000
mm/year. Therefore, this A will be used ‘with the prevnously defined values of B and c
to define the corrosion performance of catbon steel in mild, or intermittently wetted,
environments.

_ —
Originator: J.R. Massari Checker: LE Booth : g
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Table 7.4. Summary of Weibull Parameters for WP Barrier Corrosion PDFs

| Intermittent Wetting

Contmuous Wetting

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 potcnually harmful process. For this reason
the Sandia TSPA-93“ estimates a rapid corrosion process for Alloy 825 wherever it is
_ contacted by a significant amount of water. For a Yucca Mountain _Tepository environ-
ment, TSPA-93 predicts penetration of an Alloy 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 forther 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 considered here.
i These alternative, no-barrier, dxsmbunons vall be further dxscussed in secuon 744.

It should also be noted that thxs analysxs is mdepcndcnt of the dcnsxty of corrosion pits
per unit area of exposed metal. The asswinption has been made that (1) if a single pit can
penetrate the package surface, the package can be considered breached, and (2) the
a:qaected pit density is at least 1 per surface area of an individual package barrier.

Mmmmmmm

| 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, f,, for the flooding sequences.

It is assumed 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 1o evaporation. This assumed intermittent wetting suggests that there will be a higher
likelikood of starting corrosion pits at new locations, than continuing to extend their

[ Gl TN
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( . . 1.0 thereafter. ‘This is equivalent to assuming the corrosion product layer becomes
. | unprotective after 5000 years and adds an extra degree of conservatism to the estimate of
| inner barrier lifetimes. The results of the evaluation are given in Table 7.3 for both the

| continuous &nd intermittent wetting cases. ‘ ' ' ‘

1 Table 7.3. WP Timé To Breach Predicted By McCoy's Model
r_———————-—-——‘———__—'——_—————_—_——_——‘

| Repository | Intermittent Wetting | Continuous Wetting

Outer Inner |- Outer Inner |
Barrier Barrier - Barrier Barrier |}
Breached | Breached | Breached | Breached |
(years) (years) | - (years) (years) }

12.5% 3150.1 . | 348073 {6809 8188.9
| s0% - | 31982  |333645 | 6811 8250.1
| 75% 34964 . | 34850 6884 . |85944
| 90% 44026 | 382862 | 762.0 93482
| s2795  |408434 | 8766- 9960.1
( | loo%  |s5197 | 416656 | 923. 101748 |’

To determine the Weibull parameters for the waste package breach distributions, f,, &
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 I. For both

] methods, a value for © was manually selected to produce the best fit of the data. The -
Weibull breach distribution, f,, 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. o

| 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 afier 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% jocation was
| entered into the Excel spreadsheet at the 50% failure point; the time to breach at the 50%
| Jocation was then entered as the 37.5% feilure point The remaining points were plotted
( 1 according to their location on the temperature history as before. =

R R T e T ———  ——— e e —————————————— ~ ——
- .
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this mean-time-to-failure (MTTF), standard deviation, and the va.lue of 0 determmed in
the preceding paragraph, the remaining paramctcrs of the Weibull distribution were
determined usmg the expressions, ,

MTTF- 0+uI‘(l+1[p) e

and,

offZHICTE 0 . 9

where T(n) is the gamma function evaluated at n. The parameters, & and B, were found
to be 19,671 and 2.098, respectively, by solving the above system of two equations and
two unknowns using Mathcad+ v5.0. The calculation is presented in its entirety in

Attachment I. These parameters were used to define the Weibull d:stnbuuon for time to .

60% absorbcr Icach from contmuously wetted basket material.

The 60% neutron absorber leach pdf for the intermittent wettmg case was developed by |

‘modification of the above lower limit, mean-time-to-commode, 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 breachedWPmaychangemthnmedue to

fluctuations in the drip rate, evaporation rate, or the formation of drainage holes. One
stady 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/yr®'9,
Another test that was performed for 304L stainless steel in acrated simulated J-13 well
water at 90°C for 1.5 years determined general corrosion rate to be <0.005um/yr 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 assumed that doubling of the flooding leach lower limif,

MTTF, w:dstandarddedauonshouldresultmacommanvedtsmbunonofthetuneto
corrode 6 mm of material (thus leaching 60% of the boron). Doubling of the above
mentioned parameters results in a 9 of 4800 years, a MTTF of 39,646 years, and a
standard deviation of 17,448. Using the Wejbull expressions for MTTF and standard

" deviation presented in the flooding breach and leach discussion, & and P were determined

to have values of 39343 and 2.098, respectxvely, using Mathcad-l- v5.0. This calculanon
is also prcsenwd in its entirety in Attachment 1.

The Weibull lcach distribution, f,, parameters for the two basic éhvirdnmcntal conditions,
intermittent and continucus wetting of the basket are summarized in Table 7.5 below.

Checker: L.E. Booth . !
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( - depth. Since there is no information on the corrosion behavior of the barrier matcrialso

under conditions of intermittent wetting it was assumed that the above behavior could be
equally represented by general corrosion data from continuously immersed samples.
Thus, the intermittent wetting pdf developed above will be used as the waste package
breach distribution, f,, for low infiltration sequences. o

It is assumed that high infiltration will cause the flow rate to be sufficient 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, f,, for high infiltration sequences.

. 7432 Corosive leach of absorber/basket

To determiné f, for the condition of a flooded environment, it is first assumed that the

boron and the surrounding stairiless 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 expérienced a corrosion rate of 1.25 pm/yr®'9.

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

( ' * time to corrode 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-critical 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

(6) of the Weibull distribution for ; for the continuous wetting case.

-

LT

A literature search was performed to locate general corrosion data for Type 316 stainless
stecl in agueous environments similar to that which may result on & 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 water, 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). Using '

2 - »®
| Originator: - J.R. Massan
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Pdf for flood leach of absorberfbasket (f; for climate & tectonc) | v \\"'M ﬁ

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

Sequences involving water dripping onto a breached WP, as a result of Tow infiltration,

" would not be expected to immediately fill the intérior of the 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 that the basket material will not be
continuously wetted. Therefore, the Weibull pdf for intermittent wetting developed above
will be used as the waste package leach distribution, f,, for the low infiltration sequences.

Eﬁ{ﬂ !- ! 13 5!:' !c A’l 'E [ E !! 2.- ! [

. Sequences mvolﬁng water dnppmg onto a breached WP, as a result of high infiltration,

would not be expected to immediately fill the interior of the 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 that the basket material will not be

- continuously wetted. Therefore, the Weibull pdf for intermittent wetting developed above

will be used as the waste package leach distribution, f,, for the kngh mﬁltratxon sequenccs
N ‘o ‘
2 ] l C].l E Eﬁ » I ﬁ il b I » ] 3 -‘ ]

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 k4.

Deterministic neutronics calculations of k.4 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 k.4=0.965 at 10,000 years which is followed by a slow decline to k_~=0.932
at 200,000 years (Ref. 5.7, Figure 6.8.3-5). The physical requirement to avoid criticality
is k.4 <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 4=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.

| origmator: J.R. Massari -
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| The continuous and mternuttcnt wetting chstnbunons dcscnbed by these parameters m:gAp\
| shown in Figures 7.10 and 7.11, respectively.

Table 7.5. Summary of Weibull Parameters for Absorber Leach PDFs

l
|
| Intermittent Wetting
| Continuous Wetting

Altboogh the deterministic co:hpone’nt of ‘genoral corrosion is evident, the following
aspects of the random component of the proows should be noted in justification of the use
of a probability distribution:

1. Wide d:stnbutmn of corrosion rates m the hterawre 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, lcavmg fresh surface for more
rapid corrosion. .

3. Temperature variations from one package to another will Jead to

- different convection rates, which cause variations in corrosion rates
according to the previous item.' Packagc to packége 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, neatron 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.

S. 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 & sxgmﬁcant 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.

Originator: J.R. Massari
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74.6

- not favorable to ponding. This analysis will be refined in the next few years. by the time -~

74.7

associated with sequences mmated by ﬂood.mg. are represented by the acronyms climate
and fectonc. Conditional probabilities for sequences initiated by low and high mfiltranon

are represented by the acronyms wb&ldl and »:pd&ldh. respecuvely

As discussed previously, due to apparently confhctmg 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 f, 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
1. The condmonal probabmnes for tlns no-barrier cred:t case are also given in Table 7.7.

Emlzammmmgmmndsmg: (ho!GS) A ,
For the overhead dnppmg scenarios, there must be holes around the mxddle 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-

" tion, given that there is sufficient 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, o

so that subsequent ponding could be supported even if the initial hole configuration were

of license apphcauon it will include: | o
*  More precxsc modehng of corrosxon from dripping, particularly in
‘ welds. -
o ' Fluid dynamic modeling of lcach and pondmg processes, including
. the effects of alternative hole configurations.
. Deterministic evaluation of criticality for likely ﬂoodmg and
' asscmbly geometry configurations. * . - .

_ Since criticality of SNF 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
-collapsé into a consolidated configuration which does not permxt sufficient water between
the rods. Such a collapse would generally require the comrosion of the fuel cladding or
grid spacers in each assembly 1t is conservatrvely assumed tkat the Juel assemblies will

Originator: J.R. Massan ‘
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To determine the fmctxon of the packages which will have k.20 95 we use the Des:gn
Basis Fuel Analysis®®® which tabulated SNF statistics with respect to k. using a
parameterization of k. developed by ORNL®2? 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 § yrs was used. The correspondence between k., and k., is then
determined by calculating k_ from the formula given by ORNL®2? for the design basis

fuel (age=5 yrs, burnup=20 GWd/MTU, initial enrichment=3%), with the resultk.=1.138.

An MCNP calculation showed this criticality design basis fuel to have a k. approximately
equal to 0.98, so the difference between k_, and k4 is 0.158. We now interpret Ref. 5.7,
Figure 6.8.3-5, as follows: - (1) for times of interest (2000 to 200,000 years) determine
the difference between 0.95 and kg, (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 k.. The results are
given in Figure 7.12. This curve is fitted to an 8" order log polynomial in the Mathcad
worksheet and used as a multiplier on each of the three conditional breach and leach pdf's
produced in section 74.5, to determine the correspondmg breached, leached, .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 comspondmgly 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 k. which could result.
The pdf for the combmed fiow, breach and leach events was obtained from the

" convolution of f,, f,and f,. This convohition was computed by a Monte-Carlo numerical

integration, performed in a Mathcad+ v5.0 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 74.4 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 rup. The fluctuations in the
pdf are due to the random nature of the Monte-Carlo process. The conditional probability

- that &8 WP has breached, leached and is criticality capable by a given time for a given

initiating event is obtained by numerically integrating the pdf. Five runs'were performed
to account for the Monte-Carlo fluctuation in the pdfs and the results were averaged to

\\\\t

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 summarized in Table 7.7, and

in Attachment I for the five runs that were performed. The conditional probabilities:

| Originator: J.R. Massari . {Cobecker: L.E. Booth N
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Table 7.7. Summary of Fault Tree Event Probabilities For Various Times Since Emplacement

Time Basic and Conditional Event Probabilities
Emplaced —
(years) . climate
: holes crackswp geomelry & wpb&ldl wpb&ldh
‘ ' ‘ tectonc ‘
WP Barriers Provide Temporary Protection Against Moderator Entry
10,000 1.00x102. | 695x10? 1.00 0 0 0
I 20,000 1.00x10° | 695x10° 1,00 0 0 1.16x10°
I 40,000 1.00x10° | 695x107 1,00 7.89x10° | . 690x10¢ | ‘1.43x10°
1.00x10 695x107 | - 100 | 120x10° | 248x10? | 144x10?
WP Barriers Given No Credit For Preventing Moderator Entry
1.00x10? | 6.95x102 1.00 0 © 9.00x10° | . 3.68x10%
1.00x10% | 695x102 | . 1.00 0 3.13x10° | 24sx10°
1.00x102 | .695x10? " 1.00 162x107 | 2.22x10? 3.29x10°
| 80,000 1.00x10% | - 6.95x10” 1.00 1.55x10° | ' 4.71x10? 1.85x10°

. ==

<

3

&

g

140 HL7?




¢

oo

“Waste Package Devel~wment .

-~

Design Analysis

** Title: Initial Waste pME Probabilistic Criticality Analysis: \JEE‘amstered Fuel mev)

s

- Document Identifier:

00000000-01717—2200—00079 REV 01, 10/5/95

-Page

S

1

|
always mamtam a geomeﬂy which supports optzmal moderation for the time frame
covered by the current analysis. Therefore, this event has a probability of 1.0. This
analysis will be refined in the ncxt few years; by the time of license application it will
include:

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

. More prccnsc modelmg of theé fuel asscmbly stmcmral failure
. distribution following loss of the inert environment; :
. Deterministic evaluation of the crmcaljty potential of other posmble
- geometries which could be formed prior to complcte degradatlon
of the waste package structure. .

Test

Corrosion

| Steel Environment | Temp Rate | Corrode | Ref.
| Type | 1 © | ger) | oy {omme) |
| 316 Seawater Immersion. | =27| . 16

10‘7\\\\

|| 316 Seawater Immersion =27 1
316 Seawater Mean Tide | =27 . 16
316L J-13 Immersion 50 13
304L | 113 Immersion 50 13
304L | J-13 & 6ES rads/r 28 1
304L wid | J-13 & 6ES rads/r 28 1
304L | J-13 Immersion 90 0.22
304L | Sol. 20 Immersion 90 033
304L Tuff Groundwaterat | 7 0.15

3ES & 6ES rads/hr

 Originator: JR. Masari . | Checker: LEBooh ... e
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Table 7 8. Summary of Top Event Probabllnues and Cutsets for UCF WP

Time Top Event * Cutset Probabilities and Event Sequences:
(Years) Probability ' :
(wnh Banier Credit) ,
| 10,000 0 . All sequences are esumau-.d fo havc an inﬂnitesxmally small (wo) ptobablhty of occurmence, ,
| " 20,000 8.07E-09 . 807809 . CRACKSWP GEOMBTRY HOLES WPB&LDH20K
40,000, 1.15E-06 9.928-07 CRACKSWP GEOMETRY HOLES WPB&LDH40K
; - . 4.30B-09. CRACKSWP GEOMETRY * HOLES WPB&LDLAOK
| 7.89E-08 TECTONC40K GEOMETRY ,
. . 7.89E-08 CLIMATE4AOK GEOMEIRY . _
I 80,000 2.96E-05 172805 © CRACKSWP ' GEOMEIRY HOLES WPB&LDLSOK
g , ' 1.00B-05 .- CRACKSWP = GEOMETRY °* HOLES WPB&LDHS0K
N ' 1.20B-06 “TECTONCS80K GEOMEIRY . . : : -
; 1.20B-06 CLIMATES0OK GEOMETRY

¥

(without Barrier Credi)

N ’
v

-

| Originator: J.R.

Checker: L.E. Booth

i 6.51E-08 626B08 - CRACKSWP , GEOMETRY HOLES WPB&LDL10K | .
L 256809 . CRACKSWP GEOMEIRY HOLES WPB&LDH10K _
2341106 2.178-06 CRACKSWP  GEOMETRY HOLES WPB&LDL20K l'

o 170807 .. CRACKSWP GEOMETRY HOLES . WPB&LDH20K o
180B0S | L54BOS . CRACKSWP GEOMETRY HOLES WPB&LDIAOK . |
228B06 CRACKSWP GEOMETRY HOLES WPB&LDH40K '
1.628-07 i ‘amcmncwx GEOMETRY " - -
162807 | CLIMATE4K GEOMETRY i
4.36B-05 3.27B-05 CRACKSWP  GEOMETRY HOLES WPB&LDLSOK |
128805 .  CRACKSWP GEOMETRY HOLES WPB&LDHSOK {
- 1.55B-06 TECTONC80K GEOMETRY \ |
1.55B-06 CLIMATES0K GEOMETRY , |

A¢1 30 28 297y

R 3
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In this section, thc basxc and time dcpcndcnt condmona] event probabxhucs devcloped 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 probabilitics are on a per package basis, and

all conditional probabilities are dimensionless, the fanlt tree top event will also be in

terms of a criticality probability per package at & given point in-time. This differs from
the typical top event units for a fault tree of an active systém of components, (such as a -

nuclear power plant safety systcm) which is usually expressed as a system failure rate or

& probability of system failure in a given mission time. This is appropnatc 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 occumrence 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

3 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 muluplymg the cumulative probability at that

" time by the number of packages

e

.. | originator: J.R. Massari ‘ | Checker: L.E. Booth 1
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8.  Conclusions | » | 4 \\W,\"\‘"’ —~

This design analysis has demonstrated a process for estimating 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 pdf's 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
cdf's 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 74,
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 fracture, and thus reduce the rate and
degres 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 cdf's shown in Figure 7.13 that the rate at which the barrier is
assumed to be breached has 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 7.4.3.2, 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

| Originator: JR.
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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

MTTF for the absorber leach distributions by a factor of two, thus slightly raising the
probability of criticality at a given time. However, as the outside surface of one tube will

be very close to the outside surface of the adjacent tube, there may be mo 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-
ba.mcr ‘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 Oklo 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 dunng such a criticality would be an insignificant fraction
of the nuclides already present in the spent fuel mventory of the entire repos1tory
Attachments T

AttachmentI - Calculation Details

Checker: L.E. Booth* |
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Carbon Steel - Continuous Wetting (Harsh) | B ‘ o ’
ASM Handback (p. 977 Table 22) gives pitting rates for carbon steel in tuff ground water of
approximately 1mmyear for 50-100C range (two low anomalies at 50 & 80C ignored). Test -
_ duration was 9 weeks, . : . . :
Using values for A & B from above 10C of
A:=2525mmAr B :=2850K,
info from ASM Handbook of t :=s—92 yrs. . P:=1t mm,
T:=70+273 K {midrange)
and solving Stahl's equation for ¢ gives,
_ ' h . P . ' . o - ~
) . ' A g@(ﬁ) ’ . R . . . .
. c:=ﬁL c=0.729 L - .

-In(t)

Based on this calculation, a ¢ of 0.75 will be assumed for carbon steel

for the remaining calculations. This rounding up Is conservative . . ' :

because ac of 1 Implies a constant corrosion rate and a g of .5 implies ) - . -
. 2 corrosion rate which decreases parabolically with time,

Ay

Carbon Steel - Intermittent Wetting (Vild)

- The samae table in the ASM Handbook also details 9 week general é'ori’osi:;n rates for carbon steel in tuff
groundwater of appro:dma;ely 0.4 to 0.5 mmJyr for temperatures ranging from 50 to 100 C. Usinga B of
2850K, the ¢ determined above, and solving Stahl's equation for A gives,

c:=0.75 P »:=.4-t

A=104810°

Based on this calculation, A will ba assumed to be 1000 mm/yr for the i‘ntémzittent wetting
case, in which the dominant mechanism is assumed to be general corrosion.



EY

§ -

C

B

v m‘,‘.%.c_yf

ey - -

L

. - . =<7
’DI eoqoooooo 01717 -2200 7% Rey ol ; Pay;moﬁg '

N2 ~ =~/

\\NH"

CALCULATION OF CORROSION PARAMETERS FOR SECTION 74.3.1

Input

Start with Stahl Mode! detailed in I0C LV.WP.DS.06/93.107 "Waste Package Corrosion
inputs,” €/21/83 - i

B
P=Atfexpl-=2
- °‘p( r)

where . Pis corrosion penetrahon depth

t is ime in years -

T is temperature in K "

A s a rate constant with units of mmAyr. 1oc recommends 2525 mmlyr for mrbon steel

B is the activation energy (Q) over the gas constant (R). 8 ks In units of K and Is indicated to be
2850K for carbon steel.

cisa constant describing protectiveness of passive film. I0C lndimtes thatit typiwlly ranges from
0.5 to 0.8 for Carbon Steel. it speuﬁwlly details tests in lake water which produced ac of 047.

Use of Stahl's rnodel is approprfate for determmmg parameters as et comrosion dam was eollected et constant
temperature.

Carbon steel

ASM Handbook page 977 Table 22 summary of 1020 carbon steé! corrosion in tuff groﬁndwater

Jemperature (C) - .. _General Corrosion Rate (umlm Pitti gCorrosvon Rate {itmAT)
50 . 401 : ’ 380
70 ' 505 - C Chq018 ¢ -
80 .+ B3 o 465
g0 . 414 ‘ 1046
100 S - 320 . : . 1018
Alloy 825

UCID-21362 volume 2 page 21 "Survey of Degradahon Modes of Candidate Materials for High-Level Radioactive

:Waste Disposal Contamers and NNA.890919.0280 "Metal Corrosion in Deep Ocean Environments"

Temp:172C = ComosionRate:1.01pmAr =~ - TestDuranon: 1.06 years
Environment: Ocean Surface Immersion ' . : ’

.

‘ NUéEGICR—SSQS Table 5.5 "Immersion Studies on Candidate'cgmtainer Alloys for the Tuff Repository”

Temp:80C . - ComosonRate:0.47uyr TestDuration 2784 hours
Environment: J-13 Well Water with 4800 ppm H,0, - S
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-; " - Parameter Summary .
3 The following parameters will ba used in McCoy's model to develqp ﬁrhe_to WP Barrier breach PDFs
) Continuous Wetting : Intermittent Wetting
‘ A B- c _A B <
L Carbon Steel - 2525mmAr  2850K 075 1Dbbrﬁmlyr | 2850K 075
;;' Alloy 825 31 512nignlyi' S000K 075 - . _6602mmlyr' S000K 5.75
-* ’ ‘ Te .
3 McCov model runs on WP HP9000 Opus
Set parameter values in C sourca code files provided by McCoy ‘ | o -
: CORRSTEAM for 100 mm Carbon Steel barrler . S
CORR825 (¢ = 0.75) and CORR825X (c = 1) for 20 mm Alloy 825 barrier
' Compile all source code and use batch fila ZOUTER to run CORRSTEAM executable. Follow instructions given
by batch fila for recording and entering data. Then use batch file ZSC to run CORR825 and CORRS825X ‘
executables. Copies of source code, batch files, anq runs attached for Continuous Wetting case.
. Blended Buscheck/Bahney curves also attached with cofrecﬁon factor to match Buschecllt’s'curves with
. -Bahney's at 100 years indicated by an arrow on each graph.
v RESULTS
v A Conﬁnixou§ ﬂ. etting' o
‘_% , i.ocation ' . CS Barrier Breach Time Y &A825 Barriers Breached Time
g - {vears) - g -_{years) -
125% . £680.994 . _ : 81838.91 -
3 50% .. 681133 . . - .8250.08
z 5% . 688.413 ' ’ 8594.44
: S0% , 762018 . : : '9348.19
87% . 87854 @ - . _ .9960.08 -
99% : 523.987 : 10174.80
r © - Intermittent Wetting . .
Locaon " CS Barrler Breach Time - €S & AB25 Banrlers Breached Time
o  (years) ; : {years) :
" 125% 3150.10 ' . “34807.3
23 50% . 319815 ° SR © .-333645
; 75% : 1349640 : : . 348500
-, 90% 4402.60 - 0T .+ 7. 382882°
N - 97% , 5279.48 o .. 408434
i' 99% 5579.68 ’ 416658 i =~
1 .

ke g



#
K

DI B00000000-01717-220" %0079 REV 01 g ! ’

Alloy 825 - Continuous Wetting (Harsh)

Stahl's equation is essentially an Arthenius corrosion mode! and should be applicable to Alloy 825 if the
appropriate values can be determined for A, B, and ¢. However, due to a general lack of information on these
values for Alloy 825 in the available fiterature, the following assumptions will be made: ’

B :=5000K - Since Bis &n indicetor of corrosion resistance across & wide range of temperatures, and
higher values imply increased resistance, a value epproximately twice that of carbon steel
for Alloy 825 is eppropriate for & material that is expected to be much more corrosion
resistant.’

¢:=0.75 As corrosion resistant materials such as Nloy 825 form very protective passive films, itis
expected that this choice for ¢ will be conservative. To add.e further degree of conservatism .
due to the current uncertainty over the pitting corrosion performance of Alloy 825 cwill be

. . changedto 1 aﬂer 5000 years of exposure.

To determine A, UCID -21 362 Volume 2 page 21 indiwtes that Alloy 825 displayed a corrosion rate of
1.01pmiyear 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.BS0910.0280 "Metal Corrosion in Deep Ocean Environments,” does give the temperature of the
testas172C. Us:ng this information, the abeve assumptons for B and ¢, end solving Stahl's equation for A
gives,

t:21.06 P :=101. mr’ _? T:=17+273
A=—F ;
[(z‘)-exp(ﬁ)] . A=3S12600
AT ; .

Since this data was obieined from seawater immefrsion, k would be expected to represent a conservahvely
harsh enough environment for the conhnuous wetling condibon :

Alloy 825 - Intermittent Wetting (Mild)

Fer 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 immersed in J-13 well water with 4800 ppm H,0, added to simulate

radiolysis. This test, which was performed at SOC for 2784 hours found & pitting corrosion rate of
9.17umlyear. Using this information, the above assumptions for B and ¢, and solving Stahl's equation for A
gives, _ -

1:2.317 P 91710": 904273 -

:-F;)TZ,F?B_)]‘ A f6.60j64-’10’
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tusage: zouter {data file har [new time-temperatﬁre’:}"l

"\’Z{@%DF‘?’

fexample: zouter mix_temp.1 .le ~ 25 ‘hdﬁlll
+ # get wastage for outer barrier as func of time . - S
- sorrsteam.aud < $1 > zzz ) - , _ =
} use vi to dump all but lines the bracket failure time (at 100 mm)
echo delete all lines but the two that bracket 100 mm wastage
} read x . - :
71 zzz .
tinterpolate to get . .failure time _ 3
ut -£1,3 -d’ ’ zzz | interp -r -x100 > §2
tshow failure time : .
;at $2 R . o
t start again for inner barrier: get copy of input file
p $1 zz2 . S _ .
f use vi to throw away part of file that applies while cuter barrier is intact
v echo delete all lines but those that bracket the time displayed
echo previously ' _ ‘
read x
i zzz

} interpolate to get temperature at failure time for outer barrier
;ut -£1,2 zzz | interp -x‘cat $2'>> §2 S

sed *$3/$/ 1/’ $2 | yoo $2 ' )

At $1 >> 52 : T
: echo join first two lines, then delete starting on second line
echo until the times are monotonically increasing -

N read x : ‘

i1 52

(4]
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{include <stdio.h> N Coresteam.c ' 1\ ({f '
‘}include <math.h> : : - V

~ 1definé c_dryox (0.33)

fdefine c_aqcor (0.75) - v
tdefine TEMPERATURE (params([0]) .
j{define OLDTEMPERATURE (params [3]) -
idefine HUMIDITY (params([1]) A
jdefine OLDHUMIDITY (params [4])
i#define TIME (params[2])
fdefine OLDTIME (params{5])
gain()

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

double penet_dryox = 0; /* (penetration due to dry oxidation, mm) to 1/¢
"~ double penet_agcor = 0; /* (penetrat:ion due to aqueous corr., mm) to 1/c
double dryox(); -
‘double agcor();
double romberg(); ,
gcanf ("¥1f %1f %1f-, &OLDTIME, &OLDTEMPERATURB,V&OLDHUMIDITY),
OLDTEMPERATURE += 273 15, : . .
while (scanf('%lf 31f 31", &TIME, STEMPERATURE, &HUMIDITY) == 3) {
TEMPERATURE += 273.15;
‘penet_dryox += (TIME - OLDTIME) #* . _
' romberg (dryox, 0., 1., 5, -1. e-s, (char *)para.ms); ‘
penet agcor += (TIME - OLDTIME) *
romberg (agcor, 0., 1., 5, 1. e 6, (char *)params),
printf(": 11£f %1f %lf\n',TIME pow(penet dryox, c dxyox),
! e pow(penet_aqcor, -C aqcor)).
OLDTEMPERATURE = TEMPERATURE;
OLDHUMIDITY = HUMIDITY :
3 ‘OLDTIME = TIME; A S
| return 0,

jouble dryox(time, arg'v)
double time; :
char *argv;

( . :
double A = 178.7; . S
double B = 6870., '
double *dargv = (double *)argv- :
double temperature, , _
temperature = time * dargv[D] + (1 - time) * dargv[3], : o
} return pow(A, 1/c_dryox) * exp(-B / (c_dryox * temperature)); |

Jouble agcor(time, argv)
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{usage. zsc [data file\néme] (time to ‘switch c] ~ pﬁﬁﬂq&i Q’P‘)“Fﬂ
fexgmple: zsc mix.lc 519%.2
'(ireat corrosion of first part of inner barrier (original value of c)

-
»!

t:

c825.aud < $1 > zzz
se vi to grab lines that bracket ‘time for ¢ to Bwitch
echo delete all lines but the two that bracket the time you specified
read x _
iozzz .
! interpolate to get wastage at time of change...
at -£1,3 -4’ * zzz | interp -x$2 > zfinal . :
¢ and append the time to the same line
irho $2 ’\c’ >> zfinal
4 start again for corrosion after ¢ changes
$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 yoéu specified
read x . . -
A zzz ' .
} and interpolate to get time and temperature at’ that time
ut -£1,2 zzz | interp -x$2 >> zfinal
sed '$8/8/ 1/' zfinal | yoo zfinal
‘p $1 zzz
now use vi to get rest of temperature history
echo what should this say
read delete all lines down to the time you specified

ft ‘222

i-put it together for corrg825x to use
:a.t zzz >> zfinal & ‘
dnally, calculate wastage for second period i
x825x.aud < zfinal » zout :
! now use vi to grab lines with'wastages that bracket barrier thickness
, - echo delete all but the two lines that bracket 20 mm of wastage
i read x L -
- zout ‘
d use interp to calculate failure time (i.e., uastage = 20 _mm)
-£1,3 -@’ ' zout | interp -r -xzo : _

-

PR



‘include <stdio.h> : : Corr 825.C
Anclude <math.h> '

.define
sdefine

define
QBefine
alefine
define
wdefine
‘define

ain().

© e . - ‘.. JOE

UL DU = - =Y
- )
S’

o

<
—
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>
< <
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Na’

-

c_dryox (0.33)
c_aqgcor (0.75)

TEMPERATURE (params([0]) .
OLDTEMPERATURE (params([3])
HUMIDITY (params{1])
OLDHUMIDITY (params([4])
TIME (params(2]})-

OLDTIME (params[5])

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

double penet;dryox = 0; /* (penetration due to dry oxidation, mm) to 1/c
double penet_aqcor = 0; /¢ (penetration due tio aqueous corr., mm) to 1/¢

double dryox();
double agcor();
double romberg();

Scanf('%lf ¥1f %1£", &OLDTIME &OLDTEMPERATURE, &OLDHUMIDITY),
OLDTEMPERATURE += 273 15;

while (scanf ("$%1f %1f %1f£", &TIME, &TEMPERATURE, &HUMIDITY) == 3) {
TEMPERATURE += 273.15; ,
penet_dryox += (TIME - OLDTIME) * ' oo _
¥ " romberg(dryox, 0., 1., 5, 1. e-G..(charg*)params);
_penet_agcor += (TIME - OLDTIME) * . - ’
romberg(aqcor, 0., 1., .5, 1.e-6, (char *)params) ;

printf('% 11£ $1f $1f\n", TIME, pow(penet dryox, C dryox),
: pow (penet aqcor, aqcor)).

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

return 0;

“ouble dryox(time, argv)

double time;
char *argv;

double A = 178.7;

- double B = 6§870.;

double *dargv = (double *)argv;
double temperature; )
temperature = time * dargv[O] + (1 - time) * dargv[3],

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

ouble aqcor(time, argv)

'
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" aouble time; | -~ 'Pﬁ 0lo }\3{,
char targv; _ C 7 ,yé ( W\

double A = 2525.;
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 > 373.15)
humidity = 25222‘922 / exp(24.564 - 4888.587 / temperature),
/* predicted vapor pressure at 373.15 K £/

else A

humidity = 1.;

return pow(A, 1/c_agcor) # .
exp(-k * (1.'- humidity) / c _agcor - B / {c aqcor * temperature)
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#inclade <stdio.h> > Corrgaswic o quﬁ 1oy of 120

$include <math.h>

':gefine c_dryox (0.33) S
efine c_agcor (1.00) A : '

\ m\%

efine OLDTEMPERATURE (params[3])
)define HUMIDITY (params([1]) K
fdefine OLDHUMIDITY (params[4})
define TIME (params([2])

efine OLDTIME (params[5])

Egefine TEMPERATURE (params[0])

pain()

)

double params([6)}; /* temperature in K relative hnmidity as fracti

: double penet_dryox = 0;./# (penetration due to dry oxidation, mm) to 1i/c
» . double penet -aqeor; /* (penetration due to -aqueous corr., mm) to 1/c

. double dryox();
5 double agcor();
. * double romberg();

- /*  handle initial wastage from previous calculation */
i scanf('%lf' &penet_aqcor) ;
penet_aqcor = pow(penet aqcor, 1. / c_agcor);

§
_§ scanf (*"$1f %1f %1f", &OLDTIMB, &OLDTEMPERATURE &OLDHUMIDITY),
¥ OLDTEMPERATURE += 273 i5; - ..

printf("%.11f %1f $1f\n*, OLDTIME, pow(penet _dryox, C dryox),

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

i pow (penet_aqcor, ¢_aqgcor) ) ;
' 3 while (scanf ("$1f $1f %1£v, &TIME, &TEMPERATURE, &HUMIDITY) == 3) {
; TEMPERATURE += 273.15; )
< ,penet _dryox += (TIME - OLDTIME) * '
. romberg (dryox, 0., 1., 5, 1l.e-6, (char *)params);
) penet_aqcor += (TIME - OLDTIME) *
romberg(aqcor, 0., i.,'5, 1. e-s .{char *)params),
- printf('% 11f %1f ¥1f£\n",TIME, pow (penet dryox, c dryox),
3 g pow(penet _ageor, ¢ aqcor)). .
: , OLDTEMPERATURE = TEMPERATURE;

- OLDHUMIDITY = HUMIDITY;

OLDTIME = TIME;
: . return 0; i
,} .
%ouble dryox(time, argv) |
_ double time; . _ '
q - - char *argv; - ] o -

double temperature; -
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"double time;

" DI B00000000-01717-2200-40079 REV 01 B

M
char targv; : | A‘\u’\m(
double A = 31512.;
double B = S5000.;

double k = 19.08;
double *dargv = (double *)argv;

double temperature;
double humidity;

temperature & time * dargv[O] + (1 - time) *. dargv[3] ;
humidity = time * dargv([i] + (1 - time) * dargv[ﬂ.

return pow(&, 1/c_agcor) * '
exp(-k * (1. - humidity) / ¢ aqcor -B/ (c aqcor * temperature)
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:.‘ ae *y "‘. . . ; , .’ . D
: i temperature =\£':L‘/me * dargv[O] + (1 - ,tj_me) * dargv[3] : 'P&.f){ll ?lb‘%\%
N ‘

k: - return P°"’(A 1/c dryox) * exp( -B / (c_dryox * temperature)). '

iouble agcor (time, argv)
A double time;
t-__' char targv;

double A = 31512.; -

double B = 5000.;

double k = 19.08;

double t*dargv = (double *)argv

T double temperature;
double humidity;

r?.‘temperature = time * dargv[O] + (1 - time) bd dargv[3],
humadity = time ¢ dargvil] + (1 - time) * dargvi4];

return pow(A, 1/c aqcor) * - .
exp(-k * T1. - humidity) /-c aqcor -8B/ (c aqcor * temperature)
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Compuuuon of Wolbul panmaton alpha & beta Intennittant Wetting Breach
{INPUTS

thela= .~ 30000 ' CALCULATION

t t-thela Fdata Fweibull Ln(t-thela) Ln(t-thela)*2 LnLn(1I(1-Fdeta)) Ln(l-U))‘LnLn(ilﬂ-Fd))
33364.500 3364.500 0.375 0.392 8.121 - 65.951 -0.755

34807.300 4807.300 0.500 0.603 8.478 71.875 -0.387 -3 107

34850.000 4850.000 0.750 0.609 8.487 72.025 0.327 2.772

382668.200 8286.200 0.800 0.907 9.022 81.403 0.834 1.525
40843.400 10843.400 0.970 0.978 9.291 86.328 « 1.255 11.657
41665.600 11665.600 0.980 0.987 9.364 87.692 ‘ 1.527 14.301
ANSWER | S ' Column Averages , ‘

Alpha= _ - §030.333 'ChiSquared  1.000 - A B . C. D

Beta= - N1 Goodness of Fit 8.794 77.548 0470 4.503

Thelaw . ° 30000 | .

o Usad for MTTF & SD calculations 0.212 Sigma 0368 bataNum 1.737 bela (belaNunuSigma)
MYTF= 3448183 1576 E: (1+Bela)Beta| (B-A%2) | (DCW . 503033 aipha (sso bolow)
SD= 2661.99 _ 2,152 1+2(E-1)] : EXP((A'D-B’C)IbeIaNum) )

. - Weibull POF | ~ |
o : - . Dalavs. Diglibution

. e |

* dooot | 900 . ' ’

.- 00000 - 0.600 .

§ . » 0.700 =

h-, o.m' ) O.BW /

‘ ' ‘d‘ .8 0.500 By oo
g : 0400 —
g ' 0200
4E0S 0.100
0.000
) - 2805 » _ 30000000320“)0003400000035000000380000004000000042000000
T + bt —eet _ g L
25000 30000 35000 40000 45000 60000 55000 , : -
Time (yeass) it . .Daiﬂ “=— Welbull CDF
45 . INTWETABXLS -

A rwaw Fre. A NOevew

L PN
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Computafion of Wefbul paramaters atpha & beta Continuous Wetting Breach
theta= 8100 LA ' : '
t ' ttheta Fdata Fweituf! Ln(t-theta) Ln(t-theta)*2 Lnln(1/(1-Fdata)) Ln(t-th)*LnLn(1/(1-Fd))
8188010  88.910 0.125 0.208 4.488 20.139 2013  -9.035
8250.080 150.080 0.500 0318 - 5.011 25112 03687 . -1.837
8594.440 404440 = 0.750 0.683 6.203 ) 38.482 0.327 2028
0348.190 1248,190 0.900 0.934 7.129 50.829 0834 5.948
-9960.060 1860.060 0.970 0.981 7.528 58.676 1.255 9.445
10174.800.  2074.800 0.990 0.987 7.638 §8.333 1.527 11.684
ANSWER ‘ S Cohimn Averages .
Alpha = 425420 ChiSquared  1.000 A B . © )
Bota= 0.931 Goodness of Fit 6.333 41.595 0.260 3.035 .
~ |Theta= 8100 - _ ' ' | b
. o Used for MTTF & SD cafeulations 1.489 Sigma © 4,388 betaNum 0.931 beta (betaNum/Sigma) |
IMTTFa. 853083 2075 E: (1+Beta)Beta (B-A%2) (D-C*A) 425.421 aipha  (see betow)
SD= "473.04 3149 142(E-1) . EXP{(A*D-B*C)/betaNum)
Weibull PDF Comparison .
: . Data vs, Distritution
0003 ¢ . . | ,
. © . 1.000 "
. 0.900
R . B e
L. 0.800 T
§' .o 0.700 e
0 ; gO.BOD
3 oo 0.500 "
£ . a s 4
3 & osm [—Z
i 000 " 0200 |—Z
, 0.100 +—®
. sE0 0.000 L— , \ -
. » 8000.000 8500.000 . 2000.000 9500000 10000.000 10500.000
0 —t + y - + it ' ’ tme | B
7000 8000 9000 10000 11000 . 12000 13000 : '
, Tiria trours) ' Data  —— WeltuICDF
014195 ' CONWETABXLS -

4:08 PM
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v
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- 10 ATY 6L000-0072-LTIL10-000000009 1A
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« Probability that WP Located Under Flowing Fracture
VFF :219.64m3 Reference 5.24 _ N
ID:=427 m Drift Diameter (14 ft) Reference 5.11 = - -

!, WPIL :=4.580 m UCF-WP Basket inner Iength Reference 5. 32

" FBDL:=.005 m Space between end of basket and inner lid Reference 5.32

Aeeumrzﬁsm

T 1. 14% of fractures are ﬂowmg _,
¢ 2 50% of fractures in cylindrical volume of tuff intersect surface of unit volume (1m of dm‘t length).
" 3. STRIPA fraction reduced by a factor of 100 to account for fact that STRIPA rock is saturated whils TSw2 is unsaturated.
_' 4. Ceilingarea wpable of dnppnng on WP assumed to ba top 90° arc of cylinder. ‘ .
* Q.a!eu_aﬁon '
Total number of Fractures in vo!ume of rock tha’t will contann dnft
$ ,n.-%' L:=1 m of drift "Nrnvrpnn L m==281.z46
$ Fractures intersecting surface of cylinder S ' . - , ' ) » -
Fi=050NF - F=140.623 - , .
¢ Tetal surface area of cylinder represenﬁng 1m of drift - . Ceiling Surface Area .
_i-' walls ends E I 90 B ,2..—
i | TSA:=27RL+2%R m:noss m2 GA=ESPARL T CSA=3354 m
> . -
 Fraction of total surface area represented by ce‘ling S R
c:=5A - € =008 |
TSA .

Fractures per 1m of drift cell'ng = Fractures mtersecting surface of cylinder * an of surface ﬂzat ls ce'I'mg
CFl: C F CFl =11. 214

R

Flowing Fractures per m of Driﬂ Ceiling S
A:2(0.14)-(0.01)- CFl | 1=00157 m?

Prcbab:hty of no flowlng fractures ovef pachege Inner lld to !ld length (skirts not important fpr filllng)
¥« Use Poisson Distribution - ; : .
3 Y oexn(- 1. o Probabihty of at !east one ﬂcwlng fracture over
{  X=WPL+FBDL Pr(n) =(—’i’—°§-(—"—?c$ . package - |
‘ ' ' * 1-Pr(0) =0.0695

‘X=4585 m © Pr(0) =0931 ..;_ . '_"

-
s
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General Corrosion Data For 304 & 316 Stainless Steels .
s Ceees) (yeers) ) Oyears) ,
) : : __ __|Time To Time To Time To
Material |Test Dur.(]Test Tem |Test Environment Rate (um/yr) [Corrode Tmm [Conrode 3mm |Corrode 6mm |Source
316 16 27 (?)|Sea lmmersion(PC) 1.25 400 1200 2400 [UCID21382vol2
316 1 27 (?){Sea immerslon(PC) 14.80] - 33 - 100 200 |UCID21362voi2
316 18] 27 (?)|Sea Mean Tide (PC) " 0.16 3125 9375 18750 |UCID21362vel2
316L 1.3 §01J-13 Immersion 0.154 3247 8740 19481 |UCID21044
304L 1.3 50]J-13 Immersion 0.133 3759 11278 22556 |UCID21044
13041 Ahn -1} 28|J-13 alr 665 rads/hr ! 0.0811] . 6185 18406 . 388901 |UCID21044 . !
304L Wel 1 . 28/J-13 gir 665 rads/hr 0.123| " 4085 12195 24390 |UCID21044 4 p
304L 0.23 80{J-13 Immersion - 0.29 1724 5172 10345 [NUREG/CR-5598
- 1304L 0.33 80(Sol. 20 Immersion . 02| 2500 7500 15000 |[NUREG/CR-5588 ( 4
304L 0.15 ?|Tuff Gmdwir 38665 r/h 0.3 1687 - 5000 10000 {ASM Handbook vol 13 SN A\
. B E . B . ] | ) ’ ! ) ’ L
. A\Lgl’lme To Corrode In J-13 3304 0912 19823 E
. . ~|Standard Deviation 1454 4362 - 8724 d
. - . . 1. -
] Time 10 condde a given ihickness front bt sides s Thickiiess (mm) /{2~ Rale (umiyr) / 1080 @rdmim)]
] : - . .
. \
"" Y
Y ) m
N 6 -—C
- w ° .
\
- ' . -w'-..S \
8/7/95 CORRODXLS 0:48AM X5

N

>




Bl BED000000-01717-2200008TF REV- 0 = ———F—<o7+ _,,,_J_.,.._.,._,c_‘ 08

:' o : P:VO‘H (onu'ww‘(‘e-u Hovn— 'P ‘C“Sé ,54
. Gey A | Pf emﬁmary Draft 85
ESF Starter Tunnel Area - Tiva Cmyon Strahgraph.lc unit
Comparison Cﬁteria ' :
Mapped P2 P21 I-‘requency Termination | Fractal
Pavement| - m/m’ & fractures/m® | # fractureslm Percent dimension
; | _ 2-D
o Box, Mass
P100 195 135 _ - 213 2.0, 21
P200 113 055 _ 332 | 185196
P30 | 222 222 320 NA, 1.96

= =028 |
l o=031|  {o=002]

102 | p=n3s | 035 | n=136 | 116 | p=123 { 20.0
' 0=0.05 ! . 0=017 | 0=32 |
p=034 | 030 | p=136] 124

0=005{ _ jo=0.13
%ﬂ
Alcove 1 | p=1.29 u=0.31 o

0=023|  {0=0.05]

Rewall | p=110| 14 |p=059| -63 |p=L16] 102 #=9.9
' 0=0.29 - =012 0=027! : .| o=92
p=L10 p=59 | 85
=028 - le=015} -

«] Left wWall

§ = Simunlated, based on 20 simulations .
M = Mapped : '
* = does not include thin, high density, &a:turdsheax zones

P%l m;{um_ Arm/chJ’t’- Volum«. =\ 25 |

-:./m =
3 SR q‘] gxz touveeTE D
4‘“’\4& be less tovine oted deeper u'dearouw(
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For Inlermiltent Welllng. paramelers 0, o, and MTTF are assumed to be doubled from =
the Conlinuous Wetling case to rellect milder corrosion conditions. . o
01:=2.0C - 01=4.810°
MTTFI :=2MTIIC - MTTFI =3.965- 10"
oliz2.6C ol =1.745:10' -
0:=01 | MTTF ;= MTT¥I oi=ol - L

Soive for « and P.using Malhcad solve block o solve sysiem of two equalions _

Guess © .- L
o := 19500 p:=21 } .

. Qiven

MTTF=0 + u-l‘(l + -:;)

~f 1) (('*»))

)

_Resuls .- o ‘
ol =3.9343- 10"

_ Bl =2.098
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DETERMINATION OF WEIBULL PARAMETERS FOR BORON LEACH (SECTION 7.4.3.2)

Continvous Wetting - Borated Stainless Steel
1.25-10°° mm/year geheral corrosion rate of 316 SS In Panama Canal.

Time tb ‘corrode 60% of 10mm thickness of 316 SS from .both sides
10. )

— 0C =2.410°
(212510°)

0C :=0.6-

* Erom corrosion data for 304 and 316 stalnless steel
MTIFC:=19823 . 00;-'-8724
C0:=6C  MTIR:MTIRC d:=aC

- Sotve for o and [} using Mathcad sgfve bidck to solve system of two equations .

 Guess . ) :
 0£19500 p:=21
| Given | ' 4 ‘ _
- ~M11‘F20+a-l‘(l+%) : :
' 'oéa-‘]r(ni+3)-(r(1+l))z S .
. o\
L ‘(Bc).qﬁnd(a,ﬂ) . )
Results

oC = 1.9671+10*

pC =2.008

e

42&%9\\?

u\ﬂ:. o

r

e
10 ATT 6L000 L0TT-LILI0-000000009 1A

o M




- o="miugas- . 0="3qas 4
SVIE . SIVRIL . bupoots ¥
(enancox'TrLwm - UM © - GRS aparyen - 404 - S
| 0= ‘eNzadnt 0=:"3qdm .
R . | = c.ocg v YGIH
- (@NANCOM' TR SO (ANOSET BvaLyeg - J4H WERLA P
| 0= "aNIaarT v 0="saam
o < = @NIadTT u _qu.m.—. - : .
__ (ENANOOIT m_abua S oo mDeR " 40T uogegLy mog
. @SB Joueg-oN i o eseg sourg ;
: . iopek 4oB8 Jo MO! 018z SUNOS »ncgmﬁmc_ peayen w
3:88 sz 3» aa&s sy ao% 5%5 Em_meus peayeyy buisn s4gd jo uogessy w
. | | 5
05TZ="TNIL 000I"I=Z .

VEIL

(s128£ 05Z) sreasapy et Jo uogeasy

ogr+"ar=: *ENANODS

"mig1 + 1= "anANoom

BT B
mrar +'1L = 'aNANODIT

(orepu Jo esusunsso wo bmﬁm&n Ajsjepawnyy paumsse dar) mmmu Jaueg oN

'moaL +'moamr +'a1 = 'ANoo2

Ywrar +'modmr +'Hr = "ANOOH

haral +'m1amy +'rir = 'ANooIT

w_u.o u:\wMMwQ h.ﬁ

10 AN mhr%EuEbbgﬂ rex”




1

noang (1P = DE1-): DA™ + MOdMG=: MOIAL

SUORPUOD) DUMP/A JUORUL3U] pue SnonuguoD 10} 4 qa‘eaT U0Jog pus Yoeaig d/W\ J0) suonnquisig Inar | e E T EEE I

o (((1PR = 1)51-)-20060 + moge=: 0EL -

" (4G9 IInqiep asaALY) LRI UCIOg %09 OL WL

(400 InGIaM 3s:30) yoRaIG M OL AL

(no17) M -
200000+ (i) = AL

Qag..remﬁua'm amawx'sy.ama.w]) Bupoor4 0f auyl

00086-( 1 )Pei + 0002 =2 THL

| m_“(((t)m-t_)w)-mawmaa::’mg;

g ((C10PTE = 1)T1-)- MIIMP + MIIMO =: YaIdmML

0008-C1 )P + 0001 =: ‘TIL

E‘J-n NS TT . P

%

D,

Eaowoun assaAuy) uogeguey YBiH of aunt (g0 uuoyun assaauy) uogesyul mo7 oL suny s

00$T=: MG
860'7=: MOgd
1961 =: MOEP

suBMWBRIBd [INGIaMA
Bugap sncnuguod
yoea] uaseg %09

"Iw M\ S
¢ )49 L

.. V¥ Z uonoas uj UaA Luggo_a' V] uaq"Bs——'de 30} S3QQ 9SI5A] JUSWILOIAUT bugeniu] -

008y =: MIED

0018=: MDdME
860'T= m1gd . £6°0=Modmd
EVESE =: MIED Y'STy= MOLMD
SsisjewRiag InqispA - sxa;awe:éd mnasm
Sumam Juepuusny Bumam snonuguod
yora] valog %09

yoeaug Jaweg dm

0000€ =: MIdM
LELT = MIIMY

£0£0S =: MIdMP

sJajowrIBd INGI3M

Sumam Juepuuay -

yosasg JoLueg dM

STVIEL"1=:}

00005T=: STVIYL

SIejwiesed (9pon

: }¥p31Q 159138 oYUM PUB YM dM-400N
SISATYNY 3L 11NV ALUITYOLLIENO ONY NOLLNTOANOD OTHVYO 31NCH

10 AT 6L00v LOTT-LILI0-000000001 IA

v iw




“UX7 722000~ I 333
| ' . Pao)gtzoéF}3‘f

P

| / 1% Ty
: Critical Fuel Fraction . , .
" * -Fit of 8th order log polynomial to data from section 7.4.4 contained in file critfuel.pm
; : ' ' | -CRITFUELPRN Input
~ Define polynomial Read File into Matrix : , . UCF
z 1 ] . M :=READPRN(aitfuel) . L Critical
¢ log(x) time =M . . Frachon\u
log(x)? e _
1og(x)° UCF =M™ - ] . Calculated Ccmstan!s
F(x) :=|log(x)* | S Jeom
| 1ogt? ’ ' -331.
log(x)® Determine constants to fit ~6.683
. polynomialtodata - 16862
log(x)’ :
sl U :=linfit(time, UCF,F) U=[-2732
o Ueg(x) ] : , 0614
T B o ' -0.079
' | - {ooos
- -1.604+10 ¢ |
i Comparison of Calculated Curve with Input
n:=1.17 UF(t) :=F(t)U
" 0.06 T |
005 |- N o
ver, : .
' UPfiize)
YN S -
0.03 L
1000 110 1 ) 1410
* Multiplication of PDF' by Criticality Fraction L
v - Barrfer .+ . NoBarier
" LowInfiltration LICPDF, | :=(LIPDF),_,-UF(2502)  -LICPDFNB__, *={LIPDFNB),_ -UF(250-2)
!*  High Infitration HICPDE, , :=(HIPDF),_‘UF(2502) - . . HICPDFNB, ., '=(HIPDFNB), ", UF(2502)
{ Foodng FCPDF,_, =(FFDF),_,UF(250z) . FCPDENB,_, =(FPDFNB),_UF(2502)
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Determination of Cumulative Per-Package. Criticality Probabiﬁties_. from Critical PDFs

| uccm-' Z LICFDF,_

LICCDFNB
a=0 .

g, uantification of elgebraic form of Fault Tree

Other Fault Tree Parameters
CRACKSWP :=8.54.10°2
HOLES := 1710'2

GEOMETRY :=1

ua ﬁﬁcati n of Fault Tree T vent t 0000 D000, 40000, 80000 years

[
[
[
[

HICCDENB__, =

FCCDRNB,_, =

z-1
Z LICPDFNB
m=0

z-1
D HICPDFNB,_
m=9 _ |

z-1 -
Z FCPDFNB_

‘m=0

WPCRIT10 :=[[ (anc;sz-uécnlr_‘o) (mcxsw-mccm )] HOLES + 2.FCCDF « GEOMETRY |
: WPCRIT20:=[ (CRACKSWP-ucch“;) + (mcxsvirp-rﬁccnrw)]-noms + z-xfccnrw]-csomm
WPCRIT40 :=[[ (cmcrcswp-uccm-‘m); (éRAmcsmfP-mcan‘m) JHOLES + z-rccnrm].ssomw |

WRCRITE0 = (cmcszP-mcbDPm) +-(cRAqK§w§-mcanm)]-Hows ;z_ifcanm]fGBomm&

ﬁ}wpcmmsw =[[ (CRACKSWP- uccnmaw) (mcxswp mccnma ]HOLES+2 rccn ]GEOME‘IRY '
[ (CRACKSWP-LICCDFNB, ) + (CRACKSWP- mccnmaw) HOLES +2- FCCOFNB o] CEOMETRY
[ cmc’:Ks.w?.x.xccnifual )+ (ca.mcswp mccnma ]HOLES+2FCCDFNB ]-Gsom'fRY'
{

wrcmmsso = cm.cxswp-'x.xccnmé ) + (CRACKSWP mccnma ]HOLES-.-ZFCCDFNB 20 GEOMETRY
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Run #1 )

. 10,000 years | 20000years © 40,000 years 80,000 years -

Flooding -
- w/ Barrier -

" Low Infiltration
w/ Barrier

FCCDF,, . 0 FCCDF,-0  FCCDFyg.0 FCCDF,,, - 161610

. LICCDF,, - 0 .LICCDF,, . 6.113-10°  LICCDF,, . 2478102
LICCDF,, . 0 o . |

' A T ’ L} y3 . . - . 3 . . -2
_High lnﬁltraﬁonmCCDFw .0 . .HICCDFN - 1110 I!ICCDFIQ . 1.4'!23 _lp N HICCDFsm . .1.437 10

w/ Barrier

Floodlng.
w/o Barrier

‘Low Infitration
‘w/o Barrier

High Infiltration
_w/o Bartier

R

e

ey
!

,qﬁlh- S

E
f

gy

N : _ | .
FCCDFNB,, - 0 FCCDFNBy, - 0 FCCDFNB,, -0 FCCDFNB,, - 2011+10
3165 LICCDFNB,, . 3.103+10°% LICCDFNB, ., . 221810 *LICCDRNB.... . 4706102 -
LICCDFNB,, . 8.993 lq : | g0 7" ool 320 3
HICCDFNB,, - 399:10°  HICCDFNB,, - z475-16“xnccnmm - 3.289-10 HICCDFNB,, . 1.841-10 2

Note: FCCDF = climate & tectonc, LICCOF = wpb&ld, HICCDF = wpb&ldh °
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.C  Cummulative Per-Package Criticality Probability Plots for Each Sequence

Barrier Case . ‘ No-Barrier Case
‘ 0.06 I 0.06 T T
Low -
- Infilfration Rl .
) LICCDF, _, Ecumaz_,
.02 . ez}~
' 1 ] '
s _
%o o sea0* 110° 1.5°30°
e, _,
&
High 0.04 1= - p—
‘.’ dnfiltration HICCDF;_y '
- 002 - i
ol 1 !
[ 1°10° 2210° 3°10°
$. ™E,_, -
.\
i 2‘10-5 1 T 2‘10—5 1 [
§~.Hbodng , - ,
) FC@F,_ 1 mo"’ - - ‘m‘_ 1 l‘lb-s = -
C e ‘ - : o L= 4
\ ' o 110 210 0 ~ R SRR

e



ey ehgede .
.

10,000 years
Flooding  FCCDF,, =0
w/ Barrier
" Low Infiltration -
w/ Barrier UCCDF 0

RN

B LR

* Flooding FCCDFNBwao
w/o Barrier
Low Infitration ' - _—
wio Barrler I.ICCDFNB“, 8.505-10
High Infiltration
wi/o Barrier

S e

BEL” Y TP

LS SRR

]

.t

High lnﬁlh‘aﬁonHICCDF =0
w/ Barier

FCCDFNBm =0

HICCDFNB,, = 4.433-10°%

- : ) 14
I Y, 0€A39
~ - ‘)e’vs Miuft -
Run#3
20,000 years 40,000 years ’ '80.000 ‘yéam
FCCDF,,=0  FCCDF,, =0 - FCCDF,,, =8.964-10"7
. UCCDF,=0 ' - LICCDF,,,=6903+10° LICCDF,,, 5 =2471410°

.‘ = o .’ . = ‘ i ﬂ i} 1@ = . -2
HICCDF,, =1078107  HICCDF, g, =1412:10 HICCDF,_ = 1437+10

'mm  FCCDFNB, =-1o96-xo“
LICCDFNB, =3.1510°° uccnmam-wl-xo"uccnm =470710 2

HICCDFNB,, 22016 HICCDFNB, o, =3.256+10_HICCDFNB, , = 18434107

— ——
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C. Run #2
10,000 years 20,000years - 40,000 years . 80,000 years
Fiooding - FCCDF,,. 0 . FCCDF,. 0 | FCCDF,, - 1974:107  FCCDF,,, . 7267107
w/ Barrier ‘ . ' . - . : -
Low Infiltation LICCDF,, . 0 LICCDF,g, - 6307-10° ~ LICCDF,,, . 2.475+10
LICCDF,, . 0 ‘ :
“w/ Barrier “« -

o ' _ = 0-S ; 1073 ' 427102
High fnfitration HICCDF . 0 - HICCDF,, . 1292:10°  HICCDF,, . 1.423:10 HICCDF,,, - 1447:10
w/ Barrier _ ‘ ' '
Flooding  FCCDFNB, . 0 FCCDENB,,- 0 °  FCCDFNB,,, - 205210 FCCDFNB,, - 9233107

w/o Barrier

oW IN2ion | ICCDFNB,, . 863710 LICCDFNBY, - 3.144+10°° LICCDFNB, , - 221610 “LICCDFNB, - 4709-10°%. -

High Infiltration
w/o Barrier

HICCDFNB, - 3.991+10°  HICCDENB,, - 2.413+10* HICCDFNB, , - 3.288+10 HICCDFNB, , - 18571072
Note: FCCDF = climate & tectonc, LICCDF = wpb&id, HICCDF = wpb&ldh
( ’ . . , - . - .
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10,000 years :

e - P@,)p,\u ot Bl .
. , | ‘ ' S\ I\ele
-Run#5 : | .- -
20000years 40,000 years 80,000 years
' ' -7 =6
FCCDFy,=0 FCCDF ), =196>10"  FCCDE,,, =1.836:10
LICCDF, =0 uccm-'mazs%-lo" LICCDF,, 2248102

Flooding FCCDF,, =0
* wj Barrier
Low Infiltration
wi Bartier . LICCDF,, =0
. High InfiltraﬁonHICCDF =0
. wlBarrier
- Flooding rccnmaww
w/o Barrier
Low Infiltration 20 170105
i Barir LICCDFNB,, =9.17-10
High Infiltration pyecpmve,, =3, 323~m"‘

w/o Barrler

'HICCDF,,=1335:10 > HICCDF, =1443-1o" HICCDF,,, = 1.441:10 2

‘ =2¢{) . ; = .-. -7 . = ] -‘
FCCDFNB,, =0 FCCDFNB!w 6.066°10 FCCDFNB,,, =2.068:10 °

LICCDFNB,, =3. 13010-3 LICCDFNB =2.224'IO-2IJCCDFNB ==4.')l'10-'2 '

HICCDFNB,, =2.533+10 * HICCDFNB, o, =3.319-10 HICCDFNB, ) = 1.844-10°

-

, —
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Sequence Cumulative Probabilities For Each Monte-Cario Run _ ‘| N\m{
climate & |wpb&idl |wpb&lidh [climate  jwpb&idl jwpb&idh
tectonc " Jtectonc '
- |Time (yrs) Run # Fw/B UwB |HiwB [FwoB |ILlwocB |HiwoB
10,000 1 O} 0} 0 0] 8.99E-05] 3.99E-06
2 [1]] - 0] 0 0] 8.64E-05] 3.99E-06
3 0 0 0 0] 8.51E-05] 4.43E-06
4 0 0 0] 0] 8.70E-05] 2.66E-06
;- 0 0 0 0] 9.17E-05] .3.32E-06
Mean 0 0 0 0 9E-05| 8.68E-06
SD 0 0} 0] 0] 4.74E-06| 6.95E-07
20,000 1 0 0} 1.11E-05 0] 3.10E-03] 2.48E-04| -
2 0 0] 1.20E-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] 8.13E-03] 2.53E-04
Mean ] 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 11 0.00E+00| 6.11E-06| 1.42E-03] 0.00E+00] 2.22E-02| 3.20E-03
2| 1.976-07| 6.31E-06] 1.42E-03] 2.05E-07} 2.22E-02| 8.28E-03
3 Ol 6.90E-06]| 1.41E-03] 0.00E+00] 2.22E-02] 3.26E-03
4 0] 7.49E-06] 1.43E-03 - Q] 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 7.80E-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 1l 1.62E-06| 2.48E-02] 1.44E-02] 2.01E-06] 4.71E-02] 1.84E-02]
2l 7.276-07| 2.48E-02| 1.45E-02] 923E-07| 4.71E-02| 1.86E-02
3| 8.96E-07| 2.48E-02| 1.44E-02] 1.10E-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] 1.44E-02] 2.07E-06] 4.71E-02] 1.84E-02
Mean 1.2E-06| 2.48E-02] 1.44E-02| 1.55E-06] 4.T1E-02| 1.85E-02
.|sb ~4.94E-07| 2.12E-05] 5.28E-05] 5.21E-07] 2.89E-05] 6.72E-05
. |crackswp | 6.95E-02
tholes 1.00E-02 ]
|geometry |- - 1
CUTSETS
W/ Barrier Credit 10,000 20,000} 40,000 80,000
Jerackswp geometry holes wpb&idh 0| 8.07E-09| 9.92E-07 1.00E-05
{crackswp geometry holes wpb&ldl 0] - 0 4BEDS 1.72E-05
~ |tectonc_geometry 0f - -0{ 7TB9E-08 1.20E-06
|climate_geometry 0 0| 7.85E-08 1.20E-06
- {TOP EVEP;T 0] 807E-09| 1.15E-06 2.86E-05
W/O Barrier Credit 10,000 20,000 40,000 80,000
crackswp geometry holes wpb&ldh 256E-09] 1.YE-07| 2.28E-06| - 1.28E-05
c ometry holes wpb&id| 6.26E-08] 2.17E-06] 1.54E-05 327E05
. tectonc try .0 - 0] 1.62E-07 1.55E-06
jclimate geometry 0] 0] 1.6RE-07 " 4.55E-06
TOP EVENT 6.51E-08| 2.34E-06| 1.BE-05 4.86E-05
10/5/85 - 8:40 AM
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3.12: Added definition of *Qualified Data” that refiects definition in%

.13: Redefined "Unqualified Data”® to reflect definition in QARD .

, 5.1.3, 5.2.3. Added statement of expectations for order of completion for activities ) .
.3A and Au II1.3: Reference to QAP-3-13 was deleted and instruction added to obtain DI from Location CM organization
.3B: Clarified the tracking of draft revisions prior to apgggval; including on attachments )

.3A: Clarified when tracking requirement is applied for TBVs and identify unqualified data and/or assumptions

: Interdiscipline Review was changed to Design Review throughout the procedure

.1: Rewritten to clarify the review process sclection and flow I

.3: Rewritten to clarify comment documentation and resolution responsibility

: Rewritten to clarify the review process selection and flow ) ) )
4: Deleted the requirement for the Originator to incorporate QAP-3-1 comment resolutions into the design analysis
.5.1; Clarified when to identify and control unqualified data and/or assumptions

.6 and 5.8.2: Deleted reference to Basis for Design

: Rewritten to address editorial comments only '

0: Clarified requirement on marking changes on revised document and deleted requirement to maintain all past history on
current document. The Revision History must summarize changes since the last revision

tt I Clarified requirements for identification of unqualified input and the need to track TBV i

tt ILAtt IV and At VI Deleted requirement to note revision mumber separate from the DI
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All change histories for prior revisions/changes shell be reviowed in preparation of this revision. List change histories reviowed, or antsr *NA®

&?53-9 Rev 5; QAP-3-9 Rev 4; QAP-3-9, R03, PO4; QAP-3-9, R03, P03; QAP-3-9, R03, P02; QAP-3-9, R03, P01; QAP-3-9
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