&=

ECHTEL
SAIC coveanviic

DOC.20050711.0001

QA: QA
ANL-EBS-MD-000049 REV 03
July 2005

Multiscale Thermohydrologic Model

Prepared for:

U.S. Department of Energy

Office of Civilian Radioactive Waste Management
Office of Repository Development

1551 Hillshire Drive

Las Vegas, Nevada 89134-6321

Prepared by:

Bechtel SAIC Company, LLC
1180 Town Center Drive

Las Vegas, Nevada 89144

Under Contract Number
DE-AC28-01RW12101



DISCLAIMER

This report was prepared as an account of work sponsored by an agency of the United States Government. Neither
the United States Government nor any agency thereof, nor any of their employees, nor any of their contractors,
subcontractors or their employees, makes any warranty, express or implied, or assumes any legal liability or
responsibility for the accuracy, completeness, or any third party’s use or the results of such use of any information,
apparatus, product, or process disclosed, or represents that its use would not infringe privately owned rights.
Reference herein to any specific commercial product, process, or service by trade name, trademark, manufacturer,
or otherwise, does not necessarily constitute or imply its endorsement, recommendation, or favoring by the United
States Government or any agency thereof or its contractors or subcontractors. The views and opinions of authors
expressed herein do not necessarily state or reflect those of the United States Government or any agency thereof.

ANL-EBS-MD-000049 REV 03 July 2005



QA: QA

Multiscale Thermohydrologic Model
ANL-EBS-MD-000049 REV 03
July 2005



ANL-EBS-MD-000049 REV 03 July 2005



Model Signature Page/Change History Page iii
BSC

Complete only applicable items. 1. Total Pages: 642

2. Type of Mathematical Model
Process Model Abstraction Madel [ System Model
-~
Describe Intended Use of Model

This model provides thermohydrologic information and data for other reports supporting License Application.

3. Title
Multiscale Thermohydrologic Model

4. DI (including Rev. No.):
ANL-EBS-MD-000049 REV 03

Printed Name Signature Date

5. Originator Tom Buscheck N A ores ﬁ /?M;:Jd'cé ‘7/‘7/@5’

6. Independent Technical

s Robert Andrews 1 A}L b\, _ / ”) 'q_ /q./o S“

7. Checker Bruce Kirstein K et K\de__’.-}' ] '-P/ oS

8. QER Darrell Svalstad mfi’% = LLY:T,_(_ 72,7/[ 5’""
9. Responsible Manager/Lead | William Duffy NS ' 7/7/@5-‘

W)@@M
10. Responsible Manager Emest Hardin _ f /% / /(r"‘\ 7‘/ 7 /0.5'

11. Remarks

(ELH 6/15/05) This revision is supposed to discuss Danko’s recent publication of an alternative model that describes ventilation
and thermal-hydraulics. This addition has not yet been made.

Limitations of the model are that drift seepage during the post-boiling period is not predicted, and the predicted evaporation rate on
the drip shield pertains to the case of no dripping on the drip shicld.

Change History

12. Revision No. 13. Description of Change
REV 00 Original issue. Supported TSPA-SR, Rev 00 for the Backfill Case. Used 1.54
kW/m line load.
REV 00 ICN 01 This ICN was developed to include the No Backfill Case supporting TSPA-SR

Rev 00 ICN 01. The DTN:SN9908T0872799.004 references were removed.
The data and inputs were referenced to updated DTNs and references, or
entered as assumptions. Revised invert thermal conductivity values and an
adjusted heat load of 1.45 kW/m were uscd for the no-backfill case.




Multiscale Thermohydrologic Model

REV 00 ICN 02

This ICN was developed to address the NRC KTI Agreement TEF 2.9 and
show the influence of drift-scale fracture heterogeneity on TH behavior for the
No Backfill Case. This was accomplished with the use of the 3-D
heterogeneous Line-averaged heat-source Drift-scale TH (LDTH) model,
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Section 6.14. The 3-D heterogeneous LDTH model is based on the 2-D
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DR-39 package for ANL-EBS-MD-000049, Rev. 00, ICNO1, Multiscale
Thermohydrologic Model). Attachment | contains a cross-walk between
attachments in the Stand Alone Package and the attachments formerly
included in this AMR. The Stand Alone package provides additional software
documentation, e.g., source code listings, validation text files, input/output
files and other corrections for routines formerly documented in Attachments |
through XVII and XIX through XX of ICN 01 of this AMR.

Attachment Il in this ICN 02 lists files supporting each version of this
document, including the file lists previously documented in Attachment XVIII
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identified in Deficiency Report BSC-01-D-100, pertaining to control of
electronic information. ICN 02 also addresses NRC KT agreements pertinent
to this AMR, in Section 1. The following sections have been affected by this
ICN: Section 1, Section 2, Section 3, Section 4, Section 5, Section 6, Section
7, Section 8, Attachment | and Attachment 11

REV 01

Complete revision to support TSPA-LA.

REV 02

Extensive revision to address comments on documentation from Regulatory
Integration Team evaluation. Includes major revisions to the following
sections: 4.1,5.3.1.1,5.3.1.7,5.4,6.1.4, and 6.2.1. Some material previously
in Section 5 has been moved to Section 4.1. Section 4.1 has been extended to
describe the minor modifications to the repository layout that resulted from
updates to the related IEDs and to address the properties of the host-rock
rubble for the low-probability-seismic collapsed-drift cases.

Sections 6.2.9, 6.2.10, and 6.2.11 have been added to describe the submodels
for the low-probability-seismic collapsed-drift cases. Section 6.3.3 has been
added to discuss the mass influx in the invert. Section 6.3.4 has been added to
address the influence of parametric uncertainty of percolation flux and host-
rock thermal conductivity on near-field and in-drift thermal-hydrologic
conditions. Section 6.3.5 is a revised summary of the range of predicted near-
field and in-drift thermal-hydrologic conditions for the TSPA-LA base case.
Section 6.3.6 has been added to describe the relationship between drip-
shield/waste-package relative humidity and temperature at the drift wall.
Section 6.3.7 has been added to describe the differences in the in-drift
thermal-hydrologic conditions between the low-probability seismic collapsed-
drift cases and the corresponding nominal intact-drift cases. Section 6.3.7 also
includes a seepage analysis for the low-probability-seismic collapsed-drift
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cases. Section 6.3.8 has been added to compare thermal-hydrologic condition
predicted for the TSPA-LA with those predicted for the TSPA-SSPA. Section
6.3.9 has been added to describe the sensitivity (or lack thereof) of near-field
and in-drift thermal-hydrologic conditions to host-rock hydrologic-property
variability and uncertainty. Section 6.3.10 has been added to describe the
sensitivity (or lack thereof) of in-drift thermal-hydrologic conditions to the
value of in-drift pseudo permeability. Section 6.3.11 has been added to
describe the sensitivity (or lack thereof) of near-field and in-drift thermal-
hydrologic conditions to invert hydrologic-property variability and
uncertainty. Section 6.3.12 has been added to investigate the sensitivity of in-
drift thermal-hydrologic conditions to uncertainty in ventilation heat-removal
efficiency. Section 6.3.13 has been added to describe the relationship between
temperature and relative humidity on waste packages.

Added Appendix X: Hydrological Properties for the Intragranular Porosity of
the Invert; Appendix XI: Thermoconductivity of the Collapsed Drift Zone;
and Appendix XII: Comparison of Percolation Fluxes; Appendix XIII: List
of Data Sources for Figures and Tables; and Appendix XIV: Qualification of
Unqualified Project Data.

Revised Sections 7.4.3 and 7.4.4: Comparison of Simulated and Field-
Measurement Temperatures, and Comparison of Simulated and Field-
Measured Saturations in the Matrix; and Appendix VI: LDTH and DDT
Submodel Thermal-Radiation Connection Calculation. Added Section 5.1.4:
Timing of Climate Change Influence on Percolation Flux above Repository;
Section 5.1.5: Water Table Rise; Section 5.3.1.10: Permeability of Host Rock
at Emplacement Drift-Wall Surface; Section 5.3.2.7: Emissivity of
Emplacement Drift Wall; Section 8.4: Yucca Mountain Review Plan Criteria
Assessment; and Appendix XV: Prediction of Relative Humidity in the

Invert.

Brian Mitcheltree checked Sections 4, 5, and Appendix IV; Bruce Kirstein
checked from the front through Section 3 and Sections 6.3 through 6.5, 7 and
8, and Appendices 1X and XIII; John Case checked Sections 6 through 6.2,
Section 9, and DIRS; Jim Kam checked Appendices | through 111, V through
VIII, X, X1l and XV; Zane Walton checked Appendix XI; Bob Walsh
checked Appendix XIV.

Revision 02 addresses CR 79 (elimination of “Technical Information” as a
DIRS Input Category), CR 1805 (adequacy of software) and CR 2049
(documentation of model validation). Table 4.1-1, changed equation number.

REV 03

This revision addresses CR-4961, CR-4675, and CR-4309.

ANL-EBS-MD-000049 REV 03

v July 2005




Multiscale Thermohydrologic Model

INTENTIONALLY LEFT BLANK

ANL-EBS-MD-000049 REV 03 Vi July 2005



Multiscale Thermohydrologic Model

CONTENTS
Page
ACRONYMS AND ABBREVIATIONS ...ttt XXIX
L. PURPOSE ..ottt sttt e et e b et et e b e te e s e e s e e st e e et e testeanearaaneaneaneas 1-1
2. QUALITY ASSURANCE ......oitiiiieie ettt 2-1
3. USE OF SOFTWARE .....oooi ittt a ettt nenreeneans 3-1
3.1 QUALIFIED SOFTWARE ....ccotiiiiiiiiiie ettt st nneas 3-1
Ll NURFT V3.0S. ittt ittt sttt e ettt sttt e et stesbesbentesneaneaneeneenees 3-2
312 NUFT V3.0.1S ittt bbbttt bbbt 3-2
3.1.3 RADPRO VA.0 ..ottt sttt ettt nes 3-2
314 XTOOL VIO L.ttt bbbttt bbb 3-3
3. L5 IMSTHAC V7.0 ettt ettt nente e naenes 3-3
316 readSUNITS VL0 .ottt 3-3
L7 YMESH VLA .ottt 3-3
3.1.8  boundary _conditions VL.0........ccceoiueiieiiriieiieiie et see e 3-4
3.1.9 heatgen_ventTable_emplace V1.0......ccccooiiiiiiiiiiiieie e 3-4
3.1.10 IMEO VL2 ..ot 3-4
00 U0 B TV 1 O SR 3-4
3112 COICEN VL0 ittt bbb 3-5
3.1.13 repository_percolation_calculator V1.0.........ccccoviiieniiiniieiese e 3-5
3.1.14 extractBIOCKS EXT VI.0..cciiiiiciieiiiee ettt 3-5
3.1.15 Chimney_interpolate VI.0......cccocoiiiiieiiiie e 3-5
3.1.16 reformat_ EXT t0 TSPA VL0 ..ottt 3-6
3.2 OTHER SOFTWARE.......ciiiit ettt st ereaneaneeneas 3-6
A, INPUTS .ot b bbbt b e bbbt b bt et e et et e b b e st sttt enes 4-1
4.1 DIRECT INPUTS ..ottt sttt sttt naeneeneenes 4-1
4.1.1 Data, Parameters, and Parameter UNCertainty ............cccocevvvervsiesieesieeresnenennn 4-1
4.1.2  Design INFOrMAtION ........ccueiiiiiiieiie it 4-1
4.1.3 Direct Inputs for Development of the Properties of Crushed Tuff
N ENE INVEIT ..ottt 4-14
4.2 CRITERIA ..ttt et bbbt e b s e 4-19
4.2.1 Acceptance Criterion 1 — System Description and Model Integration
ATE AGEUALE ...ttt et e e steeneeereenne e 4-20
4.2.2 Acceptance Criterion 2 — Data Are Sufficient for Model Justification .......... 4-21
4.2.3 Acceptance Criterion 3 — Data Uncertainty Is Characterized and
Propagated Through the Model ABStraction............cccooeiiriiniiiieneiesees 4-22
4.2.4 Acceptance Criterion 4 — Model Uncertainty Is Characterized and
Propagated Through the Model ABStraction............cccooeiiiiiiiiiieniiesees 4-22
4.2.5 Acceptance Criterion 5 — Model Abstraction Output Is Supported by
ODJECtIVE COMPAIISONS....c..eiivieiieiiesieeieeeestee e eee st e st sreesre e b e sbeeneesneeneas 4-23
4.3 CODES, STANDARDS, AND REGULATIONS.......cccoiiiiiiiiieiene e 4-23

ANL-EBS-MD-000049 REV 03 vii July 2005



Multiscale Thermohydrologic Model

CONTENTS (Continued)

Page
4.4 DATA FROM FIELD MEASUREMENTS IN THE LARGE BLOCK TEST
AND DRIFT SCALE TEST ..ottt 4-23
5. ASSUMPTIONS ...ttt ettt ettt st b e e st s et e nbenbenbenteanes 5-1
5.1 BOUNDARY CONDITIONS ......oct ittt aneas 5-1
5.1.1 Ground-Surface Relative HUMIAItY .........c.ccooeveiiiiieiccic e 5-1
5.1.2 Ambient Percolation Flux above Repository HOrzon...........cccoceevvvnieeiennnns 5-1
5.1.3 Barometric Pressure Fluctuations at the Ground Surface............c.ccoovvviieennnn, 5-2
5.1.4 Timing of Climate Change Influence on Percolation Flux
ADOVE REPOSITONY ...c.vviiiceicciiesie ettt e e ne s 5-3
5.1.5 Water TabIe RISE....c.eoiiiiiiii e 5-3
5.2 HEAT FLOW PROGCESSES ........ccciiiiiiiiieieie ettt 5-4
5.2.1 Mountain-Scale Heat FIOW .........c.ccoiiiiiiiiiiieeec e 5-4
5.2.2 Drift-Scale Heat FIOW ..........cccoiiiiiiiiieiee e 5-5
5.2.3 Waste Package Emplacement .........cccoeiiiiiiieiinie e 5-6
5.3 MATERIAL PROPERTIES ..ottt 5-6
5.3.1 HydrologiC PrOPerties ......ccueiuiiieiieiieie ettt 5-6
5.3.2  Thermal ProPerties......cccviieiieie e see s e e e et nee e e 5-12
5.4 WASTE PACKAGE MODELING .....cccoiiiieie et 5-17
5.4.1 Average Waste Package DIiameter..........ccoveiieeieiieiieenn s 5-17
5.4.2 Waste Package Sequence along DriftS.........ccooeiiiiiiinninie s 5-17
55 RELATIVE HUMIDITY IN EMPLACEMENT DRIFTS.....ccooiiiiiniiiienceee 5-18
5.6 CONDENSATE DRAINAGE AROUND EMPLACEMENT DRIFTS.........cccvn... 5-19
5.7 GAS- AND LIQUID-PHASE FLOW IN THE LONGITUDINAL DIRECTION
ALONG EMPLACEMENT DRIFTS (THE COLD-TRAP EFFECT) ..ccccevvvvieiennen, 5-19
5.8 PROPERTIES OF HOST-ROCK RUBBLE FOR LOW-PROBABILITY-
SEISMIC COLLAPSED-DRIFT SCENARIO.......ccctiiiiiiieiiieeese e 5-20
5.8.1 Bulk Density of Host-RoCk RUDDIE ............ccovveiiieiieeccceec e 5-20
6. MODEL DISCUSSION ......coiiiiiiiieiieieieiie ettt sttt ee e sbesressesbeereens 6-1
6.1 YUCCA MOUNTAIN THERMOHYDROLOGY CONCEPTUAL MODEL............ 6-4
6.1.1 Ambient Hydrology and Geology .........ccccueuiiiriieiiiin e 6-4
6.1.2 Incorporating Radioactive Decay Heat...........cccccevveveiinieeie e, 6-5
6.1.3 Thermohydrology in the Repository Host ROCK...........cccooeiiiiiiiiiiniicnie 6-6
6.1.4 Thermohydrology in Repository Emplacement Drifts .........c.ccccovvvevviiiciiennnnn, 6-7
6.1.5 Design Factors Influencing Thermohydrology ..........cccoeeviniininniinieiieneene 6-9
6.1.6 Natural System Factors Influencing Thermohydrology ..........ccccccevvveveiinnnnns 6-10
6.2 THE MULTISCALE THERMOHYDROLOGIC MODELING APPROACH ......... 6-10
6.2.1 Overview Of the MSTHM .......cccoiiiiiiiiie e 6-10
6.2.2 Incorporating the Unsaturated-Zone Hydrology Model in the MSTHM........ 6-14
6.2.3 Governing Equations for Unsaturated-Zone Thermohydrology..................... 6-17
6.2.4 MSTHM Calculation SEQUENCE ........coiiiieiieiieie s 6-23
6.2.5 SMT SUDMOMEIS......ccoiiiiiiiiec e 6-30

ANL-EBS-MD-000049 REV 03 viii July 2005



Multiscale Thermohydrologic Model

CONTENTS (Continued)

Page
6.2.6 LDTH SUDMOUEIS .....oeivieiiiiie st 6-35
6.2.7  SDT SUDMOGEIS ..ot 6-41
6.2.8 DDT SUDMOMEIS......ccviiiiiiieieie e e 6-44
6.2.9 SMT and SDT Submodels for the Low-Probability-Seismic
Collapsed-Drift SCENAIIO ......ccciveeieiieciee e 6-50
6.2.10 LDTH Submodels for the Low-Probability-Seismic
Collapsed-Drift SCENAIIO .....ccveiieeececiece e 6-51
6.2.11 DDT Submaodels for the Low-Probability-Seismic
Collapsed-Drift SCENAIIO .....ccveieeecieceece e 6-56
6.3 MSTHM RESULTS ..ottt 6-57
6.3.1 TSPA-LA BaSE CaASE......cccieiiiiiiiiiieie e 6-57
6.3.2 Parameter-Uncertainty Sensitivity ANalySes ........ccooovviviieeiininiienesieseeins 6-92
6.3.3  Mass FIUX iN the INVEIt ..o 6-121
6.3.4 Combined Influences of Percolation-Flux and Host-Rock Thermal
Conductivity Uncertainty on the TSPA-LA Base Case........ccccocevvverveivernnnn 6-138
6.3.5 Summary of the Range of Thermal-Hydrologic Conditions for the
TSPA-LA BaSE CASE.....cccviiiieiiieieeiei e 6-148
6.3.6 Relationship Between Relative Humidity on the Waste Package and
Drip Shield and Temperature on the Drift Wall ..............cccoooieiiiiin 6-150
6.3.7 Influence of a Low-Probability-Seismic Collapsed-Drift Scenario on
In-Drift Thermal-Hydrologic Conditions ...........ccccevvevviievieene e 6-151
6.3.8 Comparison of Results for the TSPA-LA Base Case with Those for the
FYO01 Supplemental Science and Performance Analyses (SSPA)................ 6-159
6.3.9 Influence of Host-Rock Hydrologic-Property Variability
AN UNCEIAINTY ...ttt e e neenne s 6-161
6.3.10 Influence of Pseudo Permeability on In-Drift Temperature and
Relative HUMIAITY ......ooiiiiccceese e 6-164
6.3.11 Influence of Invert Hydrologic-Property Variability and Uncertainty ......... 6-166
6.3.12 Influence of Ventilation Heat-Removal Efficiency Uncertainty .................. 6-171
6.3.13 Relationship Between Temperature and Relative Humidity on
WaSTE PACKAGES. .. ...eivieivieiecie et nne 6-172
6.4 COMPARISON AGAINST AN ALTERNATIVE CONCEPTUAL MODEL ....... 6-175
B.5  FEPS .ottt 6-179
7. MODEL VALIDATION ..ottt sttt sbe st snesreaneenes 7-1
7.1 CONFIDENCE BUILDING DURING MODEL DEVELOPMENT TO
ESTABLISH SCIENTIFIC BASIS AND ACCURACY FOR INTENDED USE....... 7-1
7.2 CONFIDENCE BUILDING AFTER MODEL DEVELOPMENT TO SUPPORT
THE SCIENTIFIC BASIS OF THE MODEL.......ccccociiiiiiiiieieieese e 7-4
7.3 COMPARISON OF NUFT THERMAL-HYDROLOGIC MODEL AGAINST
THE LARGE BLOCK TEST ..oiiiiiiiee sttt 7-7
7.3.1 Comparison of Simulated and Field-Measured Temperatures ............c.ccceevu.... 7-7

ANL-EBS-MD-000049 REV 03 ix July 2005



Multiscale Thermohydrologic Model

CONTENTS (Continued)

Page
7.3.2 Comparison of Simulated and Field-Measured Ligquid-Phase Saturations
TN TNE MIALIIX ..ttt este e sneenre s 7-10
7.3.3 Summary of Model Confidence Building Using LBT Data........c...cccceeuvnen. 7-10
7.4 VALIDATION OF THE LDTH SUBMODEL USING THE DRIFT
SCALE TEST ..ttt ettt bbbt en e 7-11
7.4.1 Design and Geometry Of the DST ..o 7-11
7.4.2 Description of Three-Dimensional Thermal-Hydrologic Model
OF ThE DS . et b e 7-13
7.4.3 Comparison of Simulated and Field-Measured Temperatures ...........c.c.c.c..... 7-15
7.4.4 Comparison of Simulated and Field-Measured Liquid-Phase Saturations
TN TNE IMBEFIX ...ttt 7-32
7.4.5 Summary of Model Validation Using DST Data........ccccoeeeiveieninieenenininens 7-40
7.5 COMPARISON OF THE MSTHM RESULTS AGAINST A MONOLITHIC
THREE-DIMENSIONAL THERMAL-HYDROLOGIC MODEL .......c...cccvevvvenne 7-41
7.5.1 Description of the MSTHM Validation Test Case .........ccccevvveveerivrreeriesieennnns 7-42
7.5.2 Results of the MSTHM Validation TesSt Case ........cccceverieeriniienirneeie e 7-46
7.5.3 Summary of Three-Drift Repository Validation Test Case.........c.ccccceervennnne 7-66
7.5.4 Comparison of the Influence of Conceptual-Model Uncertainty
with the Influences of Parametric Uncertainty and Waste-Package
Heat Output Variability..........occooiiiii e 7-67
7.6 COMPARISON OF THE MSTHM-PREDICTED IN-DRIFT TEMPERATURE
DIFFERENCES AGAINST THOSE PREDICTED BY THE FLUENT CODE....... 7-82
7.7 VALIDATION SUMMARY ..ottt ettt 7-84
8. CONCLUSIONS......coiieese ettt st e besbe s be et e e se e s et e besteebesresreanes 8-1
8.1 ANALYSIS AND MODELING CONCLUSIONS.........ccootiiiiiieiiiene e 8-1
8.2 MODEL VALIDATION, UNCERTAINTIES, AND LIMITATIONS .........cocevinens 8-2
8.3 IMODEL OUTPUTS ...ttt sttt bbbt 8-6
8.4 YUCCA MOUNTAIN REVIEW PLAN CRITERIA ASSESSMENT ........c.coevvviveenne 8-7
8.4.1 Acceptance Criterion 1 — System Description and Model Integration Are
o (=0 U L= PSRRI 8-8
8.4.2 Acceptance Criterion 2 — Data Are Sufficient for Model Justification .......... 8-13
8.4.3 Acceptance Criterion 3 — Data Uncertainty Is Characterized and
Propagated Through the Model AbStraction............ccccocceeievviiciiiesece e 8-14
8.4.4 Acceptance Criterion 4 — Model Uncertainty Is Characterized and
Propagated Through the Model AbStraction............cccccoeeveviiiieiiesecce e 8-16
9. INPUTS AND REFERENCES........co ittt 9-1
9.1 DOCUMENTS CITED ..ottt sttt 9-1
9.2 CODES, STANDARDS, REGULATIONS, AND PROCEDURES.............ccovveennen. 9-10
9.3 SOURCE DATA, LISTED BY DATA TRACKING NUMBER ..........cccccocvnirnnnnnn. 9-11
9.4 OUTPUT DATA, LISTED BY DATA TRACKING NUMBER ..........c.ccoceevvinnnnnn. 9-14
9.5 SOFTWARE CODES.......co ittt 9-17

ANL-EBS-MD-000049 REV 03 X July 2005



Multiscale Thermohydrologic Model

APPENDIX I:

APPENDIX II:
APPENDIX III:
APPENDIX IV:
APPENDIX V:
APPENDIX VI:

APPENDIX VII:

APPENDIX VIII:
APPENDIX IX:

APPENDIX X:

APPENDIX XI:

APPENDIX XII:
APPENDIX XIII:
APPENDIX XIV:
APPENDIX XV:

CONTENTS (Continued)

Page
BUILDING NUFT SUBMODELS. ..........ccoiiiiiii I-1
BUILDING BOUNDARY CONDITIONS FOR SUBMODELS............... -1
HEAT GENERATION FOR SUBMODELS..........c.cccoeiiiiiiiiiiii, -1
BUILDING SUBMODEL MATERIAL PROPERTY FILES.................. V-1
BUILDING SUBMODEL INPUT FILES ..., V-1
LDTH AND DDT SUBMODEL THERMAL-RADIATION
CONNECTION CALCULATION.....cciiiiiiiiii e VI-1
EXTRACTION / MICRO-ABSTRACTION PROCESS
FOR MSTHAC (BUILDING VIRTUAL LDTH AND SDT
“CHIMNEY?” SUBMODELS) .....ccooiiiiiiiiieieesseeeeeee e VII-1
BINNING CALCULATIONS ... VIlI-1
MULTISCALE MODEL APPROACH TO THERMOHYDROLOGY
AT YUCCA MOUNTAIN ..ottt IX-1
HYDROLOGIC PROPERTIES FOR THE INTERGRANULAR
POROSITY OF THE INVERT ..., X-1
THERMAL CONDUCTIVITY OF THE COLLAPSED DRIFT ZONE .. XI-1
COMPARISON OF PERCOLATION FLUXES.........c.ccooiiiiiiiiiiin, XlIl-1
LIST OF DATA SOURCES FOR FIGURES AND TABLES............... XI-1
QUALIFICATION OF UNQUALIFIED PROJECT DATA........ccccu... XIV-1
PREDICTION OF RH IN THE INVERT ....cocoiiiiiie e XV-1

ANL-EBS-MD-000049 REV 03 Xi July 2005



Multiscale Thermohydrologic Model

INTENTIONALLY LEFT BLANK

ANL-EBS-MD-000049 REV 03 Xii July 2005



Multiscale Thermohydrologic Model

4-1.

4-2.

6-1.

6.1-1.

6.1-2.

6.2-1.

6.2-2.

6.2-3.

6.2-4.

6.2-5.

6.2-6.

6.2-7.

6.2-8.

6.2-9.

6.2-10.

6.2-11.

6.2-12.

6.3-1.

6.3-2.

FIGURES

Page
Six Stage Flow Chart Diagram of the MSTHM ..o, 1-6
Differences Between the Repository Layout Incorporated in the MSTHM for
the TSPA-LA, and the Repository Layout Given in the Current IED......................... 4-12
Complementary Cumulative Distribution Function (CCDF) for Distribution of
Host-Rock Percolation Flux in the Superseded Repository Layout and the
Current REPOSITONY LAYOUL ......ccueiiiiiiiiiie ettt 4-14
Overall Data Flow Diagram for the MSTHM.........c.coooiiiiieie e 6-2
Relationship between Input Data and Submodels for Five Infiltration-Flux/Host-
Rock Thermal-ConducCtiVity Kin CaSES .....eeiveeieiieiiieieseesie e s sie e e sie e seeeseeses 6-3
Repository-Wide Thermal Load Plotted as a Function of Time for the
LIS I =T oo USSP 6-5
Ratio of Relative Humidity (RH) on the Waste Package Surface to Relative
Humidity on the Drift-Wall SUIface ..........cccccvevi e 6-8
Geometric Configuration of the Engineered Components Shown for an Average
Cross-Section Inside the Emplacement Drifts as Represented in MSTHM ............... 6-15
Diagram Showing Drift Spacing, Waste Package Lengths, and Waste Package
Spacing in Plan View Considered in MSTHM Calculations for the TSPA-LA
BASE CASE ... ittt ettt et et e e b e e e beenneas 6-16
Repository Layout Considered in MSTHM Calculations for the TSPA-LA
BASE CASE ...ttt bttt e e b e nar e beennnas 6-24
MSTHM Calculation Sequence for a Three-Drift
55-MTU/Acre-Repository EXamMPpPIe ........cc.ooveiiiiiiiiiieiee e s 6-26
MSTHM-Calculation Sequence (ContinUed) .........ccvreeiveresieere e 6-27
Cross-Sectional (Lateral) View of the Numerical Mesh Used in the Vicinity of
the Drift for All LDTH Submodels, Including Both the Initialization Runs and
the Preclosure and POSCIOSUIE RUNS ........cooiiiiiiiiie e 6-38
Cross-Sectional (Lateral) View, Perpendicular to Drift Axis, of the Mesh Used
in the Preclosure DDT SUBMOUEIS........couiiiiiiiiiiieeeee e 6-47
Cross-Sectional (Lateral) View, Perpendicular to Drift Axis, of the Mesh Used
in the Postclosure DDT SUDMOGEIS ......ccuviiiieiiiieiieeeese e 6-48
Cross-Sectional (Longitudinal) View, Parallel to Drift Axis, of the Mesh Used
in the Preclosure DDT SUBMOUEIS........covoiiiiiiiiiieeece e 6-49
Cross-Sectional (Longitudinal) View, Parallel to Drift Axis, of the Mesh used in
the Postclosure DDT SUDMOGEIS ......c.ooiiiiiiiice e 6-49
Cross-sectional (Lateral) View of the LDTH Submodel Mesh Used for the
Low-Probability-Seismic Collapsed-Drift SCENArio ...........cccvvveveiieiniieie e 6-52
Cross-Sectional (Lateral) View of the DDT Submodel Mesh Used for the
Low-Probability-Seismic Collapsed-Drift SCENArio...........cccovvevieiiiiniieie e 6-53
Distribution of the Four Primary Host-Rock Units Shown for the Repository
Layout Considered in MSTHM Calculations for the TSPA-LA Base Case............... 6-61
Complementary Cumulative Distribution Function (CCDF) for Peak
Temperature on the Drift Wall and Waste Packages..........ccovevereiienninienie e 6-63

ANL-EBS-MD-000049 REV 03 Xiii July 2005



Multiscale Thermohydrologic Model

6.3-3.

6.3-4.

6.3-5.

6.3-6.

6.3-7.

6.3-8.

6.3-9.

6.3-10.

6.3-11.

6.3-12.

6.3-13.

6.3-14.

6.3-15.

6.3-16.

6.3-17.

6.3-18.

FIGURES (Continued)

Contour Map of Peak Waste Package Temperature for the pwrl-2 Waste

PACKAGE ...ttt bbb
Complementary Cumulative Distribution Functions (CCDFs) for (a) the Time
When Boiling at the Drift Wall Ceases and (b) the Maximum Lateral Extent of

the Boiling-Point 1SOtherm (96°C)........ccoiiieiiieceece e
Contour Map of the Time When Boiling at the Drift Wall Ceases for the pwrl-2
WWASEE PACKAGE ...ttt bbb
Contour Map of the Maximum Lateral Extent of the Boiling-Point Isotherm
(96°C) from the Drift Centerline for the pwrl-2 Waste Package ............cccoceevernnnnns
Thermal-Hydrologic Conditions for the pwrl-2 Waste Package Plotted for
Lower-Bound, Mean, and Upper-Bound Infiltration-Flux Cases at the P2ZER8C6
Location in the Tptpul (tSW33) UNIt......cccciiiiiiiiiiee e
Thermal-Hydrologic Conditions for the pwrl-2 Waste Package Plotted for
Lower-Bound, Mean, and Upper-Bound Infiltration-Flux Cases at the

P2WR8C8 Location in the Tptpmn (tSW34) UNit........cccoiiiiiiiiiieieie e
Thermal-Hydrologic Conditions for the pwrl-2 Waste Package Plotted for
Lower-Bound, Mean, and Upper-Bound Infiltration-Flux Cases at the

P2WR5C10 Location in the Tptpll (tsw35) UNit.........cccevveieiiiiieeieec e
Thermal-Hydrologic Conditions for the pwrl-2 Waste Package Plotted for
Lower-Bound, Mean, and Upper-Bound Infiltration-Flux Cases at the P3R7C12
Location in the TPtpll (tSW35) UNIt.......ccooiiiiiiiiieee e
Thermal-Hydrologic Conditions for the pwrl-2 Waste Package Plotted for
Lower-Bound, Mean, and Upper-Bound Infiltration-Flux Cases at the P3R8C13
Location in the Tptpln (1SW36) UNIt.......ccoveiiiiiiiee e
Thermal-Hydrologic Conditions for the Mean Infiltration-Flux Case Plotted for

a Range of Waste Packages at the P2ER8C6 Location in the Tptpul

(RT3 ) LU T SRR PUURRPR
Thermal-Hydrologic Conditions for the Mean Infiltration-Flux Case Plotted

for a Range of Waste Packages at the P2WR8C8 Location in the Tptpmn

ST LT2C 7 L T RSSO SSUSRRR
Thermal-Hydrologic Conditions for the Mean Infiltration-Flux Case Plotted

for a Range of Waste Packages at the P2WR5C10 Location in the Tptpll

(ESW3B5) UNIT ..ttt sttt ettt esbe e sneenneas
Thermal-Hydrologic Conditions for the Mean Infiltration-Flux Case Plotted for

a Range of Waste Packages at the P3R7C12 Location in the Tptpll (tsw35) Unit.....
Thermal-Hydrologic Conditions for the Mean Infiltration-Flux Case Plotted for

a Range of Waste Packages at the P3R8C13 Location in the Tptpln (tsw36) Unit....
Thermal-Hydrologic Conditions for the Mean Infiltration-Flux Case Plotted for
the pwrl-2 Waste Package at the P2ER8C6 Location in the Tptpul (tsw33) Unit.....
Thermal-Hydrologic Conditions for the Mean Infiltration-Flux Case Plotted

for the pwrl-2 Waste Package at the P2WR8C8 Location in the Tptpmn

(ESW3BA) UNIL ..ottt et e e esneeste e s e sneenteeneeaneenneas

6-85

ANL-EBS-MD-000049 REV 03 Xiv July 2005



Multiscale Thermohydrologic Model

6.3-19.

6.3-20.

6.3-21.

6.3-22.

6.3-23.

6.3-24.

6.3-25.

6.3-26.

6.3-27.

6.3-28.

6.3-29.

6.3-30.

6.3-31.

6.3-32.

6.3-33.

6.3-34.

FIGURES (Continued)

Thermal-Hydrologic Conditions for the Mean Infiltration-Flux Case Plotted

for the pwrl-2 Waste Package at the P2WR5C10 Location in the Tptpll

(RT3 LU T SRR PUUSSRPR 6-90
Thermal-Hydrologic Conditions for the Mean Infiltration-Flux Case Plotted for

a Range of Waste Packages at the P3R8C13 Location in the Tptpln (tsw36) Unit.... 6-91
Thermal-Hydrologic Conditions for the pwrl-2 Waste Package Plotted for the

Low, Mean, and High Percolation-Flux Cases at the P2ER8C6 Location in the

TPEPUL (ESW33) UNIE...eiiieiieieie et 6-97
Thermal-Hydrologic Conditions for the pwrl-2 Waste Package Plotted for the

Low, Mean, and High Percolation-Flux Cases at the P2WR8CS8 Location in the

TPIPMN (TSW34) UNL.....ooiececece et nns 6-98
Thermal-Hydrologic Conditions for the pwrl-2 Waste Package Plotted for the

Low, Mean, and High Percolation-Flux Cases at the P2WR5C10 Location in the

TPEPI (ESW35) UNIT ... 6-99
Thermal-Hydrologic Conditions for the pwrl-2 Waste Package Plotted for the

Low, Mean, and High Percolation-Flux Cases at the P3R8C13 Location in the

TPPIN (ISW36) UNIL....ciieieiice et re e 6-100
Thermal-Hydrologic Conditions for the pwrl-2 Waste Package Plotted for

the Mean Infiltration-Flux Case at the P2ER8C6 Location in the Tptpul

(RT3 ) LU T SO PR SRR 6-104
Thermal-Hydrologic Conditions for the pwrl-2 Waste Package Plotted for

the Mean Infiltration-Flux Case at the P2WR8C8 Location in the Tptpmn

T2 L T USSR 6-105
Thermal-Hydrologic Conditions for the pwrl-2 Waste Package Plotted for

the Mean Infiltration-Flux Case at the P2WR5C10 Location in the Tptpll

(T2 LU T USRS 6-106
Thermal-Hydrologic Conditions for the pwrl-2 Waste Package Plotted for

the Mean Infiltration-Flux Case at the P3R8C13 Location in the Tptpln

STV L T USSR 6-107
Thermal-Hydrologic Conditions for the pwrl-2 Waste Package Plotted for
Three Cases at the P2ER8C6 Location in the Tptpul (tsw33) Unit...........ccceevrneee. 6-110
Thermal-Hydrologic Conditions for the pwrl-2 Waste Package Plotted for
Three Cases at the P2WR8C8 Location in the Tptpmn (tsw34) Unit....................... 6-111
Thermal-Hydrologic Conditions for the pwrl-2 Waste Package Plotted for
Three Cases at the P2WR5C10 Location in the Tptpll (tsw35) Unit ....................... 6-112
Thermal-Hydrologic Conditions for the pwrl-2 Waste Package Plotted for
Three Cases at the P3R8C13 Location in the Tptpln (tsw36) Unit..............ccccveneee. 6-113

Drip-Shield Temperature (a,b) and Relative Humidity (c,d) for Line-Averaged

Heating Conditions Plotted for Four Cases at the P2ZER8C6 Location in the

TPEPUL (ESW33) UNIL...eeiiiieiieiice et 6-117
Drip-Shield Temperature (a,b) and Relative Humidity (c,d) for Line-Averaged

Heating Conditions Plotted for Four Cases at the P2WR8C8 Location in the

TPIPMN (TSW34) UNL.....oeieiece ettt 6-118

ANL-EBS-MD-000049 REV 03 XV July 2005



Multiscale Thermohydrologic Model

6.3-35.

6.3-36.

6.3-37.

6.3-38.

6.3-39.

6.3-40.

6.3-41.

6.3-42.

6.3-43.

6.3-44.

6.3-45.

6.3-46.

6.3-47.

6.3-48.

FIGURES (Continued)

Drip-Shield Temperature (a,b) and Relative Humidity (c,d) for Line-Averaged
Heating Conditions Plotted for Four Cases at the P2WR5C10 Location in the
TPREPI (ESW35) UNIL ..ottt
Drip-Shield Temperature (a,b) and Relative Humidity (c,d) for Line-Averaged
Heating Conditions Plotted for Four Cases at the P3R8C13 Location in the
TPIPIN (TSW36) UNIL...eoiiiieiiieiiee et
Liquid-Phase and Gas-Phase Flux Between the Invert and Adjoining Drift and
Host Rock Plotted for the (a) Matrix, (c) Fracture, and (e) Matrix + Fracture
Continuum at the P2ER8C6 Location in the Tptpul (tsw33) Unit...........c..cceevvneee.
Liquid-Phase and Gas-Phase Flux Between the Upper and Lower Half of the
Invert Plotted for the (a) Matrix, (b) Fracture, and (c) Matrix + Fracture
Continuum at the P2ER8C6 Location in the Tptpul (tsw33) Unit...........cccccvevvennee.
Liquid-Phase and Gas-Phase Flux Between the Invert and Adjoining Drift and
Host Rock Plotted for the (a) Matrix, (c) Fracture, and (e) Matrix + Fracture
Continuum at the P2WRB8CS8 Location in the Tptpmn (tsw34) Unit...........c..c.........
Liquid-Phase and Gas-Phase Flux Between the Upper and Lower Half of the
Invert Plotted for the (a) Matrix, (b) Fracture, and (c) Matrix + Fracture
Continuum at the P2WRB8CS8 Location in the Tptpmn (tsw34) Unit...........c..c.........
Liquid-Phase and Gas-Phase Flux Between the Invert and Adjoining Drift and
Host Rock Plotted for the (a) Matrix, (c) Fracture, and (e) Matrix + Fracture
Continuum at the P2WR5C10 Location in the Tptpll (tsw35) Unit...........ccceveneee.
Liquid-Phase and Gas-Phase Flux Between the Upper and Lower Half of the
Invert Plotted for the (a) Matrix, (b) Fracture, and (c) Matrix + Fracture
Continuum at the P2WR5C10 Location in the Tptpll (tsw35) Unit...........ccceeveneee
Liquid-Phase and Gas-Phase Flux Between the Invert and Adjoining Drift and
Host Rock Plotted for the (a) Matrix, (c) Fracture, and (e) Matrix + Fracture
Continuum at the P3R8C13 Location in the Tptpln (tsw36) Unit...........cccccvvvvrennene.
Liquid-Phase and Gas-Phase Flux Between the Upper and Lower Half of the
Invert Plotted for the (a) Matrix, (b) Fracture, and (c) Matrix + Fracture
Continuum at the P3R8C13 Location in the Tptpln (tsw36) Unit...........cccecvvrvrnnee.
Phase Change (a, c, e, and g) in the Matrix and Fracture Continuum and
Liquid-Phase Flux (b, d, f, h) in the Fracture Continuum Plotted for the Lower
Two Gridblocks in the Invert at Four Locations in the Repository .............ccccveu.....
Mass Balance in the Invert Shown by Plotting (a) Liquid-Phase Saturation in the
Fracture and Matrix Continuum in the Invert and (b) the Net Accumulated Mass
Flux out of the Invert at the P2ER8C6 Location in the Tptpul (tsw33) Unit ...........
Mass Balance in the Invert Shown by Plotting (a) Liquid-Phase Saturation in the
Fracture and Matrix Continuum in the Invert and (b) the Net Accumulated Mass
Flux out of the Invert at the P2WRB8C8 Location in the Tptpmn (tsw34) Unit........
Mass Balance in the Invert Shown by Plotting (a) Liquid-Phase Saturation in the
Fracture and Matrix Continuum in the Invert and (b) the Net Accumulated Mass
Flux out of the Invert at the P2WR5C10 Location in the Tptpll (tsw35) Unit.........

ANL-EBS-MD-000049 REV 03 XVi July 2005



Multiscale Thermohydrologic Model

6.3-49.

6.3-50.

6.3-51.

6.3-52.

6.3-53.

6.3-54.

6.3-55.

6.3-56.

6.3-57.

6.3-58.

6.3-59.

6.3-60.

6.3-61.

6.3-62.

FIGURES (Continued)
Page

Mass Balance in the Invert Shown by Plotting (a) Liquid-Phase Saturation in the
Fracture and Matrix Continuum in the Invert and (b) the Net Accumulated Mass

Flux out of the Invert at the P3R8C13 Location in the Tptpln (tsw36) Unit............ 6-138
Regrouping of the Three-by-Three Matrix of Infiltration Flux and Host-Rock

Thermal ConAUCTIVIEY CaSES........ccveiiiiieieeie sttt 6-142
Complementary Cumulative Distribution Function (CCDF) for Peak

Temperature on the (a) Drift Wall and on the (b) Waste Packages Plotted for

N O L PSSP 6-144
Complementary Cumulative Distribution Functions (CCDF) for (a) the Time

When Boiling at the Drift Wall Ceases and (b) the Maximum Lateral Extent

of the Boiling-Point Isotherm (96°C) from the Drift Centerline, Plotted for

FIVE CaSES ..vveuteiete sttt sttt ettt bbbt n ettt be st b benre s 6-146
Range of Waste Package Temperature and Relative Humidity Histories for all

Waste Packages (a, b), for All CSNF Waste Packages (c, d), and for All DHLW

WaSte PaCKAGES (B, T) ..eiveiiieieieee e 6-149
The Complementary Cumulative Distribution Function (CCDF) for Relative
Humidity on the Drip Shield and Waste Package............c.ccoovveienenenininiiecee, 6-150

Thermal-Hydrologic Parameters for the “Coolest” Waste Package, the

5 DHLW/DOE SNF-Long (dhlw-11), Plotted for the Mean Infiltration Flux at

the P2WR5C10 Location in the Tptpll (tsw35) UnNit.......ccccooevviieiieiiiieieee e 6-153
Thermal-Hydrologic Parameters for the “Average” Waste Package, the

44-BWR CSNF (bwrl-1), Plotted for the Mean Infiltration Flux at the

P2WR5C10 Location in the Tptpll (tSW35) UnNit........cccoooviiniiiiieicicnccseceeees 6-154
Thermal-Hydrologic Parameters for the “Hottest” Waste Package, the 21-PWR

AP CSNF (pwrl-2), Plotted for the Mean Infiltration Flux at the P2WR5C10

Location in the Tptpll (tSW35) UNIt. .....cc.ooviiieeciccece e 6-155
Temperature and Relative Humidity at the Drip Shield Crown for the

P2WR5C10 Location in the Tptpll (tsw35) Unit, Plotted for the Mean

Infiltration Flux and the Low-Probability-Seismic Collapsed Drift with

LOW-Kih RUDDIE.....coiiiiieee e 6-157
Thermal-Hydrologic Parameters for the Eight Waste Packages Considered in

this Report, Plotted for the Mean Infiltration-Flux Cases at the P3R7C12

Location in the Tptpll (tsw35) Unit, Close to the Repository Center...........cccccvene.. 6-160
Drift-Wall and Drip-Shield Temperature History at the Repository Center for

Four Values of Percolation Flux and for the Hydrologic Properties of Each of

the HOSE-ROCK TYPES.....viiieiiieiie ettt st sra e nee e 6-162
Drift-Wall and Drip-Shield Relative-Humidity History at the Repository Center

for Four Values of Percolation Flux and for the Hydrologic Properties of Each

OF the HOSE-ROCK TYPES ...ttt 6-163
Drip-Shield Temperature (a) and Relative Humidity (b) at the Repository Center

for Different Values of Pseudo Permeability of the Gas-Filled Emplacement

DL CAVILY .ottt re e sbe e e aeenbeeneenre s 6-166

ANL-EBS-MD-000049 REV 03 XVii July 2005



Multiscale Thermohydrologic Model

FIGURES (Continued)

6.3-63. Invert Liquid-Phase Saturation for the Intragranular Porosity (a) and

Temperature (b) at the Repository Center for Invert Gravel Derived from Each

of the Indicated HOSt-ROCK UNIS .......cccooiiiiiiiiiie e 6-167
6.3-64. Temperature (a,c,e,g) and Relative Humidity (b,d,f,h) for Various Locations in

the Drift at the Repository Center for Invert Gravel Derived from Each of the

Indicated HOSt-ROCK UNITS........cccuiiiiiiiieiicie e e 6-168
6.3-65. Invert Liquid-Phase Saturation (a) for the Intragranular Porosity, Temperature

(b), and Relative Humidity (c) at the Top of the Invert Beneath the Drip Shield

at the Repository Center for Different Sets of Hydrologic Parameters for the

INErgranuIar POFOSILY ........ooviiiiiiiieieee et 6-170
6.3-66. Drip-Shield Temperature (a) and Relative Humidity (b) at the Repository Center

for Different Values of Ventilation Heat-Removal Efficiency...........ccccooeiiinnen, 6-171
6.3-67. Range of Temperature Histories for All Waste Packages, Accounting for

Uncertainty of Host-Rock Thermal Conductivity and Percolation Flux................... 6-173
6.3-68. Range of Relative Humidity Histories for All Waste Packages, Accounting for

Uncertainty of Host-Rock Thermal Conductivity and Percolation Flux................... 6-174

6.3-69. Range of Temperature vs. Relative Humidity Trajectories for All Waste
Packages, During Cooldown, Accounting for Uncertainty in Host-Rock

Thermal Conductivity and Percolation FIUX...........ccccccvviveiiiiiineic e 6-175
6.4-1. Comparison of Predicted Temperatures at (a) the Center of the Repository and
(b) 100 m from the Edge of the REPOSITOIY .......ccccvvviieiieie e 6-177

7.3-1.  Comparison of the NUFT-Simulated and Measured Temperatures along

Borehole TT1 in the Large Block Test, Given at (a) 30 Days, (b) 100 Days,

(c) 200 Days, (d) 300 Days, and () 400 DAYS.......cccccuereeruererneerieneesieeniesee e siesneesees 7-8
7.3-2.  Comparison of the NUFT-Simulated and Measured Liquid-Phase Saturations

in the Matrix along Borehole TN3, Given at (a) 100 Days, (c) 365 Days, and

(2 L 0L B £ U R 7-9
7.4-1.  Plan View of the Drift SCale TESt AI€a .......ccoieiiuiiiiiieecie e 7-12
7.4-2.  Contours of Temperature (for the Base Case) at the End of the Heating Phase,

Plotted in (a) Plan View Through a Horizontal Plane at the Elevation of the

Wing-Heater Array and (b) for a Vertical Cross-Section Midway along the

Heated Drift (Y = 22.9 M) oo 7-19
7.4-3. NUFT-Simulated and Measured Temperatures Compared along Borehole 137

(a, c, €) and Borehole 141 (b, d, f) at 175, 365, and 730 Days .........cccevvvevveerveerinenn, 7-20
7.4-4.  NUFT-Simulated and Measured Temperatures Compared along Borehole 137

(a, c, €) and Borehole 141 (b, d, f) at 1,096, 1,500, and 2,005 Days ..........ccccccverunnne. 7-21
7.4-5. NUFT-Simulated and Measured Temperatures Compared along Borehole 168

(a, c, €) and Borehole 169 (b, d, f) at 175, 365, and 730 Days .........ccccevvvevveevieesinene, 7-22
7.4-6. NUFT-Simulated and Measured Temperatures Compared along Borehole 168

(a, c, €) and Borehole 169 (b, d, f) at 1,096, 1,500, and 2,005 Days ..........ccccceverurnne. 7-23
7.4-7.  NUFT-Simulated and Measured Temperatures Compared along Borehole 170

(a, c, €) and Borehole 173 (b, d, f) at 175, 365, and 730 Days .........cccevvvevveerieesinenne, 7-24

ANL-EBS-MD-000049 REV 03 Xviii July 2005



Multiscale Thermohydrologic Model

7.4-8.

7.4-9.

7.4-10.

7.4-11.

7.4-12.

7.4-13.

7.4-14.

7.4-15.

7.4-16

7.4-17.

7.4-18.

7.4-19.

7.4-20.

7.5-1.
7.5-2.

7.5-3.

FIGURES (Continued)

Page
NUFT-Simulated and Measured Temperatures Compared along Borehole 170
(a, ¢, e) and Borehole 173 (b, d, f) at 1,096, 1,500, and 2,005 Days .......c...ccecuerverenns 7-25
NUFT-Simulated and Measured Temperatures Compared along Borehole 139
(a, c, e) and Borehole 143 (b, d, f) at 175, 365, and 730 Days .........ccccocererererienienee 7-26
NUFT-Simulated and Measured Temperatures Compared along Borehole 139
(a, c, €) and Borehole 143 (b, d, f) at 1,096, 1,500, and 2,005 Days ..........ccccccverunnnne. 7-27
NUFT-Simulated and Measured Temperatures Compared along Borehole 79
(a, ¢, e) and Borehole 80 (b, d, f) at 175, 365, and 730 DayS ........cccceevvrreeneniesennnns 7-28
NUFT-Simulated and Measured Temperatures Compared along Borehole 79
(a, c, €) and Borehole 80 (b, d, f) at 1,096, 1,500, and 2,005 Days............ccceeverrnrene. 7-29

NUFT-Simulated and Measured Temperature Histories Compared at Borehole

133: Sensor 52 (a) and Sensor 23 (b), Borehole 141: Sensor 20 (c), and

Borehole 138: SeNSOr 23 () ..oveieeieiieiieie e 7-30
NUFT-Simulated and Measured Temperature Histories Compared at Borehole

134: Sensor 8 (a), Borehole 144: Sensor 21 (b), Borehole 162: Sensor 26 (c),

and Borehole 163: SeNSOr 24 () ....ooeeveeieiiesiee e e 7-31
NUFT-Simulated and Measured Temperature Histories Compared at Borehole

138: Sensor 3 (a), Borehole 139: Sensor 23 (b), Borehole 144: Sensor 1 (c),

and Borehole 164: SeNnSOr 24 (A) ....ocveieeieiiesiece e 7-32
Contours of Liquid-Phase Saturation (for the Base Case) in the Matrix at the

End of the Heating Phase, Plotted in (a) Plan View Through a Horizontal Plane

at the Elevation of the Wing-Heater Array and (b) for a Vertical Cross-Section

Midway along the Heated Drift (Y =22.9 M) .ccovoiviieiiee e 7-33
NUFT-Simulated and Measured Liquid-Phase Saturations in the Matrix

Compared along Borehole 68 at (a) 200 Days, (b) 350 Days, (c) 877 Days,

(d) 1,242 Days, (e) 1,510 Days, and (f) 1,917 Days......ccccccererrerieeienieenienieeie e 7-36
NUFT-Simulated and Measured Liquid-Phase Saturations in the Matrix

Compared along Borehole 79 at (a) 200 Days, (b) 365 Days, (c) 877 Days,

(d) 1,242 Days, (e) 1,510 Days, and (f) 1,917 DayS......ccccceevererieeinerieieeseeriesaesneas 7-37
NUFT-Simulated and Measured Liquid-Phase Saturations in the Matrix

Compared along Borehole 80 at (a) 200 Days, (b) 365 Days, (c) 877 Days,

(d) 1,242 Days, (e) 1,510 Days, and (f) 1,917 Days......cccccereererieeienieseenieeie e 7-38
NUFT-Simulated Time Histories of (a) Temperature, (b) Liquid-Phase

Saturation, and (c) Gas-Phase Pressure in the Matrix, Plotted at Distances of

20 m and 27 m from the Collar of Borehole 68............ccccooevievieeie i, 7-39
Drift-Scale Conceptual Schematic Shown for the Model Validation Test Case ........ 7-44
Drift-Wall and Drip-Shield Temperature vs. Time for the (a,b) PWR1,

(c,d) DHLW, (e, f) PWR2, and (g, h) BWR Waste Packages at the Center of the
Three-Drift RePOSITOrY TESE CaSE.......vciveiieiieerieiiesee e eeesee e ee e se e sre e nns 7-50
Drift-Wall and Drip-Shield Relative Humidity vs. Time for the (a,b) PWR1,

(c,d) DHLW, (e, f) PWR2, and (g, h) BWR Waste Packages at the Center of the
Three-Drift RePOSITOrY TESE CaSE.......uiiuiiiiriieierie ettt 7-51

ANL-EBS-MD-000049 REV 03 Xix July 2005



Multiscale Thermohydrologic Model

7.5-4.

7.5-5.

7.5-6.

7.5-7.

7.5-8.

7.5-9.

7.5-10.

7.5-11.

7.5-12.

7.5-13.

FIGURES (Continued)

Drift-Wall Liquid-Phase and Invert Liquid-Phase Saturation vs. Time for the

(a, b) PWRL, (c, d) DHLW, (e, f) PWR2, and (g, h) BWR Waste Packages at

the Center of the Three-Drift Repository Test Case ........ccccvevvevvereiiieieeie e e
Drift-Wall and Drip-Shield Temperature vs. Time for the (a, b) PWR1,

(c, d) DHLW, (e, f) PWR2, and (g, h) BWR Waste Packages at the Edge of the
Three-Drift RePOSITOrY TESE CaSE.....c.ueiuiieeiiieieiie ettt
Drift-Wall and Drip-Shield Relative Humidity vs. Time for the (a, b) PWR1,

(c, d) DHLW, (e, f) PWRZ2, and (g, h) BWR Waste Packages at the Edge of the
Three-Drift RePOSITOrY TESE CaSE.....cvciveiierieeieeiesee e eeesee e ee e sre e ee e nee e nns
Drift-Wall Liquid-Phase and Invert Liquid-Phase Saturation vs. Time for the

(a, b) PWRL, (c, d) DHLW, (e, f) PWR2, and (g, h) BWR Waste Packages at

the Edge of the Three-Drift Repository TeSt Case.......ccovvvereririeiieeneee e
Axial Vapor Flux on the Upstream Side of the Listed Waste Packages at the

Edge of the Three-Drift Repository TeSt CaSE .......ccccvreeririeiieeiinie e
Absolute Difference (vs. Time) in Drift-Wall and Drip-Shield Temperature
between the MSTHM and D/LMTH Model for the (a,b) PWR1, (c,d) DHLW,

(e, f) PWR2, and (g, h) BWR Waste Packages at the Center of the Three-Drift
Repository Test Case, as Compared with the Range of Temperature Resulting
from Parametric Uncertainty, with and without the Influence of Waste-Package
Heat-Output Variability, at the P2WR5C10 Location (Figure 6.3-1) .......ccccceveeennene
Absolute Difference (vs. Time) in Drift-Wall and Drip-Shield Relative

Humidity between the MSTHM and D/LMTH Model for the (a,b) PWR1,

(c,d) DHLW, (e, f) PWR2, and (g, h) BWR Waste Packages at the Center of the
Three-Drift Repository Test Case, as Compared with the Range of Temperature
Resulting from Parametric Uncertainty, with and without the Influence of
Waste-Package Heat-Output Variability, at the P2WR5C10 Location

(FIQUIE B.3-1) 1.neeieieieeie ettt ettt e et et e e s e s neesaeeneesreenteeneesneenne s
Absolute Difference (vs. Time) in Drift-Wall and Invert Liquid-Phase

Saturation between the MSTHM and D/LMTH Model for the (a,b) PWR1,

(c,d) DHLW, (e, f) PWR2, and (g, h) BWR Waste Packages at the Center of the
Three-Drift Repository Test Case, as Compared with the Range of Temperature
Resulting from Parametric Uncertainty, with and without the Influence of
Waste-Package Heat-Output Variability, at the P2WR5C10 Location

(FIQUIE B.3-1) 1.ttt ettt sttt e b e b et e st e e nbeeneesne et s
Absolute Difference (vs. Time) in Drift-Wall and Drip-Shield Temperature
between the MSTHM and D/LMTH Model for the (a,b) PWR1, (c,d) DHLW,

(e, f) PWR2, and (g, h) BWR Waste Packages at the Edge of the Three-Drift
Repository Test Case, as Compared with the Range of Temperature Resulting
from Parametric Uncertainty, with and without the Influence of Waste-Package
Heat-Output Variability, at the P2ER8C6 Location (Figure 6.3-1)........cccccevverieennene
Absolute Difference (vs. Time) in Drift-Wall and Drip-Shield Relative

Humidity between the MSTHM and D/LMTH model for the (a,b) PWR1,

(c,d) DHLW, (e, f) PWR2, and (g, h) BWR Waste Packages at the Edge of the

ANL-EBS-MD-000049 REV 03 XX July 2005



Multiscale Thermohydrologic Model

FIGURES (Continued)
Page

Three-Drift Repository Test Case, as Compared with the Range of Temperature

Resulting from Parametric Uncertainty, with and without the Influence of

Waste-Package Heat-Output Variability, at the P2ZER8C6 Location

(FIQUIE B.3-1) ..ttt bbbttt bbbt 7-78
7.5-14. Absolute Difference (vs. Time) in Drift-Wall and Invert Liquid-Phase

Saturation between the MSTHM and D/LMTH Model for the (a,b) PWR1,

(c,d) DHLW, (e, f) PWR2, and (g, h) BWR Waste Packages at the Edge of the

Three-Drift Repository Test Case, as Compared with the Range of Temperature

Resulting from Parametric Uncertainty, with and without the Influence of

Waste-Package Heat-Output Variability, at the P2ER8C6 Location

(FIQUIE B.3-1) 1.neeiiieeieeie ettt e st e s e s te e aeeneesteeaeeneeanaenne s 7-79
7.5-15. Relative Humidity versus Liquid-Phase Saturation in the Matrix in the Host
Rock at the Crown of the Drift for the P2W5C10 Location (Figure 6.3-1)................ 7-81

ANL-EBS-MD-000049 REV 03 XXi July 2005



Multiscale Thermohydrologic Model

INTENTIONALLY LEFT BLANK

ANL-EBS-MD-000049 REV 03 XXii July 2005



Multiscale Thermohydrologic Model

1-2.
1-3.
2-1.

3-1

4.1-1.
4.1-2.
4.1-3.
4.1-4.
4.1-5.
4.1-6.
4.4-1.
4.4-2.
5.4-1.
6.1-1.
6.2-1.
6.2-2.
6.2-3.
6.2-4.
6.3-1.
6.3-2.
6.3-3.
6.3-4.
6.3-5.
6.3-6.

6.3-7.

TABLES

Page
List of Thermal-Hydrologic Parameters Predicted with the MSTHM .............c........... 1-4
Submodel and Model Types Used in the MSTHM ..o 1-7
Parameters Used in the MSTHM Methodology ..........ccceveiveieiiieiiecece e 1-7
Engineered Barrier System Components Addressed in This Report, Listed with
Corresponding Safety Category (SC) Criteria........cccveiieieevieiieiieie e 2-1
SOTEWAIE USEBA ...ttt bt nee e 3-1
Summary of Input Data and Information Required by the MSTHM...........c.coevvvneee. 4-2
Changes to the Waste Package and Drip Shield Design Information..............ccccce...... 4-7
Summary of Current and Superseded IEDs Providing Repository
Layout INFOrMALION ......c.eeiiiiiiie e 4-11
Summary of Emplacement Panels and Drifts Represented in the SMT Submodel
for the Layout in the Superseded IED and the Current IED ..........ccccoeveiiiieiciinnn. 4-11
Summary of Permeability and Porosity of Various Unconsolidated Materials.......... 4-15
Retention Data for Various MaterialS...........c.ccooeiiiiiiniiiieie s 4-16
Source DTNs for Field Measurements Made in the Large Block Test (LBT) ........... 4-24
Source DTNs for Field Measurements Made in the Drift Scale Test (DST).............. 4-25
Summary of Waste Package Types in the Repository Inventory and in
TNE MSTHM o be e e naeeaneas 5-18

Key Thermal Design Factors and Natural System Parameters Influencing
Thermal-Hydrologic Conditions in the Emplacement Drifts and Near-Field

HOSE ROCK. ...ttt bbbttt b bbb 6-10
Summary of Emplacement Panels and Drifts Represented in the SMT Submodel.... 6-33
Hydrologic Property Values for the “Intact” Tptpll (tsw35) Host-Rock Unit and

for the Host-Rock Rubble Derived from the Tptpll (tsw35) Unit. ........cccccooevvennne 6-54
Thermal Property Values for the “Intact” Tptpll (tsw35) Host-Rock Unit and for

the Host-Rock Rubble Derived from the Tptpll (tsw35) Unit.........cccovvviiininnienne. 6-55
Thermal Property Values for the “Intact” Tptpll (tsw35) Host-Rock Unit and for

the Host-Rock Rubble Derived from the Tptpll (tsw35) Unit. .........cccoovvvviiiiininnne. 6-57
Initial Liquid-Phase Saturation in the Host Rock at Several Locations in the

Repository for Three Infiltration-FIUX Cases.........ccooviieiiniiiieiiecee e 6-59
Initial Capillary Pressure for the Fracture and Matrix Continuum in the

HOSE ROCK. ...ttt ettt sr e te e e 6-60
Distribution of the Host-Rock Units as Represented in SMT Submodel for the
Emplaced Repository Area (FIQUIE 6.3-1)......cccoiiiriieiinie e e 6-60
Repository-Wide Averaged Percolation Flux Summarized for Lower-Bound,

Mean, and Upper-Bound Infiltration-FIuxX Cases ..........ccocvvvriniiniininneeresee e 6-62
Range of Percolation Fluxes for the MSTHM for the Lower-Bound, Mean, and
Upper-Bound Infiltration-Flux Cases for the Present-Day Climate ..............ccccc....... 6-62
Peak Drift-Wall and Waste Package Temperatures for Lower-Bound, Mean, and
Upper-Bound INfiltration-FIUX CaSES ........ccceiiiiiiriiiienie e 6-62
Time When Boiling Ceases at the Drift Wall Summarized for Lower-Bound,

Mean, and Upper-Bound Infiltration-FIux Cases ..........ccoceriririinieiin e 6-66

ANL-EBS-MD-000049 REV 03 XXiii July 2005



Multiscale Thermohydrologic Model

6.3-8.

6.3-9.

6.3-10.

6.3-11.

6.3-12.

6.3-13.

6.3-14.

6.3-15.

6.3-16.

6.3-17.

6.3-18.

6.3-19.

6.3-20.

6.3-21.

6.3-22.

6.3-23.

TABLES (Continued)
Page
Maximum Lateral Extent of the Boiling-Point Isotherm (96°C) Summarized for
Lower-Bound, Mean, and Upper-Bound Infiltration-Flux Cases...........ccccccecuervennene. 6-66
Percolation Flux for Mean Infiltration-Flux Case for Five Locations Used to
Examine Thermal-Hydrologic Conditions in the RepoSItory ..........cccocevviveiieneenns 6-70

Percolation Flux for the Lower and Upper Infiltration-Flux Cases for Five

Locations Used to Examine Thermal-Hydrologic Conditions in the Repository ....... 6-70
Range of Peak Temperatures over the Three Infiltration-Flux Cases for the

pwrl-2 Waste Package for Five Locations in the Repository...........cccccovvveveiiieiiennns 6-71
Range of Time When Boiling at the Drift Wall Ceases over the Three

Infiltration-Flux Cases for the pwrl-2 Waste Package for Five Locations in

TNE REPOSITONY ...ttt bbb eneas 6-71
Summary of Waste Packages Included in the MSTHM Calculations
(FIQUIE B.2-2) .ttt bbbttt bbbttt 6-79

Range of Peak Temperatures from Variability in Waste Package-to-Waste

Package Heat Generation for the Mean Infiltration-Flux Case, Summarized for

Five Locations in the REPOSITONY ........ccciieiiiiiiie e 6-79
Range of Time When Boiling at the Drift Wall Ceases (Resulting from

Variability in Waste Package-to-Waste Package Heat Generation) for the Mean
Infiltration-Flux Case, Summarized for Five Locations in the Repository ................ 6-80
Peak Temperatures in an Alternative MSTHM with Vertically Extended LDTH

and SDT Submodels, as Compared with Standard MSTHM Results, for the

pwrl-2 at Four Locations in the REPOSItONY .........cccveieiiieiieie e 6-87
Time When Boiling at the Drift Wall Ceases in an Alternative MSTHM with

Vertically Extended LDTH and SDT Submodels, as Compared to the Standard
MSTHM Results, for the pwrl-2 at Four Locations in the Repository ............ccc....... 6-87
Potentially Important Parameters to Thermal-Hydrologic Conditions in

Emplacement Drifts, Listed for Consideration in the Parameter-Uncertainty

SENSITIVILY ANAIYSIS. ...viiiiiiicie et e e ae e ane s 6-93
Percolation Flux for the Low, Mean, and High Percolation-Flux Cases

Summarized for Four Locations Used to Examine Thermal-Hydrologic

Conditions iN the REPOSITONY ........cviieiiiiiiiiisiesceeee e 6-94
Range of Peak Drift-Wall Temperatures for the pwrl-2 Waste Package

(Resulting from Percolation-Flux Uncertainty) Summarized for Four Locations

IN TNE REPOSITONY ...ttt ettt et re e reene e reeee e 6-95
Range of Peak Waste Package Temperatures for the pwrl-2 Waste Package

(Resulting from Percolation-Flux Uncertainty) Summarized for Four Locations

1N TNE REPOSITONY ...ttt ettt 6-95
Range of Time When Boiling at the Drift Wall Ceases for the pwrl-2 Waste

Package (Resulting from Percolation-Flux Uncertainty) Summarized for Four

Locations in the REPOSITONY ........cvciuiiiiieeii e 6-96
Wet and Dry Thermal Conductivity Values Used in the Host-Rock Thermal
Conductivity Uncertainty StUAY .........ccccoiveiiiiiiiiee e 6-102

ANL-EBS-MD-000049 REV 03 XXiV July 2005



Multiscale Thermohydrologic Model

6.3-24.

6.3-25.

6.3-26.

6.3-27.

6.3-28.

6.3-29.

6.3-30.

6.3-31.

6.3-32.

6.3-33.

6.3-34.

6.3-35.
6.3-36.

6.3-37.

6.3-38.

6.3-39.
6.3-40.

TABLES (Continued)

Range of Peak Drift-Wall Temperatures for the pwrl-2 Waste Package

(Resulting from Thermal Conductivity Uncertainty) Summarized for Four

Locations in the REPOSITONY .......ccuiiiiiieiiiie e 6-102
Range of Peak Waste Package Temperatures for the pwrl-2 Waste Package

(Resulting from Thermal Conductivity Uncertainty) Summarized for Four

Locations iN the REPOSITONY .......cuiiiiiieiiie e 6-103
Range of Time When Boiling at the Drift Wall Ceases for the pwrl1-2 Waste

Package (Resulting from Host-Rock Thermal Conductivity Uncertainty)

Summarized for Four Locations in the RepoSItOry.........cccccvvvveveeveiiieseere e, 6-103
Range of Peak Drift-Wall Temperatures for the pwrl-2 Waste Package

(Resulting from a Combination of Percolation Flux Qperc and Thermal

Conductivity Ky Uncertainty) Summarized for Four Locations in the Repository.. 6-108
Range of Peak Waste Package Temperatures for the pwrl-2 Waste Package

(Resulting from a Combination of Percolation Flux Qperc and Thermal

Conductivity Ky, Uncertainty) Summarized for Four Locations in the Repository.. 6-109
Range of Time When Boiling at the Drift Wall Ceases for the pwrl-2 Waste

Package (Resulting from a Combination of Percolation Flux Operc and Thermal
Conductivity Ky Uncertainty) Summarized for Four Locations in the Repository .. 6-109
Range of Peak Drift-Wall Temperatures for the pwrl-2 Waste Package

Resulting from Various Combinations of Percolation Flux Qperc and Thermal
Conductivity Ky, Uncertainty, Summarized for Four Locations in the Repository .. 6-115
Range of Peak Waste Package Temperatures for the pwrl-2 Waste Package

Resulting from Various Combinations of Percolation Flux Qperc and Thermal
Conductivity Ky, Uncertainty, Summarized for Four Locations in the Repository .. 6-115
Range of Time When Boiling at the Drift Wall Ceases for the pwrl1-2 Waste

Package Resulting from Various Combinations of Percolation Flux Qperc and

Thermal Conductivity Ky, Uncertainty, Summarized for Four Locations in

tNE REPOSITONY ..ttt eesbe e sneenae s 6-116
Peak Values of Liquid-Phase and Gas-Phase Flux for the Matrix and Fracture
Continuum Given for ¢ > 50 Years at Two Different Interfaces..........cccoceeevveeennens 6-131
Peak Values of Liquid-Phase and Gas-Phase Flux for the Matrix and Fracture
Continuum Given for ¢ > 100 Years at Two Different Interfaces..........cccccoeveeenenns 6-132
Probabilities of the Three Infiltration-FIUX Cases ........cccevvveevieiiiiecicce e 6-139
Probabilities of the Combinations of the Three Infiltration-Flux Cases and the
Three Host-Rock Thermal ConducCtivity Cases..........ccevvverveiiereeresieneesie e e 6-141

Probabilities of the Combinations of the Three Infiltration-Flux Cases and the
Three Host-Rock Thermal Conductivity Cases after the Regrouping Shown in

FIQUIE 6.3-50 ...ttt ettt bt ne e 6-142
Peak Drift-Wall and Waste Package Temperatures Summarized for Five Cases .... 6-145
Time When Boiling Ceases at the Drift Wall Summarized for Five Cases.............. 6-147
Maximum Lateral Extent of the Boiling-Point Isotherm (96°C) Measured from

the Drift Centerline, Summarized for Five CasesS........ccccuiviererenene s, 6-147

ANL-EBS-MD-000049 REV 03 XXV July 2005



Multiscale Thermohydrologic Model

6.3-41.

6.3-42.

6.3-43.

6.3-44.

6.3-45.

6.3-46.

6.5-1.
7.4-1.

7.4-2.
7.4-3.
7.5-1.
7.5-2.
7.5-3.
7.5-4.
7.5-5.

7.5-6.

7.5-7.

7.5-8.

7.5-9.

7.5-10.

TABLES (Continued)

Relative Humidity on the Drip Shield and Waste Package Corresponding to

When the Drift-Wall Temperature is 96°C and 100°C, Summarized for

FIQUIE B.3-D4. ..ottt et et e s te et e reetenneens 6-151
Peak Waste Package Temperature for the “Coolest,” “Average,” and “Hottest”

Package for Three Cases at the P2WR5C10 Location in the Tptpll (tsw35) Unit ... 6-156
Time When Boiling on the Waste Package Ceases for the “Coolest,” “Average,”

and “Hottest” Package for Three Cases at the P2WR5C10 Location in the Tptpll
(ESW35) UNIT ...ttt bttt sb et et nnes 6-156
Summary of Arrival Time at Drip-Shield Crown for Seeps of Varying

Magnitude for Low-Probability-Seismic Collapsed-Drift Scenario for the

High-Ki, and Low- Kin RUDDIE CaSES .......cvviieiiiicceccece e 6-158
Summary of Temperature at Various Locations in Drift Cross Section, Including

Host Rock at Drift Crown, Top and Bottom of Invert Beneath Drip Shield, and

HOSt ROCK BEIOW INVEIT.......oiiiiiieieeee e 6-169
Peak Drip-Shield Temperature for Different Values of Ventilation Heat-

RemMOVal EFfICIENCY ....coouiieeiieie e s 6-172
FEPs Addressed by ThisS REPOI ........cccveiiiiiiee e 6-180
Summary of Thermocouple (RTD) Boreholes Used to Compare Field-Measured
Temperatures with NUFT-Simulated Temperatures. .........ccoccveveveeieeresieeseesneseeenns 7-15
Coordinates of Thermocouple Sensors Used in Figures 7.4-13, 7.4-14,

AN 7.4-15 .ot 7-16

NUFT-Simulated (Base-Case) Temperature, Liquid-Phase Saturation, and
Gas-Phase Pressure in the Matrix Summarized at 20 and 27 m from the Collar

OF BOFENOIE B8.......eeeeeee et 7-34
Design and Operating Parameters Used in MSTHM Validation Test Case................ 7-43
Waste Package Types Used in the MSTHM Validation Test Case........c.cccoevervvrenne. 7-43
Summary of Peak Temperatures for the Four Waste Package Locations at the

Center of the Three-Drift ReposSitory TeSt CaSe .......cccevviirienieniie i 7-48
Summary of Time When Boiling Ceases at the Drift Wall for the Four Waste

Package Locations at the Center of the Three-Drift Repository Test Case................. 7-48
Peak Drift-Wall Temperatures Summarized for the Four Waste Package

Locations at the Edge of the Three-Drift Repository Test Case.........cccocervrrvereenenn 7-55
Peak Drip-Shield Temperatures Summarized for the Four Waste Package

Locations at the Edge of the Three-Drift Repository Test Case.........cccocerervereenenn 7-55

Drip-Shield Temperature Difference Between the Center and Edge of the
Three-Drift Repository Test Case, Compared for the D/LMTH Model

AN IMISTHM L.ttt b et 7-57
Summary of Time When Boiling Ceases at the Drift Wall for the Four Waste

Package Locations at the Edge of the Three-Drift Repository Test Case................... 7-58
Summary of Moisture Balance for PWR1 Waste Package in Multiscale
Thermal-Hydrologic Model Validation Test Case ........ccccccvvvereieeieene e 7-64
Summary of Moisture Balance for DHLW Waste Package in Multiscale
Thermal-Hydrologic Model Validation Test Case ........cccccevveresieeieene e 7-64

ANL-EBS-MD-000049 REV 03 XXVi July 2005



Multiscale Thermohydrologic Model

7.5-11.

7.5-12.

7.5-13.

7.5-14.

7.6-1.

7.6-2.

TABLES (Continued)
Page
Summary of Moisture Balance for PWR2 Waste Package in Multiscale
Thermal-Hydrologic Model Validation Test Case .........ccccoverireiiiiniieineseeeene, 7-65
Summary of Moisture Balance for BWR Waste Package in Multiscale
Thermal-Hydrologic Model Validation Test Case .........ccccovevrereiiineieinesceeene, 7-65

Summary of Time Required to Attain a Liquid-Phase Saturation Value of 0.5 at

the Drift Wall for the Waste Packages at the Center of the Three-Drift

Repository Test Case, as Compared with the Range Arising from Parametric
Uncertainty at the P2ZWR5C10 Location (Figure 6.3-1) ......ccccooeiieeieninieenenieseennns 7-74
Summary of Time Required to Attain a Liquid-Phase Saturation Value of 0.5 at

the Drift Wall for the Waste Packages at the Edge of the Three-Drift Repository

Test Case, as Compared with the Range Arising from Parametric Uncertainty at

the P2ER8C6 Location (FIQUIE 6.3-1) .....ccieiiiiiiiiie e 7-80
Comparison of MSTHM-Predicted and FLUENT-Model-Predicted

In-Drift Temperature Differences between the Drift Wall, Drip Shield, and

Waste-Package SUMTACES .........c.ciieiiiie e 7-82
Range of MSTHM-Predicted In-Drift Temperature Differences between the
Drift Wall, Drip Shield, and Waste-Package SUurfaces ...........cccoovevviveiiveresicsinennnnn, 7-83

Data Tracking Numbers Associated with the Output Produced by This Report........ 8-17

ANL-EBS-MD-000049 REV 03 XXVii July 2005



Multiscale Thermohydrologic Model

INTENTIONALLY LEFT BLANK

ANL-EBS-MD-000049 REV 03 XXViii July 2005



Multiscale Thermohydrologic Model

ACRONYMS AND ABBREVIATIONS

AP absorber plate (in reference to a PWR waste package type)
AML areal mass loading (mass of spent nuclear fuel and high-level waste per unit
area of heated repository footprint MTU/acre)

BWR boiling water reactor (in reference to a waste package type)

CR control rod (in reference to a PWR waste package type)

CSNF commercial spent nuclear fuel (in reference to a waste package type)

DDT Discrete-heat-source, Drift-scale, Thermal-conduction submodel of the
MSTHM (a three-dimensional NUFT submodel)

DHLW defense high-level (radioactive) waste (in reference to a waste package type)

DKM Dual Permeability Model

DMTH Discrete-heat-source, Mountain-scale, Thermal-Hydrologic model (result of the
MSTHM)

DOE U.S. Department of Energy

D/LMTH Discrete/Line-averaged-heat-source, Mountain-scale, Thermal-Hydrologic

model (a monolithic three-dimensional NUFT model, using a nested mesh)
DST Drift Scale Test

DTN data tracking number

FEP features, events, and processes

HLW high-level radioactive waste (in reference to a waste package type)

IED information exchange drawing

LBNL Lawrence Berkeley National Laboratory

LLNL Lawrence Livermore National Laboratory

LBT Large Block (Thermal) Test

LDTH Line-averaged-heat-source, Drift-scale, Thermal-Hydrologic submodel of the
MSTHM,; this submodel is a two-dimensional NUFT submodel

LMTH Line-averaged-heat-source, Mountain-scale, Thermal-Hydrologic model (an
intermediate result of the MSTHM)

LPD Linear Power Density (kW/m)

MSTHAC Multiscale Thermohydrologic Abstraction Code

MSTHM Multiscale Thermohydrologic Model

MTU metric tons of uranium (measure of mass of radioactive waste, which is also a

measure of the thermal power loading)

PWR pressurized water reactor (in reference to a waste package type)
RH relative humidity
RTD resistance temperature device (used in the field thermal tests, including the

Large Block Test and Drift Scale Test)
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SDT Smeared-heat-source, Drift-scale, Thermal-conduction submodel
(a one-dimensional NUFT submodel)
SMT Smeared-heat-source, Mountain-scale, Thermal-conduction submodel
(this submodel is a three-dimensional NUFT submodel)
SNF spent nuclear fuel
SNL Sandia National Laboratory
SSPA Supplemental Science and Performance Analyses
TSPA Total System Performance Assessment
TSPA-LA Total System Performance Assessment for the License Application
TSPA-SR Total System Performance Assessment for the Site Recommendation
TSPA-VA Total System Performance Assessment for the Viability Assessment
TWP technical work plan
uz unsaturated zone
WAPDEG waste package degradation (analysis)
YMP Yucca Mountain Project
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1. PURPOSE

The intended purpose of the multiscale thermohydrologic model (MSTHM) is to predict the
possible range of thermal-hydrologic conditions, resulting from uncertainty and variability, in the
repository emplacement drifts, including the invert, and in the adjoining host rock for the
repository at Yucca Mountain. The goal of the MSTHM is to predict a reasonable range of
possible thermal-hydrologic conditions within the emplacement drift. To be reasonable, this
range includes the influence of waste-package-to-waste-package heat output variability relevant
to the license application design, as well as the influence of uncertainty and variability in the
geologic and hydrologic conditions relevant to predicting the thermal-hydrologic response in
emplacement drifts. This goal is quite different from the goal of a model to predict a single
expected thermal-hydrologic response. As a result, the development and validation of the
MSTHM and the associated analyses using this model are focused on the goal of predicting a
reasonable range of thermal-hydrologic conditions resulting from parametric uncertainty and
waste-package-to-waste-package heat-output variability.

Thermal-hydrologic  conditions  within  emplacement  drifts depend primarily on
thermal-hydrologic conditions in the host rock at the drift wall and on the temperature difference
between the drift wall and the drip-shield and waste-package surfaces. Thus, the ability to
predict a reasonable range of relevant in-drift MSTHM output parameters (e.g., temperature and
relative humidity) is based on valid predictions of thermal-hydrologic processes in the host rock,
as well as valid predictions of heat-transfer processes between the drift wall and the drip-shield
and waste-package surfaces. Because the invert contains crushed gravel derived from the host
rock, the invert is, in effect, an extension of the host rock, with thermal and hydrologic properties
that have been modified by virtue of the crushing (and the resulting geometry of the gravel
grains). Thus, given that reasonable invert properties are applied, the ability to predict a
reasonable range of relevant MSTHM output parameters for the invert are based on valid
predictions of thermal-hydrologic processes in the host rock.

The MSTHM calculates the following thermal-hydrologic parameters: temperature, relative
humidity, liquid-phase saturation, evaporation rate, air-mass fraction, gas-phase pressure,
capillary pressure, and liquid- and gas-phase fluxes. The thermal-hydrologic parameters used to
support Total System Performance Assessment (TSPA) Model/Analysis for the License
Application are identified in Table 1-1. The thermal-hydrologic parameters are determined as a
function of position along each of the emplacement drifts and as a function of waste package
type. These parameters are determined at various reference locations within the emplacement
drifts, including the waste package and drip-shield surfaces and in the invert. The parameters are
also determined at various defined locations in the adjoining host rock.

The MSTHM uses data obtained from the data tracking numbers (DTNSs) listed in Table 4.1-1.
The majority of those DTNs were generated from the following analyses and model reports:

o UZ Flow Model and Submodels (BSC 2004 [DIRS 169861])

e Development of Numerical Grids for UZ Flow and Transport Modeling (BSC 2004
[DIRS 169855])
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e Calibrated Properties Model (BSC 2004 [DIRS 169857])
o Thermal Conductivity of the Potential Repository Horizon (BSC 2004 [DIRS 169854])

o Thermal Conductivity of the Non-Repository Lithostratigraphic Layers (BSC 2004
[DIRS 170033])

e Ventilation Model and Analysis Report (BSC 2004 [DIRS 169862])

e Heat Capacity Analysis Report (BSC 2004 [DIRS 170003]).
The MSTHM simulations provide the total system performance assessment for the license
application (TSPA-LA) with the thermal-hydrologic parameters (as a function of time) that
influence the evolution of in-drift coupled flow and transport processes. The TSPA-LA then
uses those thermal-hydrologic parameters as part of its integrated assessment of system
performance.
Analysis and model reports that are directly downstream of this report include:

e Drift Degradation Analysis

o Evaluation of Features, Events, and Processes (FEP) for the Biosphere Model

o Total System Performance Assessment (TSPA) Model/Analysis for the License
Application.

The limitations of the MSTHM include:

e Drift seepage prediction during the post-boiling period is beyond the scope of this report.
The MSTHM accounts for three-dimensional drift-scale and mountain-scale heat flow and
captures the influence of the key engineering-design parameters and natural system factors
affecting thermal-hydrologic conditions in the emplacement drifts and adjoining host rock. The
natural system factors include:

e Repository-scale spatial variability of percolation flux above the repository

e Temporal variability of percolation flux (as influenced by climate change)

e Uncertainty in percolation flux (as addressed by the lower-bound, mean, and
upper-bound infiltration-flux cases)

e Stratigraphic variation of thermal conductivity
e Stratigraphic variation of bulk rock density and specific heat

e Stratigraphic variation of hydrologic properties of the rock matrix
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e Stratigraphic variation of hydrologic properties of fractures
e Variability in overburden thickness.
The engineering-design parameters include:

e Overall areal heat-generation density of the waste inventory, quantified by the average
Areal Mass Loading (AML, expressed in metric tons of uranium (MTU) per acre)

e Line-averaged thermal load along emplacement drifts, quantified by the average Lineal
Power Density (LPD, expressed in kW/m)

e Distance between emplacement drifts (also called drift spacing)
e Age of spent-nuclear fuel at time of emplacement

e Repository footprint shape, which influences the evolution of the edge-cooling effect that
increases with proximity to the repository edges

e Dimensions of the in-drift design (waste packages, drip shield, and invert)
e Properties of the in-drift engineered barrier system components
e Waste package spacing along the drift (line-load versus point-load spacing)

e Waste package sequencing (particularly with respect to the heat output from the
respective waste package types)

e Time- and distance-dependent heat-removal efficiency of preclosure drift ventilation.

The MSTHM (Figure 1-1, Tables 1-2 and 1-3) couples the Smeared-heat-source Drift-scale
Thermal-conduction (SDT), Line-average-heat-source Drift-scale Thermal-Hydrologic (LDTH),
Discrete-heat-source  Drift-scale Thermal-conduction (DDT), and Smeared-heat-source
Mountain-scale Thermal-conduction (SMT) submodels such that the flow of water, water vapor,
air, and heat through partially saturated fractured porous rock are adequately represented. The
relationships between the various submodel and model types are diagrammed in Figure 1-1. The
submodel and model types are defined in Table 1-2. All submodels use the Nonisothermal
Unsaturated-saturated Flow and Transport (NUFT) code (Nitao 1998 [DIRS 100474]). In
addition to being used within the MSTHM itself, the two-dimensional LDTH submodel
(Section 6.2.6) is also used as a stand-alone model to conduct sensitivity analyses in this report.

This report provides a description of the MSTHM concept and approach, detailing the software
and the routines used in the MSTHM. It describes the inputs to the software and details the
specific parameters of that data. It discusses the specific assumptions made in this modeling
system and provides the rationale for each assumption. The report includes a description of the
MSTHM and the specific submodel components, input-data-preparation and model-building
steps, and the MSTHM calculation sequence. Finally, the report includes a discussion of the
MSTHM validation in accordance with Technical Work Plan For: Near-Field Environment and
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Transport In-Drift Heat and Mass Transfer Model and Analysis Reports Integration (BSC 2005
[DIRS 173377]). The purpose of the MSTHM, including how its output parameters are used in
TSPA-LA, plays a key role in its validation and in its confidence building. Table 1-1 lists the
MSTHM output parameters, indicating which parameters are used to support TSPA-LA, and
references where validation and confidence building for prediction of the respective parameters
is documented in this report. For the key MSTHM output parameters used in TSPA-LA
(temperature, relative humidity, and liquid-phase saturation), model validation is documented in
Sections 7.4 and 7.5. For other MSTHM output parameters (e.g., liquid-phase flux and
evaporation rate), documentation in support of model confidence building is also supported by
the analyses presented in Section 6.3.3. Because all of the MSTHM output parameters are
interrelated (to varying degrees) it is useful to support confidence building for various
parameters whether or not they are directly used in TSPA-LA or whether they support a FEP (see
Section 6.5). The ensemble of MSTHM output parameters discussed in this report in reference
to model validation is sufficient to build confidence in all aspects of the MSTHM that are useful
to either TSPA-LA or to relevant FEPs.

For temperature and liquid-phase saturation, model confidence building is also supported in
Section 7.3. As is shown in Table 1-1, all MSTHM output parameters used to support TSPA-LA
are supported by model validation and by model confidence building, which are documented in
this report.

Table 1-1. List of Thermal-Hydrologic Parameters Predicted with the MSTHM

Thermal-Hydrologic Used to Support
Parameter Drift-Scale Location TSPA-LA Supported by Section(s)
Temperature Near-field environment host rock (5 m 73,74
above crown of drift)
Near-field environment host rock 73,74
(mid-pillar at repository horizon)
Maximum lateral extent of boiling 73,74
Drift wall (perimeter average) Yes 73,74,75 7.7
Drip shield (perimeter average) Yes 73,74,75,76,7.7
Drip shield (upper surface) 73,74,75
Waste package (surface average) Yes 73,74,75 76,77
Invert (average) Yes 7.3,74,75,7.7
Relative humidity Drift wall (perimeter average) 7.5
Drip shield (perimeter average) 7.5
Waste package Yes 75,77
Invert (average)® Yes 7.5,7.7
Liquid-phase saturation | Drift wall (perimeter average) 74,75
(matrix) Drip shield (perimeter average)
Invert (average) Yes 6.3.3,73,74,75, 7.7
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Table 1-1. List of Thermal-Hydrologic Parameters Predicted with the MSTHM (Continued)

Thermal-Hydrologic Used to Support
Parameter Drift-Scale Location TSPA-LA Supported by Section(s)
Liquid-phase flux Host rock (5 m above crown of drift)
Host rock (3 m above crown of drift)
Drift wall (upper surface)
Drift wall (lower surface below invert)
Drip shield (crown)
Drip shield (upper surface average)
Drip shield (lower side at the base)
Invert (average)® Yes 6.3.3,7.5, 7.7
Gas-phase air-mass Drip shield (perimeter average) 7.5
fraction
Gas-phase pressure Drip shield (perimeter average)
Capillary pressure Drip shield (perimeter average)
Invert (average) 7.5
Drift wall (crown, in matrix) 7.5
Drift wall (crown, in fractures)
Gas-phase (vapor) flux Drift wall (perimeter average)
Gas-phase (air) flux Drift wall (perimeter average)
Evaporation rate Drip shield (crown)
Drip shield (perimeter total)
Drift wall (upper surface)
Drift wall (lower surface below invert)
Invert (total)® 6.3.3,7.5

@ The invert relative humidity is calculated by TSPA, using the MathCad spreadsheet described in Appendix XV,

based on the MSTHM-predicted temperature and liquid-phase saturation in the invert.

® TSPA-LA only applies MSTHM result to the no-seep, no-condensation case.
° Directly related to liquid-phase saturation (see Section 6.3.3), which is validated in Section 7.5.

Appendix XIII presents a listing of data sources for figures and tables in this report. This
includes the source DTN, the associated file name, and the software necessary to access the data.
An example of accessing temperature and saturation time history data generated from the
MSTHAC v7.0 (Section 3.1.5) using XTOOL v10.1 (Section 3.1.4) is presented in the flow chart
in Figure XV-1 in Appendix XV. Note that in accessing the data, it is necessary to download
from the YMP server using the Windows Operating System, and then to use File Transfer
Protocol (FTP) to transfer the files to a Sun Workstation with the Sun OS 5.8 operating system
with XTOOL v10.1 software installed.
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SDT-, LDTH-, and DDT-submodel calculations are run with the NUFT code for different AMLs (left side).
The SMT-submodel calculation is also run with the NUFT code. The SMT, LMTH and DMTH models are the
series of 3-D mountain-scale models of increasing complexity (right side). The MSTHAC code assembles
the results of the NUFT submodels in six stages, constructing intermediate parameters (AMLnstrk eff, ATij,bMmTH,
Ti,LMTH and AMLi,j—specific) and final MSTHM parameters (Ti,j,DMTHl RHi,j,DMTH and Hi,j,DMTH) from NUFT submodel
output (Tspt, Tsmrt, TiLoth, Hitoth and ATijppt). The submodel and model types are defined in Table 1-2.
The parameters are defined in Table 1-3. Note that the four submodels of the MSTHM are the SDT, LDTH,
DDT, and SMT submodels. The LMTH model is an intermediate result of the MSTHM and the DMTH model
is the final result of the MSTHM.

NOTE:

Figure 1-1. Six Stage Flow Chart Diagram of the MSTHM
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Table 1-2. Submodel and Model Types Used in the MSTHM

Submodel /
Model Type Description
MSTHM Multiscale thermohydrologic model
SMT Smeared-heat-source, mountain-scale, thermal-conduction: three-dimensional
NUFT submodel
SDT Smeared-heat-source, drift-scale, thermal-conduction: one-dimensional NUFT submodel
LDTH Line-averaged-heat-source, drift-scale, thermal-hydrologic: two-dimensional
NUFT submodel
DDT Discrete-heat-source, drift-scale, thermal-conduction: three-dimensional NUFT submodel
LMTH Line-averaged-heat-source, mountain-scale, thermal-hydrologic model: three-dimensional
MSTHM intermediate result
DMTH Discrete-heat-source, mountain-scale, thermal-hydrologic model: three-dimensional
MSTHM final result
D/LMTH Discrete/line-averaged-heat-source, mountain-scale, thermal-hydrologic model: the
nested-mesh monolithic three-dimensional NUFT model used in the MSTHM validation
(Section 7.5)
NOTE:  The four submodels of the MSTHM are the SDT, LDTH, DDT, and SMT submodels. The LMTH

Table 1-3. Parameters Used in the MSTHM Methodology

model is an intermediate result of the MSTHM and the DMTH model is the final result of the MSTHM.

Stage
Parameter (see
Name Description Figure 1-1)
Tsor Host-rock temperature output from the one-dimensional SDT submodel. Stage 1
(NUFT output)
Tsmt Host-rock temperature output from the three-dimensional mountain-scale Stage 1
SMT submodel. (NUFT output)
ATijpot Temperature deviation of individual waste package from averaged drift-wall Stage 3a
temperature for reference location i and waste package j. (NUFT output)
ATij,pMTH Temperature deviation of individual waste package from averaged drift-wall Stages 3a, 3b
temperature for reference location i and waste package j, adjusting for three-
dimensional mountain-scale heat loss.
TiLoTH Temperature output from two-dimensional LDTH drift-scale submodel. Stages 2, 4
(NUFT output)
TiLMTH Temperature for reference location i adjusted for the three-dimensional mountain | Stages 2, 3b
scale heat loss.
Tij,DMTH Temperature for reference location i and waste package j adjusted for the three- | Stages 3b, 4
dimensional mountain-scale heat loss and for waste package variation.
HiLotH Set of hydrologic parameters for reference location i. This set includes RH; pTH Stage 5
and Si | pTH. (NUFT output)
Hij.omTH Set of hydrologic parameters for reference location i and waste package j Stages 5, 6
adjusted for three-dimensional mountain-scale heat loss and for waste package
variation. This set includes RH;;jpmrH and Sijpowmrh.
RHij pmTH Relative humidity of the reference location i and waste package j for the Stage 5, 6
DMTH model.
Sij,.DMTH Liquid-phase saturation of the reference location i and waste package j for the Stage 5, 6
DMTH model.
Tdw,cav Perimeter averages of surfaces adjoining the open cavity outside of the drip Stage 6
RHdw,cav shield only for the DMTH model.
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Table 1-3. Parameters Used in the MSTHM Methodology (Continued)

Stage
Parameter (see
Name Description Figure 1-1)
AMLnstrk eff A time-varying parameter that incorporates the influence of three-dimensional Stages 1, 2, 3a

mountain-scale heat-loss (determined by the combined use of the SMT and SDT
submodels) onto the LDTH submodel results.

AMLijspeciic | A time-varying parameter that combines the influences of waste Stages 4,5
package-to-waste package variation (determined by the DDT submodels) and
three-dimensional mountain-scale heat loss (represented by the LMTH-modeled
temperatures), resulting in DMTH-model results for reference location i and
waste package j.

Psat Saturated vapor pressure, which is a function of temperature. Stage 6
NOTE:  Subscript i refers to a reference location in the drift (or host rock); i = dw refers to drift wall, i = ds refers
to drip shield, i = in refers to invert, and i = wp refers to waste package. Subscript j refers to the waste

package type, such as j = DHLW, 21-PWR CSNF, or 44-BWR CSNF. The MSTHM calculation
sequence is described in detail in Section 6.2.4.
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2. QUALITY ASSURANCE

The Quality Assurance program applies to the development of this document (BSC 2005
[DIRS 173377], Section 8.1). This document was prepared in accordance with Technical Work
Plan for: Near-Field Environment and Transport In-Drift Heat and Mass Transfer Model and
Analysis Reports Integration (BSC 2005 [DIRS 173377]), which directs the work identified in
work package ARTMO02. The technical work plan (TWP) was prepared in accordance with
LP-2.29Q-BSC, Planning for Science Activities. There were no variances from the planned
activities. The methods used to control the electronic management of data are identified in the
TWP (BSC 2005 [DIRS 173377], Section 8.4) and were implemented without variance. As
directed in the TWP, this document was prepared in accordance with LP-SI11.10Q-BSC, Models;
LP-S1.11Q-BSC, Software Management; LP-3.15Q-BSC, Managing Technical Product Inputs,
and reviewed in accordance with LP-2.14Q-BSC, Document Review. As needed, unqualified
project data is qualified in this document in accordance with LP-SII1.2Q-BSC, Qualification of
Unqualified Data.

The work scope described in this report has been determined to be subject to the U.S.
Department of Energy’s (DOE’S) Quality Assurance Requirements and Description (DOE 2004
[DIRS 171539]). The work scope of this report involves conducting investigations or analyses
of Engineered Barrier System components contained in Q-List (BSC 2005 [DIRS 171190]).
Safety Categories for the components are provided in Table 2-1.

Table 2-1. Engineered Barrier System Components Addressed in This Report, Listed with
Corresponding Safety Category (SC) Criteria

Engineered Barrier System Component Safety Category
Drip Shield SC
Drift Invert (Steel) SC
Emplacement Drift Excavated Opening SC
DOE and Commercial Waste Packages SC

Source: BSC 2005 [DIRS 171190].

Furthermore, this report provides analysis of model results supporting performance assessment
activities for the Total Systems Performance Assessment for License Application.

This report documents the determination of in-drift thermal-hydrologic conditions that are
required by TSPA-LA. It provides in-drift thermal-hydrologic parameters that are important to
the performance of the engineered barriers classified in O-List (BSC 2005 [DIRS 171190]) as
“Safety Category” because they are important to waste isolation as defined in AP-2.22Q,
Classification Analyses and Maintenance of the Q-List. The results of this report are important
to the demonstration of compliance with the postclosure performance objectives prescribed in
10 CFR 63.113.
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3. USE OF SOFTWARE

A complete list of the qualified software and the associated software tracking number is given in
Table 3-1.

Table 3-1. Software Used

Software Software Computers Used to | Sections Where
Tracking Qualification | Run Software (DOE | Software Output
Software Name and Version Number Status Property Number) Is Used®
NUFT v3.0s 10088-3.0s-02 Qualified 6549273, 6549266, 6.2,6.3,6.4,7.3,
6700902, 6290847, 7.5,8.3
6426406, 6290830,
6877864, 6481320,
6290823, 6813251,
6877857, 6524867,
6878182, 6575968,
6274861, 6813244,
6877840, 6549297
NUFT v3.0.1s 10130-3.0.1s-01 | Qualified 6700902, 6426406, 74,75
6290830
RADPRO v4.0 10204-4.0-00 Qualified 6877840, 6878182 6.2,6.3,8.3
XTOOL v10.1 10208-10.1-00 Qualified 6496843 6.2,6.3,6.4,7.3,
74,75
MSTHAC v7.0 10419-7.0-00 Qualified 6813251, 6290830, 6.2,6.3,7.5,8.3
6878182
readsUnits v1.0 10602-1.0-00 Qualified 6371317 6.2,6.3,7.4,7.5,
8.3
YMESH v1.54 10172-1.54-00 Qualified 6813251, 6813244, 6.2,6.3,7.4,7.5,
6877864, 6878182 8.3
boundary_conditions v1.0 11042-1.0-00 Qualified 6877840 6.3,7.4,8.3
heatgen_ventTable_emplace v1.0 11039-1.0-00 Qualified 6813251 6.3, 8.3
rme6 v1.2 10617-1.2-00 Qualified 6813251 6.3, 8.3
xw v1.0 11035-1.0-00 Qualified 6813251 6.3,8.3
colCen v1.0 11043-1.0-00 Qualified 6877840 6.3, 8.3
repository_percolation_calculator 11041-1.0-00 Qualified 6813251 6.3, 8.3
v1.0
extractBlocks_EXT v1.0 11040-1.0-00 Qualified 6877857 6.3, 8.3
Chimney _interpolate v1.0 11038-1.0-00 Qualified 6813251, 6290830 6.3,8.3
reformat_EXT_to_TSPA v1.0 11061-1.0-00 Qualified 6813251, 6290830, 6.3,8.3
6878182

@ These are the sections that directly or indirectly utilize the output from the listed software.

3.1 QUALIFIED SOFTWARE

The software described in this section is used in the data-flow diagrams (Figures 6-1 and 6-2) of
Section 6. The computer software was qualified under procedure AP-S1.2Q, Qualification of
Level A Software, before procedure LP-SI1.11Q-BSC became effective and is therefore part of the
established baseline in accordance with Section 2.0 of LP-SI.11Q-BSC. Because many of these
items have to process or produce files consistent with NUFT formats and have been validated for
this use, they are the only software appropriate for their tasks.
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3.1.1 NUFT v3.0s

NUFT v3.0s (NUFT V3.0s, STN: 10088-3.0s-02 [DIRS 164541]) is baselined as qualified
software per LP-SI.11Q-BSC, Sofiware Management, and is used to conduct all of the submodel
calculations required by the MSTHM. NUFT v3.0s was obtained from software configuration
management and run on Sun workstations with the Sun OS 5.8 operating system. NUFT v3.0s
was selected because it solves the governing equations of the mathematical model (Section 6.2),
is supported by a suite of special-purpose software that completes implementation of the
MSTHM, and imposes no limitations on outputs. As discussed below, the use of NUFT v3.0s
for the submodel calculations was within the documented validation range of the software.
Therefore, the use of this software was consistent with its intended use.

NUFT v3.0s (and v3.0.1s) is a general-purpose code for simulating mass and heat transport in
fractured porous media. Because NUFT is based on the conservation of mass and energy, it is
valid for any such calculation, provided the mass- and heat-transport parameters are used within
their validation ranges. In other words, what limits the range of validation of NUFT are the
mass- and heat-transport-phenomena-related parameters (or constitutive properties), such as
thermal conductivity, which affects heat conduction, and permeability, which affects gas- and
liquid-phase flow. Thus, if thermal conductivity and permeability are applicable for the range of
predicted temperatures, the software (NUFT) is valid for this range. The validation range and
limitation of applicability of NUFT is determined by the validation studies conducted in
conjunction with the Drift Scale Test (Section 7.4). Comparisons of the NUFT-predicted
temperatures with the measured temperatures in those tests show that NUFT meets the validation
requirement described in Technical Work Plan for: Near-Field Environment and Transport In-
Drift Heat and Mass Transfer Model and Analysis Reports Integration (BSC 2005
[DIRS 173377]). Because measured temperatures in the Drift Scale Test are as great as 280°C in
the rock, the validation range of NUFT is up to 280°C in the host rock. In Section 6.3.4, which
summarizes the range of thermal-hydrologic conditions predicted for the TSPA-LA, it is shown
that the maximum peak drift-wall and waste package temperatures are 175.2°C and 203.1°C,
respectively (Table 6.3-38). Therefore, NUFT was applied within its validation limits for
the TSPA-LA.

3.1.2 NUFT v3.0.1s

NUFT v3.0.1s (NUFT V3.0.1s, STN: 10130-3.0.1s-01 [DIRS 166636]) is baselined as qualified
software per LP-SI.11Q-BSC, and is used to conduct all of the nested-mesh model calculations
in the model validation exercises for the MSTHM. NUFT v3.0.1s was obtained from software
configuration management and run on Sun workstations with the Sun OS 5.8 operating system.
NUFT v3.0.1s was selected because nested meshes are a feature of this newer version. Because
its use was within the documented validation range of the software (see Section 3.1.1), it was
consistent with its intended use.

3.1.3 RADPRO v4.0

RADPRO v4.0 (RADPRO V4.0, STN: 10204-4.0-00 [DIRS 164273]) is baselined as qualified
software per LP-SI.11Q-BSC, and was obtained from software configuration management and
run on a Sun workstation with a SunOS 5.8 (Solaris 8) operating system. RADPRO v4.0 was
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selected because it calculates the radiative heat transfer coefficients in the emplacement drift in
accordance with Equation 10 of Section 6.2.3.3 without limitations on its output. Its use was
consistent with its intended use and within the documented validation range of the software.
Because this software is only used to conduct simple arithmetic functions, it is not applicable to
identify validation ranges or limitations of use.

3.14 XTOOL v10.1

XTOOL v10.1 (XTOOL V10.1, STN: 10208-10.1-00 [DIRS 148638]) is baselined as a qualified
software routine per LP-SI1.11Q-BSC, and was obtained from software configuration
management and run on a Sun workstation with a SunOS 5.6.1 operating system. XTOOL v10.1
is used to generate graphical representations of the results given in the NUFT and
MSTHAC v7.0 time-history files (which are files with the suffix: *.ext). XTOOL v10.1 is the
only appropriate software for this task. Because this software is only used to generate graphical
displays of data, it is not applicable to identify validation ranges or limitations of use.

3.1.5 MSTHAC v7.0

MSTHAC v7.0 (MSTHAC V7.0, STN: 10419-7.0-00 [DIRS 164274]) is baselined as qualified
software per LP-SI.11Q-BSC, and was obtained from software configuration management and
run on a Sun workstation with a SunOS 5.8 (Solaris 8) operating system. MSTHAC v7.0
integrates the results of NUFT submodel calculations to predict the multiscale
thermal-hydrologic conditions in the emplacement drifts and adjoining host rock throughout the
repository area. MSTHAC v7.0 is the only appropriate software for this task. Because
MSTHAC integrates the results of NUFT submodel calculations, its validation range is the same
as that described for NUFT v3.0s (Section 3.1.1).

3.1.6 readsUnits v1.0

Software routine readsUnits v1.0 (readsUnits V1.0, STN: 10602-1.0-00 [DIRS 164542]) is
baselined as qualified software per LP-SI.11Q-BSC, and was obtained from software
configuration management and run on a Sun workstation with a SunOS 5.5.1 operating system.
This code reads YMESH-generated data describing a stratigraphic column and generates
comment lines for NUFT input files that summarize the thicknesses of each of the
hydrostratigraphic units (also called UZ model layers) in that column. Software routine
readsUnits v1.0 is the only appropriate software for this task. Because this software is only used
to generate comment lines in the NUFT input files, it does not influence any model predictions.
Therefore, it is not applicable to identify validation ranges or limitations of use.

3.1.7 YMESH v1.54

YMESH v1.54 (YMESH v1.54, STN: 10172-1.54-00 [DIRS 163894]) is baselined as qualified
software per LP-SI.11Q-BSC, and was obtained from software configuration management and
run on a Sun workstation with a SunOS 5.8 (Solaris 8) operating system. YMESH v1.54 is used
to generate the thicknesses of the hydrostratigraphic units (also called the UZ model layers) in
the various MSTHM submodels based upon the grids from Development of Numerical Grids for
UZ Flow and Transport Modeling (BSC 2004 [DIRS 169855]). YMESH v1.54 is the only
appropriate software for this task. Because this software is only used to generate numerical grids
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on the basis of geometric relationships, it is not applicable to identify validation ranges or
limitations of use.

3.1.8 boundary_conditions v1.0

The software routine boundary conditions v1.0 (boundary conditions V 1.0, STN: 11042-
1.0-00 [DIRS 164275]) is baselined as qualified software per LP-S1.11Q-BSC, and was obtained
from software configuration management and run on a Sun workstation with a SunOS 5.8
(Solaris 8) operating system. The purpose of this routine is to generate upper and lower
boundary conditions for the LDTH, SMT, and SDT submodels of the MSTHM (Section 6.2), as
well as for other models such as the three-dimensional thermal-hydrologic model for the Drift
Scale Test (DST) (Section 7.4). The software routine boundary conditions v1.0 is the only
appropriate software for this task. Because this software is only used to conduct simple
interpolations of data, it is not applicable to identify validation ranges or limitations of use.

3.1.9 heatgen_ventTable emplace v1.0

The software routine heatgen_ventTable_emplace v1.0 (heatgen_ventTable_emplace V1.0,
STN: 11039-1.0-00 [DIRS 164276]) is baselined as qualified software per LP-SI1.11Q-BSC, and
was obtained from software configuration management and run on a Sun workstation with a
SunOS 5.8 (Solaris 8) operating system. The software routine heatgen_ventTable _emplace v1.0
modifies a heat-generation-rate-versus-time table in two ways. First, it can “age” the
heat-generation table by adding a specified number of years to the time entries. Second, it can
account for the heat-removal efficiency of ventilation by multiplying the heat-generation-rate
values by a specified fraction during the specified ventilation period. The software routine
heatgen_ventTable_emplace v1.0 also can incorporate the dependence of the heat-removal
efficiency table on distance (along the emplacement drift) from the ventilation inlet. The
software routine heatgen_ventTable_emplace v1.0 is the only appropriate software for this task.
Because this software is only used to conduct simple arithmetic functions, it is not applicable to
identify validation ranges or limitations of use.

3.1.10 rme6 vl1l.2

The software routine rme6 v1.2 (rme6 v1.2, STN: 10617-1.2-00 [DIRS 163892]) is baselined as
qualified software per LP-SI.11Q-BSC, and was obtained from software configuration
management and run on a Sun workstation with a SunOS 5.8 (Solaris 8) operating system. This
code converts the grid from Development of Numerical Grids for UZ Flow and Transport
Modeling (BSC 2004 [DIRS 169855]) to a format that is readable by YMESH v1.54
(Section 3.1.7). The software routine rme6 v1.2 is the only appropriate software for this task.
Because this software is only used to reformat input data for YMESH v1.54, it is not applicable
to identify validation ranges or limitations of use.

3.1.11 xwvl.0

The software routine xw v1.0 (xw V1.0, STN: 11035-1.0-00 [DIRS 164278]) is baselined as
qualified software per LP-SI.11Q-BSC, and was obtained from software configuration
management and run on a Sun workstation with a SunOS 5.8 (Solaris 8) operating system. The
software routine xw v1.0 extends the grid from the three-dimensional unsaturated zone (UZ)
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flow model in the horizontal direction for the purpose of building mountain-scale submodels that
extend laterally beyond the grid of the three-dimensional UZ flow model. The software routine
xw V1.0 is the only appropriate software for this task. Because this software is only used to
horizontally extend the grid of the three-dimensional UZ flow model, it is not applicable to
identify validation ranges or limitations of use.

3.1.12 colCen v1.0

The software routine colCen v1.0 (colCen V1.0, STN: 11043-1.0-00 [DIRS 164279]) is
baselined as qualified software per LP-SI.11Q-BSC, and was obtained from software
configuration management and was run on a Sun workstation with a SunOS 5.8 (Solaris 8)
operating system. The purpose of colCen v1.0 grid is to determine the gridblock column in the
three-dimensional UZ flow model in which a given gridblock column in a MSTHM submodel
resides. The software routine colCen v1.0 is the only appropriate software for this task. Because
this software is only used to identify the UZ flow-model gridblock column in which a MSTHM
submodel resides, it is not applicable to identify validation ranges or limitations of use.

3.1.13 repository_percolation_calculator v1.0

The software routine repository_percolation_calculator v1.0 (repository_percolation_calculator
V1.0, STN: 11041-1.0-00 [DIRS 164280]) is baselined as qualified software per
LP-SI.11Q-BSC, and was obtained from software configuration management and run on a Sun
workstation with a SunOS 5.8 (Solaris 8) operating system. The purpose of
repository_percolation_calculator v1.0 is to determine the value of percolation flux for each of
the LDTH submodels based on the percolation flux map from the three-dimensional UZ flow
model. The software routine repository percolation_calculator v1.0 is the only appropriate
software for this task. Because this software is only used to conduct simple arithmetic functions,
it is not applicable to identify validation ranges or limitations of use.

3.1.14 extractBlocks EXT v1.0

The software routine extractBlocks_ EXT v1.0 (extractBlocks EXT V1.0, STN: 11040-1.0-00
[DIRS 164281]) is baselined as qualified software per LP-SI.11Q-BSC, and was obtained from
software configuration management and run on a Sun workstation with a SunOS 5.8 (Solaris 8)
operating system. The purpose of extractBlocks EXT is to determine the effective thermal
conductivity for the gridblocks in the drift cavity of an LDTH submodel based on a correlation
accounting for the influence of natural convection (Francis et al. 2003 [DIRS 164602], Table 6).
The software routine extractBlocks_EXT v1.0 is the only appropriate software for this task.
Because this software is only used to conduct simple arithmetic functions, it is not applicable to
identify validation ranges or limitations of use.

3.1.15 Chimney _interpolate v1.0

The software routine Chimney_interpolate v1.0 (Chimney_interpolate V1.0, STN: 11038-1.0-00
[DIRS 164271]) is baselined as qualified software per LP-SI.11Q-BSC, and was obtained from
software configuration management and run on a Sun workstation with a SunOS 5.8 (Solaris 8)
operating system. The purpose of Chimney _interpolate is to create a set of virtual SDT and
LDTH “chimney” submodels from the 108 “real” chimney submodels (see Appendix VII) for
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more details). The virtual chimney submodels are an input to the MSTHAC v7.0
micro-abstraction process (see Appendix VII for more details). The software routine
Chimney_interpolate v1.0 is the only appropriate software for this task. Because this software is
only used to conduct simple arithmetic functions, it is not applicable to identify validation ranges
or limitations of use.

3.1.16 reformat EXT to TSPA v1.0

The software routine reformat EXT to TSPA v1.0 (reformat EXT to TSPA V1.0,
STN: 11061-1.0-00 [DIRS 164272]) is baselined as qualified software per LP-SI1.11Q-BSC, and
was obtained from software configuration management and run on a Sun workstation with a
SunOS 5.8 (Solaris 8) operating system. The purpose of reformat EXT_to TSPA v1.0 is to
post-process the micro-abstraction data produced by MSTHAC V7.0 (see Appendix VII for more
details). The processing includes finding the typical waste package and location from a set of
locations forming a bin and writing an output file in a format specified by the TSPA-LA
organization. The software routine reformat EXT _to TSPA v1.0 is the only appropriate
software for this task. Because this software is only used to reformat MSTHM output data, it is
not applicable to identify validation ranges or limitations of use.

3.2 OTHER SOFTWARE

Commercial off-the-shelf software was used in the creation of tables and figures shown in this
document as well as some data processing. This software was run on a Sun workstation with a
SunOS 5.8 (Solaris 8) operating system, except Mathcad 11.2a, Excel 2003, Adobe
Ilustrator v8.0, and Microsoft Windows 2000 and 2003 operating systems, as described below.

The following discusses the use of this software on the SunOS 5.8 (Solaris 8) operating system.
Figures presented in this report, with the exception of those in Appendices X, XII, and XV, were
prepared using MatLab v6.1.0450 release 12.1. The figures can be divided into the following
types: line plots showing time histories, contour plots showing the variation in some property at
a particular point in time for a cross sectional area of interest, plots showing material properties
for the repository plan view, and schematic drawings showing repository design parameters.

Contour plots of MSTHM output parameters (Figures 6.3-5, 6.3-6, and 6.3-7) were created using
Tecplot v9.2-0-3 (09-16-2002).

Plots showing material properties at the repository horizon (Figure 6.3-1) or the locations of
MSTHM submodels (Figures 4-1 and 6.2-3) for the repository plan view were created using
MATLAB v6.1.0.450 release 12.1. MATLAB was used to create line plots of time histories of
MSTHM output parameters (Figures 6.3-37 through 6.3-49; Figures 6.3-60, 6.3-61, 6.3-67,
6.3-68, and 6.3-69). MATLAB was used to generate the grid-block-weighted averages for the
D/LMTH model in Section 7.5 (Figures 7.5-2 through 7.5-8). MATLAB was used to create the
line plots of the histories of temperature, relative humidity, and liquid-phase saturation
differences between the MSTHM and the D/LMTH model and the ranges of those parameters
resulting from parametric uncertainty (Figures 7.5-9 through 7.5-14).

Mathcad 11.2a Professional was used to perform the calculations in Appendices X, XII and XV
for developing the hydrologic properties of the invert; for comparing percolation fluxes, and for
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prediction of RH in the invert, respectively. MathCad 11.2a Professional was used on the
Microsoft Windows 2000 operating system.

Schematic drawings showing repository design information were created using Adobe
Ilustrator v8.0 on the Microsoft Windows 2003 operating system.

Microsoft Excel 2003 was used on the Microsoft Windows 2003 operating system to process
data for the development of chimney percolation data as detailed in Appendix I.

Numerical results from the use of commercial off-the-shelf software in this report are not
dependent on the software used. The documentation of each such use includes sufficient detail
to allow an independent reviewer to reproduce or verify the results by visual inspection or hand
calculation.
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4. INPUTS
4.1 DIRECT INPUTS

Data, parameters, design information, and other model/analyses inputs are compiled and
presented in Table 4.1-1. There are seven major sections of the table: (1) geometry of the
engineered system, (2) geometry of the natural system, (3) properties of the engineered system
inside the emplacement drift, (4) properties of the natural system, (5) boundary conditions of the
natural system, (6) distribution of percolation flux just below the base of the PTn unit,
and (7) waste package heat-generation data and ventilation heat-removal efficiency. The seven
sections are further delineated to distinguish separate data, design information, and parameters.
The majority of the information compiled in Table 4.1-1, which is direct input, falls into the
parameter and design information categories.

In Table 4.1-1, most of the direct inputs to this report are traced to current qualified project data
or to qualified data that have been superseded with small changes. One exception is the
emissivity range for rock, which is from Incropera and DeWitt’s (1996 [DIRS 108184])
advanced textbook for heat and mass transfer. Their range of 0.88 to 0.95 is adapted from
sources for hemispherical emissivity of rock at 300 K and is corroborated by handbook values
(Knudsen et al. 1984 [DIRS 170057], pp. 10-51 to 10-52, Table 10-17) for normal emissivity of
rough silica and rough fused quartz, which range from 0.80 to 0.93. Therefore, the information
is qualified for its use as emissivities of drift wall and crushed tuff in the MSTHM calculations.

The design of the repository continued to evolve during and after the calculations with the
MSTHM. The effects of small changes in the design are discussed in Sections 4.1.2.1
through 4.1.2.8

4.1.1 Data, Parameters, and Parameter Uncertainty

The data and parameters required as input for the development of parameter values used in the
models/analyses documented in this report are summarized in Table 4.1-1. The following
sections of the table include information about parameters: geometry of natural system, invert
thermal and hydrologic properties, hydrologic properties of all hydrostratigraphic units (also
called UZ model layers), bulk thermal properties of the UZ model layers, and percolation flux
below the base of the PTn unit. All of these data were obtained from studies specific to the
Yucca Mountain site and are therefore appropriate for use in the MSTHM calculations reported
in Section 6.3.

Sections 6.3.2, 6.3.4, and 6.3.0 provide analyses of the impact of uncertainty of key natural
system parameters. Sections 6.3.11 and 6.3.12 provide analyses of the impact of uncertainty of
key engineered system parameters.

4.1.2 Design Information

Other inputs required for the development of parameter values used in the models/analyses
documented in this report take the form of design information, often from Interface Exchange
Drawings (IEDs). The following sections of Table 4.1-1 include design information: geometry
of the engineered system, waste package thermal properties, drip shield thermal properties,
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drift-wall emissivity and waste package heat generation and ventilation heat-removal efficiency.
Information from IEDs is appropriate for use in the MSTHM calculations reported in

Section 6.3.

Table 4.1-1.  Summary of Input Data and Information Required by the MSTHM

Model Input

Value

Source

Geometry of the Engineered System: Design Information

Repository emplacement-drift layout See IED BSC 2003 [DIRS 161727]
(elevations and end-point coordinates for

each emplacement drift)

Drift spacing 81m BSC 2004 [DIRS 168489], Table 1
End-to-end waste package spacing 0.1m BSC 2004 [DIRS 168489], Table 1
Drift diameter 55m BSC 2004 [DIRS 168489], Table 1
Location of 21-PWR AP WP centerline 1018 mm BSC 2004 [DIRS 167040]

above invert

Invert height from bottom of drift 0.806 m BSC 2003 [DIRS 162444]

21-PWR AP WP length 5.165m BSC 2003 [DIRS 165406], Table 1
21-PWR AP WP diameter 1.644 m BSC 2003 [DIRS 165406], Table 1
21-PWR CR WP diameter 1.644 m BSC 2003 [DIRS 165406], Table 1
21-PWR AP WP inner-vessel thickness 0.0508 m BSC 2005 [DIRS 173501], Table 1
21-PWR AP WP outer-barrier thickness 0.020 m BSC 2005 [DIRS 173501], Table 1
Nominal quantity of 21-PWR AP waste 4299 BSC 2005 [DIRS 173501], Table 13
packages in LA-design inventory

Nominal quantity of 21-PWR CR waste 95 BSC 2005 [DIRS 173501], Table 13
packages in LA-design inventory

44-BWR WP length 5.165 m BSC 2003 [DIRS 165406], Table 1
44-BWR WP diameter 1.674 m BSC 2003 [DIRS 165406], Table 1
44-BWR WP inner-vessel thickness 0.0508 m BSC 2005 [DIRS 173501], Table 1
44-BWR WP outer-barrier thickness 0.020 m BSC 2005 [DIRS 173501], Table 1
Nominal quantity of 44-BWR AP waste 2831 BSC 2005 [DIRS 173501], Table 13
packages in LA-design inventory

5 DHLW/DOE SNF-LONG WP length 5217 m BSC 2003 [DIRS 165406], Table 1
5 DHLW/DOE SNF-LONG WP diameter 2110 m BSC 2003 [DIRS 165406], Table 1
5 DHLW/DOE SNF-LONG WP 0.0508 m BSC 2005 [DIRS 173501], Table 1
inner-vessel thickness

5 DHLW/DOE SNF-LONG WP 0.0254 m BSC 2005 [DIRS 173501], Table 1
outer-barrier thickness

Nominal quantity of 5 DHLW/DOE 1406 BSC 2005 [DIRS 173501] Table 13
SNF-LONG waste packages in LA-design

inventory

5 DHLW/DOE SNF-SHORT WP length 3.590 m BSC 2003 [DIRS 165406], Table 1
5 DHLW/DOE SNF-SHORT WP diameter 2110 m BSC 2003 [DIRS 165406], Table 1
5 DHLW/DOE SNF-SHORT WP 0.0508 m BSC 2005 [DIRS 173501], Table 1
inner-vessel thickness

5 DHLW/DOE SNF-SHORT WP 0.0254 m BSC 2005 [DIRS 173501], Table 1
outer-barrier thickness

Nominal quantity of 5 DHLW/DOE 1147 BSC 2005 [DIRS 173501], Table 13
SNF-SHORT waste packages in LA-

design inventory

Drip-shield length 6.105 m BSC 2003 [DIRS 171024], Sheet 2
Drip-shield width 2512 m BSC 2003 [DIRS 171024], Sheet 2
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Table 4.1-1. Summary of Input Data and Information Required by the MSTHM (Continued)

Model Input Value Source
Drip-shield thickness (plate-1 or plate-2) 0.015m BSC 2005 [DIRS 173303], Table 5
Intersection of drip-shield plate-1 with 1875 mm BSC 2003 [DIRS 171024], Sheet 2
drip-shield plate-2 from base/top of invert
Total nominal quantity of waste package in 11,184 BSC 2005 [DIRS 173501], Table 13

LA-design inventory

Geome

try of Natural System:

Parameters

Grid of three-dimensional
Unsaturated-Zone Flow and Transport
Model: element/connection file

File:
Grid_LA_3D.mesh

DTN: LB03023DKMGRID.001 [DIRS 162354]

Grid of three-dimensional
Unsaturated-Zone Flow and Transport
Model: vertices file

File: grid2002.grd

DTN: LB03023DKMGRID.001 [DIRS 162354]

Properties of the Engineered System

Invert Thermal and Hydrologic Properties: Parameters

Intragranular permeability (tswM5, tsw35
matrix continuum for mean infiltration-flux
property set)

4.48 x 107"® m?

DTN: LB0208UZDSCPMI.002 [DIRS 161243],
File: drift-scale calibrated properties for mean
infiltration2.xls; Worksheet: Drift-scale Cal.
Hydro Props.

Porosity of crushed-tuff grains (tswM5,
tsw35 matrix continuum for mean
infiltration-flux property set)

0.131

DTN: LB0208UZDSCPMI.002 [DIRS 161243],
File: drift-scale calibrated properties for mean
infiltration2.xls; Worksheet: Drift-scale Cal.
Hydro Props.

Intragranular van Genuchten a (tswM5,
tsw35 matrix continuum for mean
infiltration-flux property set)

1.08 x 10°° 1/Pa

DTN: LB0208UZDSCPMI.002 [DIRS 161243],
File: drift-scale calibrated properties for mean
infiltration2.xls; Worksheet: Drift-scale Cal.
Hydro Props.

Intragranular van Genuchten m (tswM5, 0.216 DTN: LB0208UZDSCPMI.002 [DIRS 161243],

tsw35 matrix continuum for mean File: drift-scale calibrated properties for mean

infiltration-flux property set) infiltration2.xls; Worksheet: Drift-scale Cal.
Hydro Props.

Intragranular residual saturation (tswM5, 0.12 DTN: LB0208UZDSCPMI.002 [DIRS 161243],

tsw35 matrix continuum for mean
infiltration-flux property set)

File: drift-scale calibrated properties for mean
infiltration2.xls; Worksheet: Drift-scale Cal.
Hydro Props.

Invert The

rmal and Hydrologic Properties: Data

Bulk Density of 4-10 crushed tuff

See Table IV-8 in

DTN: GS020183351030.001 [DIRS 1631071,

Appendix IV Table S02025_001; Rows 321 through 370
Specific heat of 4-10 crushed tuff See Table IV-9 in DTN: GS000483351030.003 [DIRS 152932],
Appendix IV Table S01076_001; Rows 1 through 11
Thermal conductivity of 4-10 crushed tuff See Table IV-9 in DTN: GS000483351030.003 [DIRS 152932],
Appendix IV Table S01076_001; Rows 1 through 11x
Emissivity (upper invert surface) 0.88t0 0.95 Incropera and DeWitt 1996 [DIRS 108184],
Table A.11 for Rocks
Range in maximum void ratio for United 0.67 to 0.94 Hilf 1975 [DIRS 169699], Table 7.3, p. 257

Soils Classification type SP, which are
poorly graded sands and gravelly sands.

Waste Package Thermal Properties: Design Information

Weight of 21-PWR AP WP 43,000 kg BSC 2003 [DIRS 165406], Table 1
Weight of 44-BWR WP 43,000 kg BSC 2003 [DIRS 165406], Table 1
Weight of 5 DHLW/DOE SNF-SHORT WP 39,000 kg BSC 2003 [DIRS 165406], Table 1
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Table 4.1-1. Summary of Input Data and Information Required by the MSTHM (Continued)

Model Input Value Source
Weight of 5 DHLW/DOE SNF-LONG 57,000 kg BSC 2003 [DIRS 165406], Table 1
Emissivity of Alloy 22 (at T=650°C), which 0.87 DTN: MOOO003RIB00071.000 [DIRS 1488501,
is the outer barrier of the following WPs: Table S04196_001
21-PWR AP, 44-BWR, 5 DHLW/DOE
SNF-SHORT, 5 DHLW/DOE SNF-LONG
Mass density of Alloy 22 (N06022), which 8690 kg/m® DTN: MOOO0O03RIB00071.000 [DIRS 148850],
is the outer barrier of the following WPs: Table S04196_001
21-PWR AP, 44-BWR, 5 DHLW/DOE
SNF-SHORT, 5 DHLW/DOE SNF-LONG
Mass density of Stainless Steel Type 316, 7.98 g/cm3 Table XI of ASTM G 1-90 [DIRS 103515]
which is the inner vessel of the following
WPs: 21-PWR AP, 44-BWR,
5 DHLW/DOE SNF-SHORT, 5
DHLW/DOE SNF-LONG
Mass density of the internal cylinder of the 3495 kg/m3 BSC 2005 [DIRS 173499], Table 2
21-PWR AP WP
Mass density of the internal cylinder of the 3342 kg/m3 BSC 2005 [DIRS 173499], Table 2
44-BWR WP
Mass density of the internal cylinder of the 2175 kg/m® BSC 2005 [DIRS 173499], Table 2
5 DHLW/DOE SNF-SHORT WP
Mass density of the internal cylinder of the 2302 kg/m3 BSC 2005 [DIRS 173499], Table 2
5 DHLW/DOE SNF-LONG WP
Thermal conductivity of Alloy 22 11.1 W/m-K DTN: MO0107TC239938.000 [DIRS 169995],

(at T = 373.15 K), which is the outer
barrier of the following WPs: 21-PWR AP,
44-BWR, 5 DHLW/DOE SNF-SHORT, 5
DHLW/DOE SNF-LONG

p. 13

Thermal conductivity of Stainless Steel
Type 316, which is the inner vessel of the
following WPs: 21-PWR AP, 44-BWR, 5
DHLW/DOE SNF-SHORT, 5 DHLW/DOE
SNF-LONG

8.4 BTU/hr-ft-°F at
200°F

8.7 BTU/hr-ft-°F at
250°F

ASME 1995 [DIRS 108417], Section 1I-D,
Table TCD, p. 606

Thermal diffusivity of Stainless Steel Type
316, which is the inner vessel of the
following WPs: 21-PWR AP, 44-BWR, 5
DHLW/DOE SNF-SHORT, 5 DHLW/DOE
SNF-LONG

0.141 ft?/hr at 200°F
0.143 ft%/hr at 250°F

ASME 1995 [DIRS 108417], Section 1I-D,
Table TCD, p. 606

Thermal conductivity of the internal
cylinder of the following WPs: 21-PWR
AP, 44-BWR, 5 DHLW/DOE SNF-SHORT,
5 DHLW/DOE SNF-LONG

1.5 W/m-K

BSC 2005 [DIRS 173499], Table 2

Specific heat of Alloy 22 (at T = 373.15 K,
or 212°F), which is the outer barrier of the
following WPs: 21-PWR AP, 44-BWR, 5
DHLW/DOE SNF-SHORT, 5 DHLW/DOE
SNF-LONG

423.0 J/kgK

DTN: MO0107TC239938.000 [DIRS 169995],
p. 13

Specific heat of the internal cylinder of the
21-PWR AP WP

378.0 Jkg-K

BSC 2005 [DIRS 173499], Table 2

Specific heat of the internal cylinder of the
44-BWR WP

395.0 J/kg-K

BSC 2005 [DIRS 173499], Table 2

Specific heat of the internal cylinder of the
5 DHLW/DOE SNF-SHORT WP

718.0J/kg-K

BSC 2005 [DIRS 173499], Table 2

Specific heat of the internal cylinder of the
5 DHLW/DOE SNF-LONG WP

731.0 JikgK

BSC 2005 [DIRS 173499], Table 2
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Table 4.1-1. Summary of Input Data and Information Required by the MSTHM (Continued)

Model Input

Value

Source

Drip-Shield Thermal Properties: Design Information

Nominal weight of drip shield (for a 5000 kg BSC 2005 [DIRS 173303], Table 1
nominal length of 5.805 m)
Mass density of titanium 0.163 Ib/in® ASME 1995 [DIRS 108417], Section II-D,

Table NF-2, p. 620

Thermal conductivity of titanium

12.00 BTU/hr-ft-°F at
200°F; 11.85 BTU/hr-
ft-°F at 250°F

ASME 1995 [DIRS 108417], Section II-D,
Table TCD, p. 611

Thermal diffusivity of titanium

0.331 ft%/hr at 200°F
0.322 ft?/hr at 250°F

ASME 1995 [DIRS 108417], Section II-D,
Table TCD, p. 611

Emissivity of titanium

0.63

Lide 1995 [DIRS 101876], p. 10-298

Drift-Wall Emissivity: Design Information

Emissivity of rock

0.88 to 0.95

Incropera and DeWitt 1996 [DIRS 108184],
Table A.11 for Rocks

Properties of the Natural System

Hydrologic Properties of all Unsaturated-Zone

Model Layers: Parameters

Matrix and fracture properties of UZ Model
Layers for mean infiltration-flux
property set

See Table IV-4 in
Appendix IV

DTN: LB0208UZDSCPMI.002 [DIRS 161243],
File: drift-scale calibrated properties for mean
infiltration2.xls; Worksheet: Drift-scale Cal.
Hydro Props.

Matrix and fracture properties of UZ Model
Layers for upper-bound infiltration-flux
property set

See Table IV-6 in
Appendix IV

DTN: LB0302UzZDSCPUI.002 [DIRS 161787],
File: drift-scale calibrated properties for upper
infiltration2.xls; Worksheet: Drift-scale Cal.
Hydro Props.

Matrix and fracture properties of UZ Model
Layers for lower infiltration-flux
property set

See Table IV-5 in
Appendix IV

DTN: LB0208UZDSCPLI.002 [DIRS 161788],
File: drift-scale calibrated properties for lower
infiltration2.xls; Worksheet: Drift-scale Cal.
Hydro Props.

Fracture frequency and fracture-matrix

See Table IV-7 in

DTN: LB0205REVUZPRP.001 [DIRS 159525],

interfacial area of UZ Model Layers for Appendix IV File: FRACTURE PROPERTY .xls; Worksheet:
lower-bound, mean, and upper-bound Table 1. Fracture Properties

infiltration-flux property sets

Fracture-contact-length factor 0.0 DTN: LB03023DKMGRID.001 [DIRS 162354],

File: mesh_3dn.dkm (found after the heading
“CONNE?” for all elements beginning with “F” in
columns 31-40)

Bulk Thermal Properties

of the Unsaturated-Zone Model Layers: Parameters

Thermal conductivity and bulk density of
the GFM2000 Layers of the nonrepository
layers

See Table IV-3ain
Appendix IV

DTN: SN0303T0503102.008 [DIRS 162401],
File: NonrepositoryThermalConductivityModel
031403.xls; Worksheet: Sheet 1

Thermal conductivity and bulk density of

See Table IV-3ain

DTN: SN0404T0503102.011 [DIRS 169129],

the repository horizon GFM2000 layers Appendix IV File: ReadMe Summary.doc, Table 7-10
Specific heat capacity of the Mineralogic See Table IV-3ain DTN: SN0307T0510902.003 [DIRS 164196],
Model Layers Appendix IV File: rock_grain_heat_capacity (edited).xls;

Worksheet: Cp grain 25-325; Column: Y Cp
Rock Grain 25-325C round(cell,2)

Boundary Conditions of the Natural System: Parameters

Temperatures at upper boundary (ground
surface) of the three-dimensional
Site-Scale UZ Flow Model

File:
INCON_thm_s32.dat

DTN: LB991201233129.001 [DIRS 146894]

Gas-phase pressures at upper boundary
(ground surface) of the three-dimensional
Site-Scale UZ Flow Model

File:
INCON_thm_s32.dat

DTN: LB991201233129.001 [DIRS 146894]
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Table 4.1-1. Summary of Input Data and Information Required by the MSTHM (Continued)

Model Input Value Source
Temperatures at lower boundary (water File: DTN: LB991201233129.001 [DIRS 146894]
table) of the three-dimensional Site-Scale INCON_thm_s32.dat
UZ Flow Model (pertains to an
elevation of 730 m)
Grid of the three-dimensional File: MESH_rep.VF | DTN: LB991201233129.001 [DIRS 146894]

mountain-scale coupled processes
(thermal-hydrologic) model; this grid is
related to the file: INCON_thm_s32.dat,
which is used to obtain temperatures and
gas-phase pressures at the boundary for
the three-dimensional Site-Scale UZ Flow
Model (above)

Distribution of Percolation Flux Below PTn Unit: Parameters

Percolation Flux from PTn to TSw unit for Files: DTN: LBO302PTNTSW9I.001 [DIRS 162277]
mean infiltration-flux case (two- preq_ma_ptn.q,

dimensional map of PTn-to-TSw mong_ma_ptn.q,

percolation flux) glag_ma_ptn.q

Percolation Flux from PTn to TSw unit for Files: preq_ua_ptn.q, | DTN: LBO302PTNTSW9I.001 [DIRS 162277]
upper-bound infiltration-flux case (two- mong_ua_ptn.q,

dimensional map of PTn-to-TSw glag_ua_ptn.q

percolation flux)

Percolation Flux from PTn to TSw unit for Files: preq_la_ptn.q, | DTN: LBO302PTNTSW9I.001 [DIRS 162277]

lower-bound infiltration-flux case (two- mong_la_ptn.q,

dimensional map of PTn-to-TSw glag_la_ptn.q

percolation flux)

Probabilities of the three infiltration-flux See Table 6.3-35 BSC 2003 [DIRS 165991], Table 6-7

cases (excluding contingency area)

Waste Package Heat-Generation and Ventilation Heat-Removal Efficiency: Design Information

Heat-generation rate history for entire See |IED BSC 2005 [DIRS 173499], Table 1

repository

Average initial heat-generation rate per 1.45 kW/m BSC 2004 [DIRS 168489], Table 1

meter

Ventilation-period duration 50 years after final BSC 2004 [DIRS 168489], Table 1
emplacement

Duration of waste package emplacement 23 years BSC 2004 [DIRS 168489], Table 1

Heat-generation rates for each of the See IED BSC 2005 [DIRS 173705], Table 1

waste package types

Ventilation heat-removal efficiency as a See Table llI-1 in DTN: MO0304MWDALACV.000 [DIRS

function of time and distance from the inlet Appendix Il 164551], FILE: ANSYS-LA-

of the emplacement drift Coarse_Efficiency.xls; Worksheet: sheet 12

@ DTN: MOO0304MWDALACYV.000 [DIRS 164551], which was superseded by DTN: MO0306MWDASLCV.001
[DIRS 1656985], is justified for its use in this report, as documented in Appendix XIV.

During the preparation of this report, some of the design information was updated as several
information exchange drawings (IEDs) were superseded. These revisions resulted in small
changes to the dimensions of the waste packages and drip shield as summarized in Table 4.1-2.
For the direct inputs to be justified as they appear in Table 4.1-1, these small changes to the
dimensions must insignificantly affect the results of the MSTHM described in this report. The
details of this justification are discussed in Sections 4.1.2.1 through 4.1.2.7.
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Table 4.1-2. Changes to the Waste Package and Drip Shield Design Information
Superseded IED Current IED Relative
Change
Model Input Value Source Value Source in Value
21-PWR AP WP length 5.165 m BSC 2003 [DIRS 5.024 m BSC 2005 [DIRS —2.7%
165406], Table 1 173501], Table 1
21-PWR AP WP diameter 1.644 m BSC 2003 [DIRS 1.718 m BSC 2005 [DIRS +4.5%
165406], Table 1 173501], Table 1
21-PWR CR WP diameter 1.644 m BSC 2003 [DIRS 1.718 m BSC 2005 [DIRS +4.5%
165406], Table 1 173501], Table 1
Weight of 21-PWR AP 43,000 kg | BSC 2003 [DIRS 41,100 kg | BSC 2005 [DIRS -4.4%
165406], Table 1 173501], Table 1
44-BWR WP length 5.165m BSC 2003 [DIRS 5.024 m BSC 2005 [DIRS —2.7%
165406], Table 1 173501], Table 1
44-BWR WP diameter 1.674 m BSC 2003 [DIRS 1.756 m BSC 2005 [DIRS +4.9%
165406], Table 1 173501], Table 1
Weight of 44-BWR WP 43,000 kg | BSC 2003 [DIRS 41,700 kg | BSC 2005 [DIRS -3.0%
165406], Table 1 173501], Table 1
5 DHLW/DOE SNF-LONG WP 5217 m BSC 2003 [DIRS 5.059 m BSC 2005 [DIRS -3.0%
length 165406], Table 1 173501], Table 1
5 DHLW/DOE SNF-LONG WP 2110 m BSC 2003 [DIRS 2.126 m BSC 2005 [DIRS +0.8%
diameter 165406], Table 1 173501], Table 1
Weight of 5 DHLW/DOE 57,000 kg | BSC 2003 [DIRS 53,100 kg | BSC 2005 [DIRS -6.8%
SNF-LONG 165406], Table 1 173501], Table 1
5 DHLW/DOE SNF-SHORT 3.590 m BSC 2003 [DIRS 3.453 m BSC 2005 [DIRS -3.8%
length 165406], Table 1 173501], Table 1
5 DHLW/DOE SNF-SHORT 2110 m BSC 2003 [DIRS 2126 m BSC 2005 [DIRS +0.8%
diameter 165406], Table 1 173501], Table 1
Weight of 5 DHLW/DOE 39,000 kg | BSC 2003 [DIRS 36,100 kg | BSC 2005 [DIRS —7.4%
SNF-SHORT 165406], Table 1 173501], Table 1
Drip-shield length 6.105 m BSC 2003 [DIRS 5.805 m BSC 2005 [DIRS -4.9%
171024], Sheet 2 173303], Table 1
Drip-shield width 2512 m BSC 2003 [DIRS 2.533 m BSC 2005 [DIRS +0.8%
171024], Sheet 2 173303], Table 1
Intersection of drip-shield plate-1 1875 mm BSC 2003 [DIRS 1891 mm BSC 2004 [DIRS +0.9%
with drip-shield plate-2 from 171024], Sheet 2 168067]
base/top of invert
Location of 21-PWR AP 1018 mm | BSC 2004 [DIRS 1050.9 mm | BSC 2004 [DIRS +3.2%
centerline above invert 167040], Figure 1 168489], Figure 1

AP = Absorber Plate, CR = Control Rods.

4.1.2.1

Waste Package Lengths

As summarized in Table 4.1-2, the differences in waste package lengths between those used in
this report, which are obtained from the superseded IED (BSC 2003 [DIRS 165406]), and those
listed in the current IED (BSC 2005 [DIRS 173501]) are small, ranging from -2.7 to
-3.8 percent. Waste package lengths are used only in the DDT submodel. The DDT submodel
is primarily used for two purposes: (1) calculating the temperature difference between the waste
package and drip shield and (2) calculating the longitudinal temperature variations along the drift

axis.

If the slightly shorter waste package lengths given in the current IED (BSC 2005

[DIRS 173501]) were employed in the MSTHM calculations for this report, it would only result
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in slightly less longitudinal temperature and relative humidity variation along the drift axis. This
small reduction in longitudinal variability is insignificant compared to the range of temperature
and relative humidity that results from the influence of parametric variability and uncertainty,
which is discussed in Section 6.3. Therefore, the waste package lengths from the superseded
IED are suitable for use in the MSTHM calculations reported in Section 6.3.

4.1.2.2 Waste Package Diameters

As summarized in Table 4.1-2, the differences in waste package diameters between those used in
this report, which are obtained from the superseded IED (BSC 2003 [DIRS 165406]), and those
listed in the current IED (BSC 2005 [DIRS 173501]) are small, ranging from +0.8 to
+4.9 percent. Waste package diameters are used only in the DDT submodel. The DDT
submodel is only used for two purposes: (1) calculating the temperature difference between the
waste package and drip shield and (2) calculating the longitudinal temperature variations along
the drift axis. If the slightly wider waste package diameters given in the current IED (BSC 2005
[DIRS 173501]) were employed in the MSTHM calculations for this report, it would only result
in facilitating slightly better thermal-radiative heat transfer between the ends of the waste
packages, thereby resulting in slightly less longitudinal temperature and relative humidity
variations along the drift axis. If the slightly wider waste package diameters were employed in
the MSTHM calculations for this report, it would also have the effect of slightly decreasing the
temperature difference between the waste package and drip shield. The very small reductions in
longitudinal temperature variability and in waste package-to-drip-shield temperature difference
are insignificant compared to the range of temperature and relative humidity that results from the
influence of parametric variability and uncertainty, which is discussed in Section 6.3. Therefore,
the waste package diameters from the superseded IED are suitable for use in the MSTHM
calculations reported in Section 6.3.

4.1.2.3 Waste Package Weights

As summarized in Table 4.1-2, the differences in waste package weights between those used in
this report, which are obtained from the superseded IED (BSC 2003 [DIRS 165406]), and those
listed in the current IED (BSC 2005 [DIRS 173501]) are small, ranging from -3.0 to
—7.4 percent. Waste package weights are used only in the LDTH and DDT submodels. The
weight of the waste package, multiplied by the waste package-specific heat capacity, is the heat
capacity of the waste package. The only manner in which the waste package heat capacity
affects the MSTHM results is by influencing the time required for heat transfer from the waste
packages to the drift wall to reach a quasi-steady-state condition. Because this quasi-steady-state
condition is established much earlier than when peak waste package, drip-shield, and drift-wall
temperatures occur, it has an insignificant effect on peak temperatures. If the slightly lower
waste package weights given in the current IED (BSC 2005 [DIRS 173501]) were employed in
the MSTHM calculations for this report, they would only result in allowing heat transfer from
the waste package to the drift wall reaching the quasi-steady-state condition slightly earlier.
Furthermore, because the weight of the waste package is much less than that of the surrounding
host rock, the waste package heat capacity per unit length of drift is much less than that of the
surrounding host rock. As discussed in Section 6.3.2, parametric uncertainty of the host-rock
heat capacity has an insignificant influence on MSTHM predictions of temperature and relative
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humidity. Therefore, the waste package weights from the superseded IED are suitable for use in
the MSTHM calculations reported in Section 6.3.

4.1.2.4 Drip Shield Length

As summarized in Table 4.1-2, the difference in drip-shield length between that used in this
report, which is obtained from the superseded IED (BSC 2003 [DIRS 171024]), and that listed in
the current IED (BSC 2005 [DIRS 173303]) is small (-4.9 percent). The only use of the
drip-shield length, in conjunction with the drip-shield weight, is to determine the drip-shield
weight per unit length of drift in the LDTH submodels and to determine the drip-shield mass
density in the DDT submodels. The weight of the drip shield, multiplied by the specific heat
capacity, affects the heat capacity of the drip shield. The only manner in which the drip-shield
heat capacity affects the MSTHM results is by influencing the time required for heat transfer
from the waste package to the drift wall to reach a quasi-steady-state condition. Because this
quasi-steady-state condition is established much earlier than when peak waste package,
drip-shield, and drift-wall temperatures occur, it has an insignificant effect on peak temperatures.
If the slightly shorter drip-shield lengths given in the current IED (BSC 2005 [DIRS 173303])
were employed in the MSTHM calculations for this report, it would result in a slightly larger
weight per unit length of drift, thereby causing a slight increase in heat capacity for the drip
shield. The weight of the drip shield per unit length is much less than that of the waste packages.
Therefore, the time required for heat transfer from the waste package to the drift wall reaching
the quasi-steady-state condition would be insignificantly affected by this small change in
drip-shield heat capacity. Furthermore, because the weight of the drip shield is much less than
that of the surrounding host rock, the drip-shield heat capacity per unit length of drift is very
much less than that of the surrounding host rock. As discussed in Section 6.3.2, parametric
uncertainty of the host-rock heat capacity has an insignificant influence on MSTHM predictions
of temperature and relative humidity. Therefore, the drip shield length from the superseded IED
is suitable for use in the MSTHM calculations reported in Section 6.3.

4.1.2.5  Drip Shield Width

As summarized in Table 4.1-2, the difference in drip-shield width between that used in this
report, which is obtained from the superseded IED (BSC 2003 [DIRS 171024]), and that listed in
the current IED (BSC 2005 [DIRS 173303]) is extremely small (+0.8 percent). The only use of
the drip-shield width is in the LDTH and DDT submodels, where it primarily affects the
drip-shield surface area. In the LDTH submodels, it influences thermal-radiative heat transfer
between the drip shield and other surfaces inside the drift cavity. In the DDT submodels
(Figure 6.2-8) it influences thermal-radiative heat transfer between the waste package and
underside of the drip shield and between the outside of the drip shield and the other surfaces
inside the drift cavity. Thermal-radiative heat transfer is extremely efficient, driven by the
difference of temperature to the fourth power of the respective surfaces. A very small
(0.8 percent) difference in surface area of the drip-shield will have an insignificant effect on the
temperature differences within the drift. Therefore, the difference in drip-shield width, which
influences drip-shield surface area, has an insignificant effect on temperature or relative
humidity predicted by the MSTHM, which is discussed in Section 6.3. Given the manner in
which the DDT submodel approximates the geometry of the drip shield (Figure 6.2-8), the 0.8
percent change in drip-shield width is insignificant. Moreover, because the DDT submodel
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representation of the drip shield was done to conserve the drip-shield weight per unit length of
drift, any change in drip-shield width, however large or small, will not affect the heat capacity of
the drip shield per unit length of drift. Therefore, the drip shield width from the superseded IED
is suitable for use in the MSTHM calculations reported in Section 6.3.

4.1.2.6 Intersection of Drip-Shield Plate-1 with Drip-Shield Plate-2 from Base/Top of
Invert

As summarized in Table 4.1-2, the difference in the intersection of drip shield plate-1 with drip
shield plate-2 between that used in this report, which is obtained from the superseded IED
(BSC 2003 [DIRS 171024]), and that listed in the current IED (BSC 2004 [DIRS 168067]) is
extremely small (+0.9 percent). The only use of this value is in the LDTH submodels, where it
affects the point at which the sloping portion of the drip shield meets the vertical sides of the drip
shield (see Figure 6.2-6). Relative to the coarse approximation of the drip-shield shape in the
LDTH submodel, this small change in where the sloping portion of the drip shield meets the
vertical sides of the drip shield is insignificant. The primary manner in which the shape of the
drip shield affects in-drift thermal-hydrologic behavior is by affecting the surface area from
which thermal-radiative heat transfer occurs from the drip shield to the drift-wall and
upper-invert surfaces. Changing where the sloping and vertical portions of the drip shield
intersect does not change the surface area of the drip shield as it is represented in the LDTH
submodel. Therefore, thermal-radiative heat transfer from the drip shield to the drift-wall and
upper-invert surfaces is unaffected by this change. Consequently, the intersection location from
the superseded IED is suitable for use in the MSTHM calculations reported in Section 6.3.

4.1.2.7  Location of 21-PWR AP Waste Package Centerline Above the Invert

As summarized in Table 4.1-2, the difference in the location of the 21-PWR AP WP centerline
above the invert between that used in this report, which is obtained from the superseded IED
(BSC 2004 [DIRS 167040]), and that given in the current IED (BSC 2004 [DIRS 168489]) is
small (+3.2 percent). The only use of this dimension is in the DDT submodels, where it
determines the position of the waste package above the invert (see Figures 6.2.7 through 6.2.10).
Because the purpose of the MSTHM is to predict postclosure thermal-hydrologic conditions, the
only manner in which this dimension affects results from the MSTHM is in how it influences
radiative heat transfer between the waste package and drip shield. This radiative heat transfer is
the primary factor influencing the temperature difference between the waste package and drip
shield. Given the geometric approximation of the waste package and drip shield (see
Figure 6.2.8) this small (3.2 percent) difference in the location of the waste package above the
invert has an insignificant influence on the predicted temperature difference between the waste
package and drip shield. Consequently, it also has an insignificant influence on the predicted
thermal-hydrologic conditions within the emplacement drifts. Given the manner in which the
DDT submodel approximates the geometry of the waste package and drip shield (Figure 6.2-8),
this small change in vertical positioning of the waste package is insignificant. Therefore, the
location of the centerline from the superseded IED is suitable for use in the MSTHM calculations
reported in Section 6.3.
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4.1.2.8 Repository Layout

During the preparation of this report, the repository layout information was updated as several
IEDs were superseded (Table 4.1-3), causing small changes to the repository layout (Table 4.1-4
and Figure 4-1). Specifically, endpoint coordinates of emplacement drifts were updated in the
current IED, resulting in the following changes:

1. Elimination of the northernmost drift in Panel P3W, formerly called Panel P2W.

2. Small reductions in the length of several emplacement drifts, particularly in the southern
end of Panel 4, formerly called Panel 3 (Figure 4-1). Note that the minor reductions in
drift length in Panel 1 and in Panel 3E, formerly called Panel 2E, are too small to appear
in Figure 4-1.

3. Addition of two emplacement drifts in Panel P2, formerly called Panel P4.

As evident in Figure 4-1, the changes in the repository layout are small, justifying the use of the
superseded IED in the MSTHM calculations reported in Section 6.3.

Table 4.1-3.  Summary of Current and Superseded IEDs Providing Repository Layout Information

Model Input Superseded IED Current IED

Repository emplacement-drift layout BSC 2003 [DIRS 161727] BSC 2004 [DIRS 172801]
(elevations and end-point coordinates for each
emplacement drift)

Available emplacement drift lengths Not Available® BSC 2004 [DIRS 170202]

Invert height above drift 0.806 m 2’ 10” (0.8636 m)
(BSC 2003 [DIRS 162444]) (BSC 2004 [DIRS 169503])

 The footnote labeled ** in BSC 2004 [DIRS 170202] states that this information was not available for the
superseded repository layout.

Table 4.1-4. Summary of Emplacement Panels and Drifts Represented in the SMT Submodel for the
Layout in the Superseded IED and the Current IED

Panel Number of drifts Modeled drift length Current drift length
oid New old New | Number of gridblocks (m) (m)
1 1 8 8 206 4,120 4092
2E 3E 19 19 545 10,900 10,728
2w 3w 23 22 689 13,780 13,272
3 4 30 30 877 17,540 17,003
5 2 15° 17° 557 11,140 12,506
Total 95 96 2874 57,480 57,601

@ Panel 5 (2) has a total of 27 drifts; the 15 (17) northernmost drifts are used in the TSPA-LA base case.

NOTES: The superseded (old) IED is presented in BSC 2003 [DIRS 161727]; the current (new) IED is presented in
BSC 2004 [DIRS 170202]). Note that the layout for the superseded IED is also described in Table 6.2-1.

Each of the heated gridblocks represents a 20-m interval along the emplacement drift.
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Source: See Table XIlI-1.

NOTE:

The repository layout incorporated in the MSTHM for the TSPA-LA (Figure 6.2-3) is based on the IED
presented in Repository Design, Repository/PA IED Subsurface Facilities (BSC 2003 [DIRS 161727]).
This IED has been superceded by the IED presented in D&E/RIT IED Subsurface Facilities (BSC 2004
[DIRS 172801]). The LDTH-SDT submodel locations shown in blue are those that have been either
moved or added relative to Figure 6.2-3; those shown in orange are those used in the MSTHM for the
TSPA-LA, and also correspond to those shown in Figure 6.2-3. Note that the minor reductions in drift
length in Panel 1 and in Panel 3E, formerly called Panel 2E, are too small to be apparent at the scale of
this diagram. The outline of the repository perimeter corresponds to the end-point coordinates of the
heated portions of the emplacement drifts as given in D&E/RIT IED Subsurface Facilities (BSC 2004
[DIRS 172801]). There is one typographic error in D&E/RIT IED Subsurface Facilities (BSC 2004
[DIRS 172801] that was corrected to produce this figure. One of the endpoint easting coordinates for
drift 2-27 was corrected from a value of 170018 to 171018.

Figure 4-1.  Differences Between the Repository Layout Incorporated in the MSTHM for the TSPA-LA,

and the Repository Layout Given in the Current IED
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Figure 4-1 clearly shows that the superseded and current repository layouts are very similar. The
only areas where the two layouts do not coincide are (1) the northernmost drift of Panel P3W,
which was formerly called Panel P2W, (2) the southwestern edge and southeastern corner of
Panel 4, which was formerly called Panel 3, and (3) the two southernmost drifts in Panel 2,
formerly called Panel P5, of the current repository layout (BSC 2004 [DIRS 172801]). These
two southernmost drifts, which have a total length of 1400 m, were added to make up for the
length of emplacement drifts that were removed from the superseded layout (BSC 2003
[DIRS 161727]). Dividing 1400 m by the total length of emplacement drift in the new repository
layout (57,600 m) gives the percentage (2.4 percent) of the new repository area that lies outside
of the superseded repository layout. Therefore, 97.6 percent of the new repository layout
coincides with that of the superseded repository layout.

An important natural-system parameter influencing in-drift and near-field thermal-hydrologic
conditions is the host-rock percolation flux. Figure 4-2 shows that the distribution of host-rock
percolation flux over the repository area is very similar for the superseded and current repository
layouts for all three climate states: (1) present-day, (2) monsoonal, and (3) glacial. Therefore,
the repository layout from the superseded IEDs is suitable for use in the MSTHM calculations
reported in Section 6.3.
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Source: See Table XIlI-1.

NOTE: CCDEF is given for the present-day, monsoonal, and glacial climates. The superceded repository layout is
presented in Repository Design, Repository/PA IED Subsurface Facilities (BSC 2003 [DIRS 161727]).
The current repository layout is presented in D&E/RIT IED Subsurface Facilities (BSC 2004
[DIRS 172801]). There is one typographic error in D&E/RIT IED Subsurface Facilities (BSC 2004
[DIRS 172801] that was corrected to produce this figure. One of the endpoint easting coordinates for
drift 2-27 was corrected from a value of 170018 to 171018.

Figure 4-2. Complementary Cumulative Distribution Function (CCDF) for Distribution of Host-Rock
Percolation Flux in the Superseded Repository Layout and the Current Repository Layout

4.1.3 Direct Inputs for Development of the Properties of Crushed Tuff in the Invert

Appendix X presents an analysis that produces retention and flow parameters for the invert. The
retention and hydraulic conductivity data used are obtained from Brooks and Corey (1964
[DIRS 156915]), and are qualified for their intended use within this report because of the
availability of corroborating data as prescribed by LP-SIII.I0Q-BSC, Section 5.2.1(1). The
properties of interest (i.e., hydraulic conductivity, hydraulic head, saturation and water content of
crushed tuff in the invert) are considered adequate because of corroboration discussed below.
The input for the analysis in Appendix X includes the permeability, porosity, and retention data
for volcanic sand, fine sand, glass beads and Touchet Silt Loam. Table 4.1-5 presents the
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permeability data (k) and the porosity data (¢) of these unconsolidated materials. Table 4.1-6
presents the retention data for the same materials.

Table 4.1-5. Summary of Permeability and Porosity of Various Unconsolidated Materials

Value Intrinsic Permeability Value

Material Porosity (-) (m?) (m?)
Volcanic Sand dvs 0.351 Kvs 1.80E-11
Fine Sand s 0.377 kis 2.50E-12
Glass Beads dgb 0.37 Kgb 6.30E-12
Touchet Silt Loam dts 0.485 kis 6.00E-13

@See Appendix X for a description of these materials.

The development in Appendix X uses the following direct inputs:

e A value of 2 for the ratio of the capillary rise of water to the capillary rise of the
hydrocarbon liquid used for the measurements (Brooks and Corey 1964
[DIRS 156915]).

e The Kozeny-Carman equation as Equation X.52 (Bear 1972 [DIRS 156269], p. 166).
e Porosity of poorly graded sands in the loose state (see below).
e Properties of water (see below).

These inputs are justified for this use in three ways. First, the data, and curve-fits to the data, for
various size particles are corroborated by parallel calculations using the Campbell retention
relation for the same size particles (BSC 2003 [DIRS 170881]).

The retention relationships developed by the Campbell method show the same characteristics as
the nondimensionalized van Genuchten method based upon the Leverett Equation (Leverett 1941
[DIRS 100588]). The results show that as particle size is increased, water retention is reduced.
Note that the NUFT dual continuum analyses presented in Advection versus Diffusion in the
Invert (BSC 2003 [DIRS 170881]) were conducted over the range of moisture potentials
anticipated for the repository using both the nondimensionalized van Genuchten and the
Campbell retention constitutive relationships. In both instances, it was determined that
intergranular porosity did not cause water retention.  For this reason, the use of
nondimensionalized van Genuchten parameters as direct input in this report is corroborated.
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Table 4.1-6. Retention Data for Various Materials
Volcanic Sand Fine Sand Glass Beads Touchet Silt Loam
Capillary | Capillary Capillary | Capillary Capillary | Capillary Capillary | Capillary
Rise(cm) |Rise(cm) Rise(cm) |Rise(cm) Rise(cm) |Rise(cm) Rise(cm) |Rise(cm)
Saturation|Hydrocarbon| Water |Saturation|Hydrocarbon| Water |Saturation|Hydrocarbon| Water |Saturation|Hydrocarbon| Water
0.99 12 24 0.99 12.8 25.6 0.995 5.9 11.8 0.998 32.8 65.6
0.986 13.5 27 0.98 27.8 55.6 0.989 11.8 23.6 0.995 42.8 85.6
0.98 14.5 29 0.962 30.8 61.6 0.985 17.8 35.6 0.992 52.8 105.6
0.974 15.5 31 0.95 31.8 63.6 0.98 23.8 47.6 0.984 62.8 125.6
0.948 16 32 0.926 34.8 69.6 0.971 26.9 53.8 0.978 67.8 135.6
0.895 17 34 0.901 36.8 73.6 0.938 28.8 57.6 0.967 72.5 145
0.875 17.2 34.4 0.855 39.8 79.6 0.912 29.3 58.6 0.946 77.8 155.6
0.638 21 42 0.788 42.8 85.6 0.764 30.4 60.8 0.892 82.3 164.6
0.479 24.8 49.6 0.716 45.8 91.6 0.681 31 62 0.821 87.7 175.4
0.277 36.9 73.8 0.627 48.8 97.6 0.579 32.1 64.2 0.719 97.8 195.6
0.188 67.7 1354 0.503 52.8 105.6 0.465 32.7 65.4 0.641 107.6 215.2
0.158 136.6 273.2 0.393 57.7 1154 0.337 33.9 67.8 0.562 123 246
— — — 0.314 64.8 129.6 0.269 35.7 71.4 0.492 142.6 285.2
— — — 0.273 71.7 143.4 0.19 39 78 0.424 177 354
— — — 0.262 74.4 148.8 0.13 43.8 87.6 0.383 207.2 414.4
— — — 0.217 92.1 184.2 0.099 53.5 107 — — —
— — — 0.174 150.1 300.2 0.097 150.4 300.8 — — —

NOTE:

The conversion factor for capillary rise from hydrocarbon to water is two, as presented in Section X.1. Data from Brooks and Corey 1964
[DIRS 156915], Table 1, Appendix Ill.
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Second, the use of nondimensionalized constitutive relationships is corroborated by unsaturated
flow measurements as reported in Advection versus Diffusion in the Invert (BSC 2003
[DIRS 170881], Section 6.8.3). The measurement results indicate that the intergranular porosity
was free of water.

Finally, the sources of the inputs are individually justified. The value for the ratio of capillary
rise of water to the capillary rise of the hydrocarbon is an estimate that is included in the Brooks
and Corey report (1964 [DIRS 156915]) of the qualified data. Van Genuchten (1980
[DIRS 100610]) used the same factor in his analysis, thus corroborating the value for the ratio of
the capillary rise.  All three authors are prominent soil scientists whose work is
widely recognized.

The Kozeny-Carman equation is corroborated by a similar form in a handbook (Winterkorn and
Fang 1975 [DIRS 169700], p. 106, Eq. 2.19).

Porosity of Poorly Graded Sands in the Loose State

In a handbook, Hilf (1975 [DIRS 169699], Table 7.3, p. 257) reports a range in the maximum
void ratio (e) of 0.67 to 0.94 for the Unified Soils Classification System type SP, which is for
poorly graded sands and gravelly sands with little to no fines (Hilf 1975 [DIRS 169699], p. 84).
The corresponding porosity (¢ ) can be calculated using the handbook formula that relates the
void ratio to porosity (Kaviany 1998 [DIRS 170520], p. 9.76):

e= —¢
1-¢
where
e = void ratio and
¢ = porosity
Solving for ¢ in terms of e:
_ e
l+e

For the range of void ratios for SP materials, the corresponding range for intergranular porosity
is 0.40 to 0.48. A value of 0.45 is selected for the intergranular porosity of the crushed tuff
gravel in the invert because it is near the middle of this range.

Properties of Water

The properties of water at ambient temperature are given by Incropera and DeWitt (1996
[DIRS 108184]). The water density (p) equals approximately 1000 kg/m® and the absolute
viscosity (1) equals 8.935 x 10 N-s/(m?). The surface tension of water equals 72 dynes/cm.
These values are corroborated by handbook values from Liley et al. (1984 [DIRS 146851],
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pp. 3-75 and 3-238) by interpolation to 25°C. Using MathCad 11.2a, the interpolation proceeds
as follows:

Convert the temperature to Kelvin from Celsius:
25°C +273.15=298.15 K

The density of water given by Liley et al. (1984 [DIRS 146851], Table 3-38) is 997.045 kg/m®.
Use 1,000 kg/m® for purposes of illustrating hydraulic conductivity versus moisture potential
relationships, as in Attachment X. Liley et al. (1984 [DIRS 146851], Table 3-302) list the
following values of viscosity and surface tension:

i=0.1
Te\
Vs ‘ =
Absolute |Surface
St} Temperature | Viscosity |Tension

(K) (N*sec/m?) |(N/m)
205] 9.50E-04] 0.0727
300/ 8.55E-04| 0.0717

Add units for purposes of interpolation:

Temperature; .= Te;-K

. . sec\
Viscosity; := Vs;-| N-—
2

m”)

. N

Surface Tension; .= St;-—

m

Perform a linear interpolation on this data for a temperature of 25°C or 298.15 K:

linterp(Temperature, Viscosity, 298.15- K) = 8.94x10% N -sec
m
J ; dyne
linterp(Temperature, Surface Tension, 298.15-K) =72.1
cm

The properties listed above are used for analysis of moisture retention and hydraulic conductivity
relationships for the intergranular porosity of the invert in Appendix X. The ambient
temperature of 25°C is consistent with the temperature used in the analysis of the Brooks and
Corey moisture retention measurements presented in Appendix X. This analysis, which applies
the ambient temperature value, is used only to illustrate the relationship of unsaturated hydraulic
conductivity to moisture potential of the intergranular porosity of the invert. The NUFT code
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uses van Genuchten moisture retention and relative permeability relationships that are
independent of temperature; however, NUFT accounts for the temperature dependence of the
fluid properties in the thermal-hydrologic simulations.

Adjustment for Fluid Density for the Height of Capillary Rise

The Brooks and Corey retention data presented in Appendix X used hydrocarbon as the fluid.
The data in Appendix X are adjusted to account for the difference between water and the
hydrocarbon fluid. According to Brooks and Corey (1964 [DIRS 156915], Equation 17, p. 9),
the capillary rise of water was about twice that of the hydrocarbon used in the measurements.
This relationship is justified for the intended use in that it is established fact that the capillary rise
or retention equals the capillary pressure divided by the density of the fluid.

Qualification of the Use of Information from Fetter

The referenced source by Fetter (1993 [DIRS 102009]) on the topics of the theory supporting
analytical equations for steady-state unsaturated flow in porous medium and the use of the van
Genuchten relation was reviewed by the following individuals: J.M. Bahr at the University of
Wisconsin — Madison; R.A. Griffin at the University of Alabama; J.I. Hoffman at Eastern
Washington University; M. Th. van Genuchten at the U.S. Department of Agriculture Salinity
Laboratory; S. Kornder at the James River Paper Company; G. Sposito at the University of
California — Berkeley; N. Valkenburg at Geraghty and Miller, Inc.; and P. Wierenga at the
University of Arizona. Noting that the information of interest from Fetter pertains to unsaturated
flow and the van Genuchten relation, and the fact that this source was reviewed by Martinus Th.
van Genuchten, among others, the source is considered reliable for its intended use. The extent
to which this source of information addresses the supporting analytical equations for steady-state
unsaturated flow in porous medium and the use of the van Genuchten relation is considered
adequate because these topics were extensively reviewed, as documented here.

4.2 CRITERIA

Project Requirements Document (Canori and Leitner 2003 [DIRS 166275]) contains three
criteria that are relevant to the work documented in this report. They are:

1. PRD-002/T-014 Performance Objectives for the Geologic Repository After Permanent
Closure; see 10 CFR 63.113 [DIRS 156605] for compete requirement text.

2. PRD-002/T-015 Requirements for Performance Assessment; see 10 CFR 63.114 for
compete requirement text.

3. PRD-002/T-016 Requirements for Multiple Barriers; see 10 CFR 63.115 for compete
requirement text.

Work described in this document will support these requirements, but more specific criteria exist
in Yucca Mountain Review Plan, Final Report (Yucca Mountain Review Plan) (NRC 2003
[DIRS 163274]). Selected Yucca Mountain Review Plan acceptance criteria are presented to
supplement or clarify the Project Requirements Document citation.
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Technical Work Plan for: Near-Field Environment In-Drift Heat and Mass Transfer Model and
Analysis Reports Integration (BSC 2005 [DIRS 173377], Section 3.2) identifies the applicable
acceptance criteria for this model report. Because this model report predicts results that directly
or indirectly pertain to quantity of water contacting engineered barriers and waste forms, the
following Yucca Mountain Review Plan acceptance criteria, based on meeting the requirements
of 10 CFR 63.114(a)-(c) and (e)—(g) [DIRS 156605]), were identified as applicable to this
technical product (NRC 2003 [DIRS 163274], Section 2.2.1.3.3.3). As discussed in Section 8.4,
several parts of the criteria are not included because they are not relevant to this model report.
Section 8.4 discusses the contents of this report as they relate to the acceptance criteria.

4.2.1 Acceptance Criterion 1 — System Description and Model Integration Are Adequate

(1) Total system performance assessment adequately incorporates important design
features, physical phenomena, and couplings, and uses consistent and appropriate
assumptions throughout the quantity and chemistry of water contacting engineered
barriers and waste forms abstraction process;

(2) The abstraction of the quantity and chemistry of water contacting engineered barriers
and waste forms uses assumptions, technical bases, data, and models, that are
appropriate and consistent with other related U.S. Department of Energy abstractions.
For example, the assumptions used for the quantity and chemistry of water contacting
engineered barriers and waste forms are consistent with the abstractions of
“Degradation of Engineered Barriers” (Section 2.2.1.3.1); “Mechanical Disruption of
Engineered Barriers (Section 2.2.1.3.2); “Radionuclide Release Rates and Solubility
Limits” (Section 2.2.1.3.4); “Climate and Infiltration” (Section 2.2.1.3.5); and “Flow
Paths in the Unsaturated Zone” (Section 2.2.1.3.6). The descriptions and technical
bases provide transparent and traceable support for the abstraction of quantity and
chemistry of water contacting engineered barriers and waste forms;

(3) Important design features, such as waste package design and material selection,
backfill, drip shield, ground support, thermal loading strategy, and degradation
processes, are adequate to determine the initial and boundary conditions for
calculations of the quantity and chemistry of water contacting engineered barriers and
waste forms;

(4) Spatial and temporal abstractions appropriately address physical couplings (thermal-
hydrologic-mechanical-chemical). For example, the U.S. Department of Energy
evaluates the potential for focusing of water flow into drifts, caused by coupled
thermal-hydrologic-mechanical-chemical processes;

(5) Sufficient technical bases and justification are provided for total system performance
assessment assumptions and approximations for modeling coupled thermal-
hydrologic-mechanical-chemical effects on seepage and flow, the waste package
chemical environment, and the chemical environment for radionuclide release. The
effects of distribution of flow on the amount of water contacting the engineered
barriers and waste forms are consistently addressed, in all relevant abstractions;
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(6)

(7)

(8)

9)

The expected ranges of environmental conditions within the waste package
emplacement drifts, inside the breached waste packages, and contacting the waste
forms and their evolution with time are identified. These ranges may be developed to
include: (i) the effects of the drip shield and backfill on the quantity and chemistry of
waster (e.g., the potential for condensate formation and dripping from the underside of
the shield); (ii) conditions that promote corrosion of engineered barriers and
degradation of waste forms; (iii) irregular wet and dry cycles; (iv) gamma-radiolysis;
and (v) size and distribution of penetrations of engineered barriers;

The model abstraction for quantity and chemistry of water contacting engineered
barriers and waste forms is consistent with the detailed information on engineered
barrier design and other engineered features. For example, consistency is
demonstrated for: (i) dimensionality of the abstractions; (ii) various design features
and site characteristics; and (iii) alternative conceptual approaches. Analyses are
adequate to demonstrate that no deleterious effects are caused by design or site
features that the U.S. Department of Energy does not take into account in this
abstraction;

Adequate technical bases are provided, including activities such as independent
modeling, laboratory or field data, or sensitivity studies, for inclusion of any thermal-
hydrologic-mechanical-chemical couplings and features, events, and processes;

Performance-affecting processes that have been observed in thermal-hydrologic tests
and experiments are included into the performance assessment. For example, the U.S.
Department of Energy either demonstrates that liquid water will not reflux into the
underground facility or incorporates refluxing water into the performance assessment
calculation, and bounds the potential adverse effects of alteration of the hydraulic
pathway that result from refluxing water;

(12) Guidance in NUREG-1297 (Altman et al. 1988 [DIRS 103597] and NUREG-1298

(Altman et al. 1988 [DIRS 103750]), or other acceptable approaches, is followed.

4.2.2  Acceptance Criterion 2 — Data Are Sufficient for Model Justification

1)

(2)

(3)

Geological, hydrological, and geochemical values used in the license application are
adequately justified. Adequate description of how the data were used, interpreted, and
appropriately synthesized into the parameters is provided;

Sufficient data were collected on the characteristics of the natural system and
engineered materials to establish initial and boundary conditions for conceptual
models of thermal-hydrological-mechanical-chemical coupled processes, that affect
seepage and flow and the engineered barriers chemical environment;

Thermo-hydrologic tests were designed and conducted with the explicit objectives of
observing thermal-hydrologic processes for the temperature ranges expected for
repository conditions and making measurements for mathematical models. Data are
sufficient to verify that thermal-hydrologic conceptual models address important
thermal-hydrologic phenomena;
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(4) Sufficient information to formulate the conceptual approach(es) for analyzing water
contact with the drip shield, engineered barriers, and waste forms is provided.

4.2.3 Acceptance Criterion 3 —Data Uncertainty Is Characterized and Propagated
Through the Model Abstraction

(1) Models use parameter values, assumed ranges, probability distributions, and bounding
assumptions that are technically defensible, reasonably account for uncertainties and
variabilities, and do not result in an under-representation of the risk estimate;

(2) Parameter values, assumed ranges, probability distributions, and bounding
assumptions used in the total system performance assessment calculations of quantity
and chemistry of water contacting engineered barriers and waste forms are technically
defensible and reasonable, based on data from the Yucca Mountain region (e.g., results
from large block and drift-scale heater and niche tests), and a combination of
techniques that may include laboratory experiments, field measurements, natural
analog research, and process-level modeling studies;

(3) Input values used in the total system performance assessment calculations of quantity
and chemistry of water contacting engineered barriers (e.g., drip shield and waste
package) are consistent with the initial and boundary conditions and the assumptions
of the conceptual models and design concepts for the Yucca Mountain site.
Correlations between input values are appropriately established in the
U.S. Department of Energy total system performance assessment. Parameters used to
define initial conditions, boundary conditions, and computational domain in sensitivity
analyses involving coupled thermal-hydrologic-mechanical-chemical effects on
seepage and flow, the waste package chemical environment, and the chemical
environment for radionuclide release, are consistent with available data. Reasonable
or conservative ranges of parameters or functional relations are established;

(4) Adequate representation of uncertainties in the characteristics of the natural system
and engineered materials is provided in parameter development for conceptual models,
process-level models, and alternative conceptual models. DOE may constrain these
uncertainties using sensitivity analyses or conservative limits. For example, DOE
demonstrates how parameters used to describe flow through the EBS bound the effects
of backfill and excavation-induced changes;

4.2.4 Acceptance Criterion 4 —Model Uncertainty Is Characterized and Propagated
Through the Model Abstraction

(1) Alternative modeling approaches of features, events, and processes are considered and
are consistent with available data and current scientific understanding, and the results
and limitations are appropriately considered in the abstraction;

(2) Alternative modeling approaches are considered and the selected modeling approach is
consistent with available data and current scientific understanding. A description that
includes a discussion of alternative modeling approaches not considered in the final
analysis and the limitations and uncertainties of the chosen model is provided;
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(3) Consideration of conceptual-model uncertainty is consistent with available site |
characterization data, laboratory experiments, field measurements, natural analog
information and process-level modeling studies; and the treatment of
conceptual-model uncertainty does not result in an under-representation of the risk |
estimate;

(4) Adequate consideration is given to effects of thermal-hydrologic-mechanical-chemical
coupled processes in the assessment of alternative conceptual models. These effects
may include: (i) thermal-hydrologic effects on gas, water, and mineral chemistry; (ii)
effects of microbial processes on the engineered barrier chemical environment and the
chemical environment for radionuclide release; (iii) changes in water chemistry that
may result from the release of corrosion products from the engineered barriers and
interactions between engineered materials and ground water; and (iv) changes in
boundary conditions (e.g., drift shape and size) and hydrologic properties, relating to
the response of the geomechanical system to thermal loading.

4.2.5 Acceptance Criterion 5 — Model Abstraction Output Is Supported by Objective
Comparisons

No subcriteria are applicable to this report.
4.3 CODES, STANDARDS, AND REGULATIONS

This report was prepared to comply with 10 CFR Part 63 [DIRS 156605], the U.S. Nuclear
Regulatory Commission rule on high-level radioactive waste. Subparts of this rule that are
applicable to data include Subpart E, Section 114 (Requirements for Performance Assessment).
The subpart applicable to models is also outlined in Subpart E Section 114. The subparts
applicable to features, events, and processes (FEPs) are 10 CFR 63.114(d), (e), and (f)
[DIRS 156605]. Standard Practice for Preparing, Cleaning, and Evaluating Corrosion Test
Specimens (ASTM G 1-90 [DIRS 103515]) was also used in preparing this report, as was
Section Il of 1995 ASME Boiler and Pressure Vessel Code (ASME 1995 [DIRS 108417]).

4.4 DATA FROM FIELD MEASUREMENTS IN THE LARGE BLOCK TEST AND
DRIFT SCALE TEST

The source DTNs for the field measurements in the Large Block Test (LBT) are listed in Table
4.4-1. These DTNs are used for model validation purposes only and are not direct input to the
MSTHM. The source DTNSs for the field measurements in the Drift Scale Test (DST) are listed
in Table 4.4-2.
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Table 4.4-1.

Source DTNs for Field Measurements Made in the Large Block Test (LBT)

Model Input

Value

Source

Heater power history

Heater power input for each of 5 heater boreholes; power
history read from 7 tables; table name and time range as
follows:
» S98461_018 2/27/1997-4/30/1997
S98461_019 5/1/1997-7/31/1997
S98461_020 8/1/1997-10/31/1997
S98461_021 11/1/1997-1/20/1998
S98461_011 1/20/1998-3/31/1998
S98461_012 4/1/1998-6/30/1998
S98461_013 7/1/1998-9/16/1998

DTN: LL980918904244.074
[DIRS 135872]

Top surface boundary
temperature controlled
by heat exchanger

Temperature averaged from 4 RTDs, TNE-1, TNW-1,TSE1-
1, and TSW-1; table name and time range as follows:
S98461_022 2/27/1997-4/30/1997

S98461_023 5/1/1997-7/31/1997

S98461 024 8/1/1997-10/24/1997

S98461_025 10/25/1997-12/31/1997

S98461_026 1/1/1998-3/31/1998

S98461_027 4/1/1998-6/30/1998

S98461_028 7/1/1998-9/16/1998

DTN: LL980918904244.074
[DIRS 135872]

Snapshots of rock
temperature profile
along Borehole TT1

Temperature profile along Borehole TT1 at five different
times. Given below are table (or file) name, elapsed time in
hours (h), and the range of row numbers that contain the
data for each time.

S98461_033 719.8h 1-41136

S98461_034 2399.6 h 1 -159235

S98461_035 4800.13 h 1 — 149893

S98461_029 7200.03 h 1 —90950

S98461_031 9600.22 h 1 —98329

DTN: LL980918904244.074
[DIRS 135872]

Initial volumetric water
content from neutron
measurements

Initial water content obtained from average of values
measured along Borehole TN3 prior to heating; data from
file at row numbers 1 -- 159

DTN: LL980919304244.075
[DIRS 145099]

Volumetric water
content from neutron
measurements

Rock water content profile along Borehole TN3 at 103 d,
361 d, and 501 d; data from file at row numbers 2200 —
2254 for 103 d, 2365 — 2419 for 361 d, and 2585 — 2639
for 501d

DTN: LL980919304244.075
[DIRS 145099]

Air temperature:
1/1/1997 —
12/31/1997

Bureau of Land Management Site 8 temperature data used
in boundary conditions. Data under table name
S04010_001, and parameter name Temperature. Data in
Microsoft Access folder Met1997t.mdb, in table S008_97t.
The Julian day number is in Column 3 (1-365), time of day
in Column 4 (hr, min) and temperature in Column 8 (°C).

DTN: MOO0312SEPQ1997.001
[DIRS 167116]

Air temperature:
1/1/1998 — 3/31/1998

Bureau of Land Management Site 8 temperature data used
in boundary conditions. MOL.19990315.0065 Data file:
1998b_sr.txt. The site number is in Column 1 (used only
Site 8 data), Julian day number in Column 3 (1-365), time of
day in Column 4 (hr) and temperature in Column 7 (K).

DTN: MO9SMETDATA114.000
[DIRS 165702]

Air temperature:
4/1/1998 — 6/30/1998

Bureau of Land Management Site 8 temperature data used
in boundary conditions. Data file: 2q98a_sr.txt
(MOL.19990323.0416). The site number is in Column 1
(used only Site 8 data), Julian day number in Column 3 (1-
365), time of day in Column 4 (hr) and temperature in
Column 7 (K).

DTN: MO9SMETDATA117.000
[DIRS 165705]
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Table 4.4-1.

Source DTNs for Field Measurements Made in the Large Block Test (LBT) (Continued)

Model Input

Value

Source

Air temperature:
7/1/1998 — 9/30/1998

Bureau of Land Management Site 8 temperature data used
in boundary conditions. Data file: 3q98_sr.txt
(MOL.19990105.0204). The site number is in Column 1
(used only Site 8 data), Julian day number in Column 3 (1-
365), time of day in Column 4 (hr) and temperature in
Column 7 (K).

DTN: MO98METDATA120.000
[DIRS 165706]

Drift-scale calibrated
one-dimensional
property set, FY99:
Base-case infiltration

Entire DTN.

DTN: LB990861233129.001
[DIRS 110226]

NOTE:

these DTNs are used for validation purposes only.

Also listed is one of the data sets used in the thermal-hydrologic model calculations of the LBT. Note that

Table 4.4-2. Source DTNs for Field Measurements Made in the Drift Scale Test (DST)

Model Input

Value

Source

As-built locations of boreholes,
sensors, and heaters

Location of temperature sensors in Table
S00085_001; locations of temperature and
neutron boreholes and heaters in Table
S00085_002

DTN: MOO002ABBLSLDS.000
[DIRS 147304]

Heater power and sensor
temperatures: November 7,
1997 — May 31, 1998

Floor heater and wing heater power in Table
S98349 001; Table names and time intervals
for temperatures are as follows:

« 598349 004 11/7/1997 — 11/30/1997
S98349 005 12/1/1997 — 12/31/1997
S98349_006 1/1/1998 — 1/31/1998
S98349_007 2/1/1998 — 2/28/1998
S98349_008 3/1/1998 — 3/31/1998
S98349 009 4/1/1998 — 4/30/1998
S98349 010 5/1/1998 — 5/31/1998

DTN: MO9807DSTSET01.000
[DIRS 113644]

Heater power and sensor
temperatures: June 1, 1998 —
August 31, 1998

Floor heater and wing heater power in Table
S99012_001; Table names and time intervals
for temperatures are as follows:

+ S99012_004 6/1/1998 — 6/30/1998

+ S99012_005 7/1/1998 — 7/31/1998

+ S99012_006 8/1/1998 — 8/31/1998

DTN: MO9810DSTSET02.000
[DIRS 113662]

Heater power and sensor
temperatures: September 1,
1998 — May 31, 1999

Floor heater and wing heater power in Table
S99304_010; Table names and time intervals
for temperatures are as follows:

» S99304_001 9/1/1998 — 9/30/1998
S99304_002 10/1/1998 — 10/31/1998
S99304_003 11/1/1998 — 11/30/1998
S99304_004 12/1/1998 — 12/30/1998
S99304_005 1/1/1999 — 1/31/1999
S99304_006 2/1/1999 — 2/28/1999
S99304_007 3/1/1999 — 3/30/1999
S99304_008 4/1/1999 — 4/29/1999
S99304_009 5/1/1999 — 5/31/1999

DTN: MO9906DSTSET03.000
[DIRS 113673]
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Table 4.4-2. Source DTNs for Field Measurements Made in the Drift Scale Test (DST) (Continued)

Model Input

Value

Source

Heater power and sensor
temperatures: June 1, 1999 —
October 31, 1999

Floor heater and wing heater power in Table
S00044_001; Table names and time intervals
for temperatures are as follows:

+ S00044_004 6/1/1999 — 6/30/1999

+ S00044_005 7/1/1999 — 7/31/1999

+ S00044_006 8/1/1999 — 8/31/1999

« S00044_007 9/1/1999 — 9/30/1999

+ S00044_008 10/1/1999 — 10/31/1999

DTN: MOO001SEPDSTPC.000
[DIRS 153836]

Heater power and sensor
temperatures: November 1,
1999 — May 31, 2000

Floor heater and wing heater power in Table
S00327_009; Table names and time intervals
for temperatures are as follows:

+ S00327_002 1/1/2000 — 1/31/2000

+ S00327_003 2/1/2000 — 2/29/2000

+ S00327_004 3/1/2000 — 3/31/2000

+ S00327_005 4/1/2000 — 4/30/2000

+ S00327_006 5/1/2000 — 5/31/2000

+ S00327_007 11/1/1999 — 11/30/1999

+ S00327_008 12/1/1999 — 12/31/1999

DTN: MO0007SEPDSTPC.001
[DIRS 153707]

Sensor temperatures: January
15, 2002 — June 30, 2002

Data obtained from text files:
TDIF_009_0201_2.txt, TDIF_009_0202.txt,
TDIF_009_0203.txt, TDIF_009_0204.txt,
TDIF_009_0205.txt, and TDIF_009_0206.txt

DTN: MO0208SEPDSTTD.001
[DIRS 161767]

Heater power and sensor
temperatures: June 1, 2000 —
November 30, 2000

Floor heater and wing heater power in Table
S00468_002; Table names and time intervals
for temperatures are as follows:

+ S00468_003 10/1/2000 — 10/31/2000

+ S00468_004 6/1/2000 — 6/30/2000

+ S00468_005 9/1/2000 — 9/30/2000

+ S00468_006 8/1/2000 — 8/31/2000

« S00468_007 7/1/2000 — 7/31/2000

+ S00468_008 11/1/2000 — 11/30/2000

DTN: MO0O012SEPDSTPC.002
[DIRS 153708]

Heater power and sensor
temperatures: December 1,
2000 — May 31, 2001

Floor heater and wing heater power in Table
S01100_002; Table names and time intervals
for temperatures are as follows:

+ S01100_004 12/1/2000 — 12/31/2000

+ S01100_005 1/1/2001 — 1/31/2001

» S01100_006 2/1/2001 — 2/28/2001

+ S01100_007 3/1/2001 — 3/31/2001

+ S01100_008 4/1/2001 — 4/30/2001

+ S01100_009 5/1/2001 — 5/31/2001

DTN: MO0107SEPDSTPC.003
[DIRS 158321]

Heater power and sensor
temperatures: June 1, 2001 —
January 14, 2002

Floor heater and wing heater power in Table
S02060_010; Table names and time intervals
for temperatures are as follows:

+ S02060_001 6/1/2001 — 6/30/2001
S02060_002 7/1/2001 — 7/31/2001
S02060_003 8/1/2001 — 8/31/2001
S02060_004 9/1/2001 — 9/30/2001
S02060_005 10/1/2001 — 10/31/2001
S02060_006 11/1/2001 — 11/30/2001
S02060_007 12/1/2001 — 12/31/2001
S02060_008 1/1/2002 — 1/14/2002

DTN: MOO0202SEPDSTTV.001
[DIRS 158320]
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Table 4.4-2. Source DTNs for Field Measurements Made in the Drift Scale Test (DST) (Continued)

Model Input

Value

Source

Sensor temperatures: July 1,
2002 — December 31, 2002

Data obtained from text files:
TDIF_010_0207.txt, TDIF_010_0208.txt,
TDIF_010_0209.txt, TDIF_010_0210.txt,
TDIF_010_0211.txt, and TDIF_010_0212.txt

DTN: MOO0303SEPDSTTM.000
[DIRS 165698]

Sensor temperatures: January 1,
2003 — June 30, 2003

Data obtained from text files:
TDIF_011_0306.txt, TDIF_011_0302.txt,
TDIF_011_0303.txt, TDIF_011_0304.txt,
TDIF_011_0305.txt, and TDIF_011_0301.txt

DTN: MO0307SEPDST31.000
[DIRS 165699]

Water content in rock from
neutron measurements: August
1997 — May 2002

Following are the neutron boreholes and files
that supply the water content data:

* Borehole 68 File N10hv.xls

* Borehole 79 File N11hxv.xls

* Borehole 80 File N12hxv.xls

DTN: LL020710223142.024
[DIRS 159551]

Water content in rock from
neutron measurements: January
2003 — May 2003

Following are the neutron boreholes and files
that supply the water content data:

* Borehole 68 File TD100307.xls

* Borehole 79 File TD110307.xls

* Borehole 80 File TD120307.xls

DTN: LL030709023122.032
[DIRS 165701]

Temperatures and gas-phase
pressures at upper boundary
(ground surface) and lower
boundary (water table) of the
three-dimensional Site-Scale UZ
Flow Model (Table 4.1-1)

Files: INCON_thm_s32.dat and
MESH_rep.VF

DTN: LB991201233129.001
[DIRS 146894]

NOTE:
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5. ASSUMPTIONS
5.1 BOUNDARY CONDITIONS
5.1.1 Ground-Surface Relative Humidity

Assumption: The relative humidity at the ground surface above the repository is assumed to be
100 percent.

Rationale: The liquid-phase flux distribution applied at the upper boundary of the LDTH
submodels of the MSTHM is the percolation-flux distribution (from the base of the PTn unit into
the top of the TSw sequence of units) calculated by UZ Flow Models and Submodels (BSC 2004
[DIRS 169861]). Note that the three-dimensional UZ flow model accounts for the influence of
evapotranspiration in the soil zone on net infiltration flux at Yucca Mountain by virtue of the fact
that it is addressed in the net infiltration-flux distribution applied at the top of the
three-dimensional UZ flow model. A relative humidity of 100 percent is applied at the
atmosphere boundary at the top of the MSTHM to ensure that the PTn-to-TSw percolation flux is
neither significantly diminished nor increased by virtue of gas-phase moisture flux at the top of
the MSTHM. To verify that the PTn-to-TSw percolation flux is neither significantly diminished
nor increased, the ambient present-day percolation flux above the repository horizon was
compared to the PTn-to-TSw percolation flux, which is imposed at the upper boundary in the
LDTH submodels (Section 6.2.6). It was found that the differences between the imposed
PTn-to-TSw percolation flux at the upper boundary and the percolation flux above the repository
horizon never exceed 3.61 x 10 mm/yr for the mean infiltration-flux case. For example, the
percolation flux above the repository is 3.11 x 10~ mm/yr greater than the imposed PTn-to-TSw
percolation flux for the LDTH submodel location with the lowest present-day PTn-to-TSw
percolation flux; because this difference is only 0.01 percent of the PTn-to-TSw percolation flux,
which is 0.23 mml/yr, it is insignificant. ~The percolation flux above the repository
is 3.61 x 10~ mm/yr greater than the imposed PTn-to-TSw percolation flux for the LDTH
submodel location with the highest present-day PTn-to-TSw percolation flux; because this
difference is only 0.003 percent of the PTn-to-TSw percolation flux, which is 13.8 mm/yr, it is
insignificant. Note that these small differences are positive; that is to say that imposing a relative
humidity of 100 percent at the ground surface slightly increases the moisture flux above the
repository horizon (by the very small quantities given above) compared to the imposed
liquid-phase flux at the top of the LDTH submodel.

Confirmation Status: Because this assumption is justified, it does not require further
confirmation.

Use in the Model: This assumption affects all LDTH submodels, and is used in Sections 6.2, 6.3,
6.4,7.4,and 7.5.

5.1.2 Ambient Percolation Flux above Repository Horizon
Assumption: The ambient percolation-flux distribution above the repository horizon is assumed

to be unaffected by mountain-scale repository-heat-driven thermal-hydrologic effects until it
reaches the boiling condensation zones surrounding the emplacement drifts. Moreover, between
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the base of the PTn UZ model layers and the repository horizon, ambient percolation flux is
assumed to be one-dimensional vertically downward with no lateral diversion caused by layering
or heterogeneity in the hydrologic-property distributions. Therefore, the percolation-flux
distribution above the repository horizon is taken to be the percolation-flux distribution from the
PTn to the upper TSw UZ model layer unit (also called the PTn-to-TSw percolation flux) that is
predicted by UZ Flow Models and Submodels (BSC 2004 [DIRS 169861]).

Rationale: The influence of subboiling evaporation has an insignificant effect on the magnitude
or direction of liquid-phase flux. Moreover, the LDTH submodels already account for the
influence of subboiling evaporation within the confines of the two-dimensional LDTH-submodel
geometry. Fracturing within the sequence of UZ model layer units between the PTn and the
repository horizon is dense, which is not conducive to laterally diverting gravity-driven ambient
percolation; thus, percolation within this interval is vertically downward. The denseness of the
fracture spacing is evident in the data on fracture frequency (DTN: LB0205REVUZPRP.001
[DIRS 159525]). As is discussed in Section 6.1.4 of Calibrated Properties Model (BSC 2004
[DIRS 169857]), heterogeneity of hydrologic properties (including fracture spacing) is treated as
a function of geologic layering; thus, any one geologic layer has homogeneous properties
throughout the grid derived from UZ Flow Models and Submodels (BSC 2004 [DIRS 169861]),
as well as throughout the MSTHM.

Confirmation Status: Because this assumption is justified, it does not require further
confirmation.

Use in the Model: Section 6.2.6.6 describes the use of the PTn-to-TSw percolation flux in the
MSTHM LDTH submodels. This assumption is used in Sections 6.2, 6.3, and 7.5.

5.1.3 Barometric Pressure Fluctuations at the Ground Surface

Assumption. Barometric (i.e., gas-phase) pressure fluctuations at the ground surface above the
repository are assumed to be insignificant. Consequently, the gas-phase pressure at the ground
surface is held constant (i.e., does not fluctuate with time) in all thermal-hydrologic models.

Rationale: The magnitude of gas-phase pressure fluctuations resulting from barometric pumping
is small compared to the gas-phase pressure gradients resulting from (1) forced convective
cooling of emplacement drifts during the preclosure ventilation period and (2) repository-heat-
driven boiling during the postclosure period. Moreover, barometric pumping is not a significant
contributor to the removal of water vapor from emplacement drifts and the adjoining host rock,
compared to the effect of drift ventilation during the preclosure period and the effect of boiling
during the postclosure period.

Confirmation Status: Because this assumption is justified, it does not require further
confirmation.

Use in the Model: This assumption is used in Sections 6.3, 6.4, 7.3, 7.4, and 7.5.
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5.1.4 Timing of Climate Change Influence on Percolation Flux above Repository

Assumption.  For representing percolation flux above the repository, the transition from
present-day to monsoonal climate is assumed to occur 600 years after emplacement and the
transition from monsoonal to glacial transition climate is assumed to occur 2,000 years after
emplacement.

Rationale: Section 6.6.1 and Table 6-1 of Future Climate Analysis (BSC 2004 [DIRS 170002])
give a range of duration for the transition from the present day to the monsoonal climate of 400
to 600 years, and a range of duration for the transition from the monsoonal to the glacial
transition climate of 900 to 1,400 years. Thus, the minimum times for the timing of the climate
transitions are 400 and 1,300 years, respectively. The maximum times for the timing of the
climate transitions are 600 and 2,000 years, which is what is assumed in this report, as well as in
all other thermal-hydrologic models supporting TSPA-LA, such as Mountain-Scale Coupled
Processes (TH/THC/THM) Models (BSC 2004 [DIRS 169866] and Drift-Scale Coupled
Processes (DST and TH Seepage) Models (BSC 2004 [DIRS 170338]). Because peak repository
temperatures are predicted to occur within 15 to 20 years after closure (Section 6.3.2), the timing
of the first climate transition (400 to 600 years) has no effect on peak temperatures. Because the
majority of waste package locations in the repository are predicted to cool down below boiling
(at the drift wall) prior to 1,300 years (Figure 6.3-52 and Table 6.3-37), the timing of the second
climate transition (1,300 to 2,000 years) will have an insignificant effect on the majority of the
waste package locations in the repository. The only locations potentially affected by this
assumption are those in regions of low percolation flux, close to the center of the repository.
Even for those situations, the influence of this assumption is not expected to be significant,
compared to the influences of host-rock thermal conductivity uncertainty and percolation-flux
uncertainty.

Confirmation Status: Because this assumption is justified, it does not require further
confirmation.

Use in the Model: This assumption is used in Sections 6.3 and 7.5.
5.1.5 Water Table Rise

Assumption: The influence of water table rise, which results from future (wetter) climates, is
assumed to have an insignificant effect on thermal-hydrologic conditions in the emplacement
drifts and adjacent host rock. Thus, the influence of water table rise is assumed to have an
insignificant effect on temperature and relative humidity in the emplacement drifts.

Rationale: As discussed in Section 6.6.3 of UZ Flow Models and Submodels (BSC 2004
[DIRS 169861]), paleohydrologic evidence suggests that at points downstream of Yucca
Mountain, the water could have been on the order of 100 to 120 m higher during glacial climates
(Forester et al. 1996 [DIRS 100148], p. 63). This change in water table elevation is small
compared to the average distance between the repository horizon and the water table, which is on
the order of 300 m. With regards to the thermal-hydrologic response in the repository, the
primary potential influence of this change is to cause a small increase in liquid-phase saturation
in the lower 100 to 120 m of the unsaturated zone, causing a small change in the thermal
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conductivity in that vertical interval. Heat flow in that vertical interval, which is dominated by
thermal conduction, will experience an insignificant change as a result of this small increase in
liquid-phase saturation, causing an insignificant change in predicted repository temperatures.
The other potential influence of water table rise is to increase the relative humidity in the host
rock under ambient conditions. Because ambient relative humidity is already close to unity
under the present-day climate, any increases resulting from a future (wetter) climate will be
insignificant.

Confirmation  Status: Because this assumption is justified, it does not require
further confirmation.

Use in the Model: This assumption is used in Sections 6.3, 6.4, and 7.5.
5.2 HEAT FLOW PROCESSES
5.2.1 Mountain-Scale Heat Flow

Assumption: The following assumption only applies to the SMT submodels (Section 6.2.5). For
the SMT submodels, differences in temperature that arise as a result of proximity to the
repository edges are assumed to be governed by thermal conduction in the rock. This
assumption is equivalent to saying that convective heat transfer mechanisms (notably, buoyant
gas-phase convection and the heat-pipe effect) have an insignificant influence on lateral
mountain-scale heat flow at Yucca Mountain. This assumption tends to preserve temperature
differences that arise as a result of differences in proximity to the repository edges. This
assumption allows mountain-scale heat flow to be represented using thermal-conduction models.
This assumption is applied to the SMT submodels.

Rationale: The bulk permeability 4, of much of the unsaturated zone is much less than the
threshold 4y, value at which buoyant gas-phase convection begins to significantly influence heat
flow (Buscheck and Nitao 1994 [DIRS 130561]); therefore, heat flow is dominated by heat
conduction. Mountain-Scale Coupled Processes (TH/THC/THM) (BSC 2004 [DIRS 169866],
Section 6.3) documents a three-dimensional mountain-scale thermal-hydrologic model that is
similar in scale to the SMT submodel in the MSTHM. The vertical temperature profile of the
mountain-scale thermal-hydrologic model (Figure 6.3.1-6 of BSC 2004 [DIRS 169866]) is
indicative of conduction-dominated heat flow. Conduction dominates other heat transfer
mechanisms (i.e., convection in fractures and lithophysae, and latent-heat transfer) in the host
rock (Sass et al. 1988 [DIRS 100644], p. 35). This is also supported by the conclusions of data
and modeling of the Drift Scale Test (Birkholzer and Tsang 2000 [DIRS 154608], p. 1439).
Moreover, the primary role of the SMT submodel in the MSTHM methodology is to predict the
rate at which the edge-cooling effect propagates inward from the repository edges toward the
repository center. Mountain-scale buoyant gas-phase convection has an insignificant effect on
controlling the rate at which the edge-cooling effect propagates in toward the center of the
repository. This assumption is also justified because it tends to preserve temperature differences
that arise as a result of differences in proximity to the repository edges.

Confirmation  Status: Because this assumption is justified, it does not require
further confirmation.
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Use in the Model: This assumption is used in the MSTHM calculations in Sections 6.3, 6.4,
and 7.5.

5.2.2 Drift-Scale Heat Flow

Assumption. The following assumption only applies to the DDT submodels. For the DDT
submodels, the influence of repository-scale thermal conductivity variability and drift-scale
buoyant gas-phase convection within the host rock are assumed to have an insignificant
influence on waste package-to-waste package temperature deviations along the emplacement
drifts. This assumption allows the MSTHM methodology to rely upon only one set of DDT
submodel calculations conducted at a single LDTH-SDT submodel location.

Rationale: During the preclosure period, thermal radiation between the waste package and drift
wall controls the longitudinal temperature deviations along the emplacement drift in the
DDT submodels. During the postclosure period, thermal radiation between the waste package
and drip shield and between the drip shield and drift wall control the temperature deviations
along the emplacement drift. Heat flow in the longitudinal direction in the host rock (both by
conduction and convection) plays a much smaller role in attenuating waste package-to-waste
package temperature variations along the drift wall than does thermal radiation in the drift
(Hardin 1998 [DIRS 100350], Section 3.7.5.4).

The DDT submodel is only used for two purposes: (1) calculating the temperature difference
between the waste package and drip shield, and (2) calculating the longitudinal temperature
variations along the drift axis. Neither of these quantities is significantly influenced by the
thermal conductivity in the host rock (or in any of the other UZ model layers). Therefore, it is
not necessary to run the DDT submodels at multiple locations because the only potential benefit
would be to capture the influence of the local thermal conductivity values, which is relatively
unimportant with regards to the two quantities that the DDT submodel is required to predict.
Convective heat transfer driven by thermal-hydrologic behavior in the host rock has little effect
on longitudinal temperature variation in the drift. In other words, thermal-hydrologic processes
in the host rock do not contribute significantly to equalization of axial temperature variations in
the drift. Therefore, the conduction-only DDT submodel adequately represents longitudinal
temperature deviations in the drifts or adjoining host rock (relative to line-average-heat-source
conditions). This assumption is also justified because it tends to preserve temperature variability
along the drifts.

Drift-scale latent heat and convective heat transport by seeping water are included in the
MSTHM methodology because these effects are fully addressed by the LDTH submodels.
Section 6.2.1 outlines the MSTHM approach and the thermal-hydrologic processes accounted for
by the model.

Confirmation  Status: Because this assumption is justified, it does not require
further confirmation.

Use in the Model: This assumption is used in the MSTHM calculations in Sections 6.2.8, 6.3,
6.4, and 7.5.
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5.2.3 Waste Package Emplacement

Assumption: The assumption is made that the entire waste package inventory of the repository is
emplaced at the same time.

Rationale: The heat-generation-rate-versus-time tables (BSC 2005 [DIRS 173499]) for the
entire waste package inventory, as well as for the individual waste package types (BSC 2005
[DIRS 173705]), were effectively developed for a single time of emplacement and therefore, do
not represent how the heat-generation-rate tables may vary for the inventory and respective
waste package types during the 23-year emplacement period. Therefore, this assumption is
consistent with the heat-generation-rate-versus-time tables. The 50-year ventilation duration is
the minimum time that any waste package location in the repository will experience ventilation.
For a sequential emplacement repository analysis with all waste packages assumed to be the
same years out of reactor at the time of emplacement, packages emplaced at the beginning of the
23-year period would experience higher peak temperatures relative to those emplaced at the end
of the emplacement period. The assumption that all waste packages are emplaced
simultaneously at 50 years results in an analysis that bounds peak temperatures compared to an
analysis that accounts for sequential emplacement after a minimum 50-year ventilation period.
Thus, this assumption requires a minimum 50-year ventilation period in order to bound peak
temperatures.

Confirmation  Status: Because this assumption is justified, it does not require
further confirmation.

Use in the Model: This assumption is applied to all submodels, and is used in the MSTHM
calculations in Sections 6.3, 6.4, and 7.5.

5.3 MATERIAL PROPERTIES
5.3.1 Hydrologic Properties
5.3.1.1 Permeability of the Drip Shield and Waste Package for the MSTHM

Assumption: The drip shield and waste packages are assumed to be impermeable to liquid-phase
flow for the entire duration of the MSTHM simulation. The drip-shield is not impermeable to
gas-phase flow.

Rationale: Because it is not the purpose of the MSTHM model to predict the consequences of
seepage onto (or through) the waste package, the assumption that the drip-shield and waste
package are impermeable to liquid-phase flow does not affect the intended purpose of the
MSTHM. The drip shield will have joints where the drip-shield segments meet. The joints
between the drip-shield segments allow the transport (by advection and binary diffusion) of gas
(air plus water vapor) between the inside and outside of the drip shield. Note that the assumption
of the continuity of P, across the drip shield is also used in In-Drift Natural Convection and
Condensation (BSC 2004 [DIRS 164327], Section 6.3.3.2.7), the calculations from which are
used as bounding cases only for TSPA-LA.
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Confirmation Status: Because this assumption is justified, it does not require further
confirmation.

Use in the Model: This assumption is used in Section 6.3.
5.3.1.2 Hydrologic Properties of the Intragranular Porosity in the Invert Materials

Assumption: The hydrologic properties of the intragranular porosity of the invert materials are
assumed to be the same as those of the matrix of the host rock. Because the Tptpll (tsw35) unit
is the host-rock unit for 75.1 percent of the repository area as modeled in the MSTHM
(Table 6.3-3), it is assumed that matrix properties of the tsw35 unit are applicable to the
crushed-tuff invert for the entire repository area. The ratio of the surface area of the crushed tuff
grains divided by the connection length into the grains is assumed to be 1 x 10° for the
intragranular porosity. These assumptions are used in all LDTH submodels (Sections 6.2.6
and 6.3).

Rationale: The invert is composed of crushed-tuff gravel, which is derived from the host rock.
The dual-permeability model (DKM) is applied to represent flow in crushed-tuff gravel, with
flow within the tuff grains (called the intragranular porosity) corresponding to flow in the matrix
continuum of the DKM, and flow around the tuff grains (called the intergranular porosity)
corresponding to flow in the fracture continuum of the DKM. Therefore, it is reasonable to
assume that the hydrologic properties of the intragranular porosity are the same as those for the
matrix of the predominant host-rock unit. Applying the intact host-rock matrix properties to the
intragranular porosity of the invert implies that there is no reduction in the rewetting rate of the
invert by virtue of limited rock-to-grain or grain-to-grain contact area. The limited contact area
will not prevent the crushed-tuff grains from eventually attaining capillary-pressure equilibrium
with the adjoining host rock. When the drift wall has rewet to ambient liquid-phase saturation,
relative humidity at the drift wall will be very high (> 99 percent). The crushed-tuff grains in the
invert cannot remain dry when exposed to a high-relative humidity environment. However, the
limited rock-to-grain (and grain-to-grain) contact area may impede the rate at which rewetting
allows the invert to attain capillary-pressure equilibrium with the adjoining host rock. Thus,
there is some uncertainty about the time required for the invert to rewet to ambient liquid-phase
saturation conditions. The fact that the crushed-tuff invert could be derived from material from
the other three host-rock units (Tptpll, Tptpmn, and Tptpln) is also a source of uncertainty with
respect to the time required for the invert to rewet to ambient liquid-phase saturation conditions.

The assumption that the ratio of the surface area of crushed-tuff grains divided by the connection
length into the grains is equal to 1 x 10° affects the disequilibrium between the intergranular
porosity and the intergranular porosity. For 3-mm-diameter grains and 45 percent intergranular
porosity that apply to the invert (Table 4.1-2), this ratio is 7.33 x 10°. Using a value of 1 x 10°,
which is a ratio smaller than 7.33 x 10°, is appropriate because it is unlikely that all of the grain
surfaces will be wetted as water drains through the intergranular porosity.

Section 6.3-11 discusses a sensitivity analysis of thermal-hydrological conditions in the invert to
hydrologic properties of the intragranular porosity of the crushed-tuff gravel. Figure 6.3-63 plots
the liquid-phase saturation for the intragranular porosity and the temperature averaged over the
invert. Four different cases are considered, with each case utilizing the matrix properties from

ANL-EBS-MD-000049 REV 03 5-7 July 2005



Multiscale Thermohydrologic Model

each of the respective host-rock units: Tptpul (tsw33), Tptpmn (tsw34), Tptpll (tsw35), and
Tptpln (tsw36). Invert temperature is insensitive to the hydrologic properties of the intragranular
porosity (Figure 6.3-63b). Liquid-phase saturation is also insensitive to hydrologic properties of
the intragranular porosity (Figure 6.3-63a). Figure 6.3-64 plots temperature and relative
humidity at different locations in the drift, including the host rock at crown of the drift and below
the invert, and at the top and bottom of the invert beneath the drip shield for crushed-tuff gravel
derived from each of the host-rock units, respectively. Both temperature and relative humidity at
those locations are insensitive to hydrologic properties of the intragranular porosity. This lack of
sensitivity justifies this assumption.

Confirmation Status. Because these assumptions are considered to be adequate, they do not
require further confirmation.

Use in the Model: This assumption is used in Section 6.3.
5.3.1.3 Hydrologic Properties for the Concrete Invert in the Drift Scale Test

Assumption: The hydrologic properties for the Tptpmn (tsw34) host rock in the Drift Scale Test
(DST) are assumed to be applicable to the concrete invert in the Heated Drift of the DST.

Rationale: Hydrologic properties for the concrete invert were not measured and are not readily
available from the literature. Because the invert comprises such a small volume relative to the
thermally perturbed volume of the host rock in the DST, this assumption is justified.

Confirmation Status: Because this assumption is justified, it does not require further
confirmation.

Use in the Model: This assumption is used in Section 7.4.

5.3.1.4  Fracture Permeability of the Host Rock in the Wing-Heater Array of the Drift
Scale Test

Assumption: The boreholes that contain the wing heaters in the Drift Scale Test (DST) are not
explicitly represented in the DST thermal-hydrologic models. The boreholes, which intersect the
Heated Drift are not sealed and provide preferential conduits for gas flow. It is assumed that
increasing the fracture permeability by a factor of 1,000, in the lateral (horizontal) direction, for
the wing-heater array (Figures 7.4-2 and 7.4-16) adequately represents the influence of the
wing-heater boreholes as preferential conduits to gas flow. Note that the lateral direction is
parallel to the axis of the wing-heater boreholes. Note also that for the interval between the wing
heaters and the Heated Drift the fracture permeability is also increased by a factor of 1,000 in the
lateral (horizontal) direction.

Rationale: The wing-heater arrays consist of 50 open boreholes (with 25 boreholes located on
each side of the Heated Drift) that function as preferential conduits (in the lateral direction) to
gas flow within the boiling and dryout zones of the DST. The effect on thermal-hydrologic
behavior is to provide a means of relieving gas-phase pressure buildup in the center of the
boiling zone and to allow some of the water vapor generated in that zone to enter the Heated
Drift and exit through the leaky bulkhead. A thousand-fold increase in lateral fracture
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permeability effectively eliminates resistance to gas flow from the wing-heater array into the
Heated Drift. In Section 7.4, it is found that modeled temperatures and liquid-phase saturations
are weakly dependent on whether water vapor leaves the DST through the bulkhead. It should
be noted that much of this water vapor entered in the Heated Drift from the wing-heater array.
Therefore, the assumption for fracture permeability in the wing-heater array is justified in light
of its small impact on modeled thermal-hydrologic behavior in the DST.

Confirmation  Status: Because this assumption is justified, it does not require
further confirmation.

Use in the Model: This assumption is used in Section 7.4.
5.3.1.5  Permeability of the Bulkhead in the Drift Scale Test

Assumption: The bulkhead in the Drift Scale Test (DST) is assumed to be extremely permeable,
with a permeability one-tenth that of the open drift. This assumption is made because the
bulkhead is not sealed and because it contains several openings between the hot and cold side of
the bulkhead.

Rationale:  Drift-Scale Coupled Processes (DST and TH Seepage) Models (BSC 2004
[DIRS 170338], Section 7.3.4) discusses how the bulkhead functions as an open boundary for
gas-phase flow. In Section 7.4 of this report, it is found that modeled temperatures and
liquid-phase saturations are weakly dependent on whether water vapor leaves the DST through
the bulkhead. Therefore, the assumption for the permeability of the bulkhead is justified in light
of its small impact on modeled thermal-hydrologic behavior in the DST.

Confirmation  Status: Because this assumption is justified, it does not require
further confirmation.

Use in the Model: This assumption is used in Section 7.4.

5.3.1.6  Permeability of the Bulkhead in the Three-Dimensional Monolithic
Thermal-Hydrologic Model Used in the MSTHM Validation Test Case

Assumption: The nested-mesh three-dimensional monolithic thermal-hydrologic model, which is
called the D/LMTH model and used in the MSTHM validation test case (Section 7.5), has a
leaky bulkhead located just beyond the last waste package at the edge of the drift. It is assumed
that this bulkhead is leaky, with the same bulk permeability as that of the adjoining fractured
rock mass.

Rationale: The influence of an extremely leaky bulkhead on the DST thermal-hydrologic model
results is investigated in Section 7.4, where it is found that modeled temperatures and
liquid-phase saturations are weakly dependent on whether water vapor leaves the DST through
the bulkhead. Therefore, the permeability of the bulkhead in the DST has a small impact on
modeled thermal-hydrologic behavior in the DST. Because the thermally perturbed (boiling)
zone of the DST is in closer proximity to the bulkhead than it will be for most of the interval of
most emplacement drifts in the repository, the impact of the bulkhead on predicted
thermal-hydrologic conditions along emplacement drifts will be no greater than that
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demonstrated for the DST in Section 7.4. Therefore, the assumed permeability of the bulkhead
in the three-dimensional monolithic D/LMTH model does not play a significant role in
thermal-hydrologic behavior predicted in that model; thus, this assumption is justified.

Confirmation  Status: Because this assumption is justified, it does not require
further confirmation.

Use in the Model: This assumption is used in Section 7.5.

5.3.1.7 Pseudo Permeability of the Gas-Filled Cavities Inside the Emplacement Drifts in
the LDTH Submodels

Assumption: The gas-filled cavity between the drip shield and drift wall is represented as a
porous media with 100 percent porosity and a very large value of pseudo permeability
of 1.0 x 10 m?,

Rationale:  The value for permeability (1.0 x 10 m?) for the gas-filled cavity in the
emplacement drifts is much larger than the bulk permeability (which is nearly the same as the
fracture permeability in Table 1V-4) of the four host-rock units (7.8 x 107, 3.3x 107",
9.1x 107, and 1.3 x 10 m? for the tsw33, tsw34, tsw35, and tsw36, respectively). The
effective permeability is large enough so that it does not impede advective gas-phase flow within
the emplacement drifts. Because the LDTH submodel, in principle, allows natural convection to
occur within the drift cavity, a possible concern is whether the in-drift convective cooling effect,
together with the use of the effective thermal conductivity for the drift cavity, will over-account
for the magnitude of in-drift convective cooling. Section 6.3.10 discusses a sensitivity analysis
of in-drift pseudo permeability. Figure 6.3-62 plots drip-shield temperature and relative
humidity for six different values of in-drift pseudo permeability, ranging over six orders of
magnitude. Over this six order of magnitude range, the value of in-drift pseudo permeability has
an insignificant influence on in-drift temperature and relative humidity. The range in peak
drip-shield temperature is 150.9°C to 151.1°C for these cases. Clearly, there is no
over-accounting of convective cooling in the LDTH submodels that support the MSTHM
calculations in this report. Therefore, the approach of using an effective thermal conductivity for
the drift cavity and a value of pseudo permeability of 1.0 x 10~® m?is reasonable and appropriate
in the LDTH submodels.

Confirmation Status: Because this assumption is considered to be adequate, it does not require
further confirmation.

Use in the Model: This assumption is used in Sections 6.3, 6.4, 7.4, and 7.5.
5.3.1.8  Permeability of the Intergranular Porosity of the Invert Materials

Assumption: The permeability of the intergranular porosity of the crushed-tuff invert is
1.0 x 10 m?, which is between the permeability values for the 0.317-mm particle size
(1.681 x 10°m? and for the 3-mm particle size (1.511x 10 m?) from Table X-7 of
Appendix X.
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Rationale: The potential range of values for the permeability of the intergranular porosity of the
crushed-tuff invert (Table X-7 of Appendix X) has little effect on thermal-hydrologic conditions
in the invert for two reasons. The first reason relates to liquid-phase flow. An inspection of the
LDTH submodel output related to the MSTHM base-case calculations for the TSPA-LA shows
that the intergranular porosity remains dry for all but the initial one-to-two years of the
postclosure period. During the first year or two following the end of the ventilation period,
boiling and condensation within the invert results in a very small amount of condensate drainage
at the base of the invert. After this condensate has drained and the invert has become dry as a
result of boiling, the intergranular porosity is completely dry (i.e., 100 percent gas-filled).
Therefore, liquid-phase flow in the intergranular porosity does not occur after the brief period of
condensate drainage. The second reason relates to gas-phase flow. The value for permeability
(of 1.0 x 107° m?) for the intergranular porosity of the crushed-tuff invert is much larger than the
bulk permeability (which is nearly the same as the fracture permeability in Table 1\VV-4) of the
four host-rock units (7.8 x 1073, 3.3x 1073, 9.1x 1073, and 1.3 x 10" m? for the tsw33,
tsw34, tsw35, and tsw36, respectively). The effective permeability is large enough that it does
not impede advective gas-phase flow within the emplacement drifts.

Section 6.3-11 discusses a sensitivity analysis of thermal-hydrological conditions in the invert to
hydrologic properties of the intergranular porosity of the crushed-tuff gravel. Figure 6.3-65 plots
the liquid-phase saturation for the intragranular porosity, temperature, and relative humidity at
the top of the invert beneath the drip shield for five different sets of hydrologic properties for the
intergranular porosity. Temperature, liquid-phase saturation, and relative humidity are all
insensitive to the hydrologic properties of the intergranular porosity. This lack of sensitivity
justifies this assumption.

Confirmation Status: Because this assumption is considered to be adequate, it does not require
further confirmation.

Use in the Model: This assumption is used in Section 6.3.
5.3.1.9  Tortuosity Factor for Binary Gas-Phase Diffusion

Assumption: Appropriate values for the tortuosity factor are selected for the matrix and fracture
continuum on the basis of the parameter range given by de Marsily (1986 [DIRS 100439],
p. 233), which ranges from a value of 0.1 for clays to 0.7 for sands. A value of 0.2 is estimated
for the matrix continuum because the pore sizes for the matrix are closer to that of clays than to
that of sands. A value of 0.7 is assumed for the fracture continuum because the effective pore
sizes for fractures are similar to those of sands.

Rationale: The tortuosity factor is used for determining the binary gas-phase diffusion of air and
water vapor. Binary gas-phase diffusion is insignificant to the MSTHM results because its
influence is primarily confined to being an insignificant impact on heat flow, compared to the
impact of conductive and convective heat flow (Buscheck and Nitao 1994 [DIRS 130561],
pp. 15 to 16). Therefore, exact quantification of the tortuosity factor is not required; instead
appropriate values are taken from the literature, as discussed above. A value of tortuosity factor
of 0.2 is selected for the rock matrix because the pore sizes of the matrix are similar to those of
clay, which has a value for tortuosity factor of 0.1. The tortuosity factor is set to 0.7 for the
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fractures, which corresponds to the highest value reported by de Marsily (1986 [DIRS 100439]),
which corresponds to the value for sand. Binary gas-phase diffusion is further modified for the
fracture-to-fracture connections by multiplication of the tortuosity factor by the fracture porosity
of the bulk rock (Buscheck and Nitao 1994 [DIRS 130561], Equation 8). This operation yields
the appropriate value for fracture-to-fracture interconnection area. Similarly, binary gas-phase
diffusion is modified for the matrix-to-matrix connections by multiplication of the tortuosity
factor by the matrix porosity of the bulk rock. This operation yields the appropriate value for the
matrix-to-matrix interconnection area.

Confirmation Status: Because this assumption is considered to be adequate, it does not require
further confirmation.

Use in the Model:. This assumption is used in Sections 6.3, 7.3, 7.4, and 7.5.
5.3.1.10 Permeability of Host Rock at Emplacement Drift Wall

Assumption: The permeability of the host rock at the drift-wall surface is assumed to be
unaffected by the presence of Bernold-style surface sheets, which are described by Michel (1999
[DIRS 163054]), Ground Control for Emplacement Drifts for LA (BSC 2004 [DIRS 170292]),
and Longevity of Emplacement Drift Ground Support Materials for LA (BSC 2003
[DIRS 165425]). Thus, it is assumed that the drift wall can be treated as an uncovered surface,
with unimpeded gas- and liquid-phase flow between the host rock and drift cavity.

Rationale: Bernold-style surface sheets (Michel 1999 [DIRS 163054]) are bolted tightly to the
drift wall to provide ground control for emplacement drifts, as described in Ground Control for
Emplacement Drifts for LA (BSC 2004 [DIRS 170292]) and Longevity of Emplacement Drift
Ground Support Materials for LA (BSC 2003 [DIRS 165425]). The Bernold-style surface sheets
are perforated and corrugated to provide air circulation with the drift cavity (BSC 2004
[DIRS 170292], Section 6.3.1.2; BSC 2003 [DIRS 165425], Section 6.3.2). Therefore, it is
reasonable to assume that the Bernold surface sheets have an insignificant influence on the
permeability of the host rock at the emplacement drift-wall surface.

Confirmation  Status: Because this assumption is justified, it does not require
further confirmation.

Use in the Model: This assumption is used in Sections 6.3, 6.4, and 7.5.
5.3.2 Thermal Properties
5.3.2.1 Thermal Conductivity in SDT, DDT, and SMT Submodels

Assumption: The thermal conductivity data is provided for both dry and wet conditions. The
conduction-only submodels (SDT, DDT, and SMT submodels in Section 6.2) cannot explicitly
represent the influence of liquid-phase saturation on thermal conductivity. Since the rock is
generally much closer to being fully saturated than being completely dry, the wet value of
thermal conductivity are applied to all conduction-only submodels. This assumption has an
insignificant effect on the results of the MSTHM.
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Rationale: This assumption must be judged in light of how the MSTHM combines the results of
four families of submodels: SDT, DDT, SMT, and LDTH. The MSTHM methodology (see
Figure 1-1, Table 1-1, Table 1-2, Table 1-3, Section 6.2.4, and Appendix IX) accounts for the
influence of thermal-hydrologic processes (including liquid-phase saturation changes) on the
temperature distribution around and inside the emplacement drifts. Thus the MSTHM fully
accounts for the significant liquid-saturation dependence of thermal conductivity as it is affected
by rock dryout and condensation buildup (if any). The LDTH submodels also represent the
influence of the ambient liquid-phase saturation distribution, which is consistent with that of the
three-dimensional UZ flow model, on drift-scale heat flow. It is also important to note that the
zone for which the dry thermal conductivity is applicable is confined to a narrow cylindrically
shaped dryout zone with a radius generally no greater than 10 m for the mean infiltration-flux
case (Figure 6.3-4b). The primary influence of the narrow zone of decreased thermal
conductivity is on temperature buildup in the immediate vicinity of the emplacement drifts; this
influence is fully captured in the finely gridded LDTH submodels of the MSTHM, which
account for the liquid-phase saturation dependence of thermal conductivity. While significantly
affecting the drift-scale temperature gradients around the drifts, this narrow region of reduced
thermal conductivity has a no influence on mountain-scale heat flow. Because the volume of
reduced thermal conductivity around the drifts is so small, compared to the scale at which
mountain-scale heat flow occurs, it has an insignificant influence on mountain-scale heat flow.
For the purposes of the SDT, SMT, and DDT submodels, the approximation is made that
ambient liquid-phase saturation is 100 percent. The difference in thermal conductivity between a
liquid-phase saturation of 90 percent (which is prevalent in the host-rock units) and 100 percent
is small in comparison to parametric uncertainty of thermal conductivity (Section 6.3.2.2).
Moreover, the LDTH submodel utilizes the ambient liquid-phase saturation values in
determining thermal conductivity; thus, for drift-scale heat flow the MSTHM fully accounts for
the ambient liquid-phase saturation conditions.

As for the validity of this assumption in the DDT submodel, it should be noted that the DDT
submodel is only used for two purposes: (1) calculating the temperature difference between the
waste package and drip shield and (2) calculating the longitudinal temperature variations along
the drift axis. Neither of these quantities is influenced by whether wet or dry thermal
conductivity is applied in the host rock.

Section 7.5 describes the comparison between the MSTHM and a corresponding
three-dimensional monolithic thermal-hydrologic model of the same three-drift system. The
good agreement between the MSTHM and the corresponding monolithic thermal-hydrologic
model attests to the validity of this approach, as well as justifying the appropriateness of the
assumption of the thermal conductivity used in the SDT, SMT, and DDT submodels.

Confirmation  Status: Because this assumption is justified, it does not require
further confirmation.

Use in the Model. This assumption is used in the MSTHM calculations in Sections 6.3 and 7.5.
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5.3.2.2 SMT Submodel Saturated-Zone Thermal Properties

Assumption: The SMT submodel (Section 6.2.5) is the only submodel that explicitly represents
the saturated zone. An assumption is made that the saturated zone is composed of a material
with average thermal properties, including thermal conductivity, mass density, and specific heat
capacity. The averaging is accomplished by determining area-weighting factors for each of the
model layers from the UZ model that occur at the water table, which is the base of the grid from
UZ Flow Models and Submodels (BSC 2004 [DIRS 169861]).

Rationale: The range in thermal properties of the units occurring at the water table is relatively
narrow, and because the saturated zone is far enough away from the repository horizon (on the
order of 300 m), the results of the MSTHM are insensitive to the averaging scheme selected for
the thermal properties of the saturated zone.

Confirmation Status: Because the output of the MSTHM is not sensitive to this assumption, the
assumption is justified and does not require further confirmation.

Use in the Model: This assumption is used in the MSTHM calculations in Sections 6.3 and 7.5.
5.3.2.3 Thermal Conductivity and Mass Density for the Dual-Permeability Model

Assumption: The dual-permeability model (DKM) is comprises a fracture and matrix continuum.
It is necessary to apportion the bulk thermal property values to the fracture and matrix continua.
The values of thermal conductivity Ky, and mass density o are apportioned to the fracture and
matrix from the values for the bulk rock mass, based on the fracture porosity ¢y by the
following relationships:

Kihfrac = Kihpuik X (¢frac)
Kihmat = Kinpulk X (1 - ¢frac)
Prrac = Pboulk X (¢frac)

Pmat = Poulk X 1- ¢frac)-

The apportioning of fracture and matrix values of K, and p is shown in Table IV-3b in Appendix
IV. This assumption is used in the MSTHM calculations in Sections 6.3 and 7.5.

Rationale: This approach conserves the total value of thermal conductivity and the total value of
mass density. Therefore, the total conductive heat flow is the same as a single continuum with
the same total value of thermal conductivity. Similarly, during the transient (heat-up) period, the
correct mass density of the rock mass is honored. This method is only used in the
LDTH submodels.

Confirmation Status: Because this assumption is justified, it does not require
further confirmation.

Use in the Model: This assumption is used in Sections 6.2.6, 6.3, and 7.5.
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5.3.24 Thermal Properties of the Lumped Drip-Shield/Waste Package Heat Source in
the LDTH Submodels

Assumption: The drip shield and waste package are represented as a lumped monolithic heat
source in the LDTH submodels with thermal property values that are an average of the respective
values for the waste package and drip shield. The mass density, specific heat, and thermal
conductivity of the lumped monolithic heat source are a mass-weighted average of the respective
waste package and drip-shield values.

Rationale:  The purpose of the LDTH submodel within the context of the MSTHM
(Section 6.2.4) does not require that the LDTH submodel provide a description of the
temperature or hydrological effects inside the drip shield; thus, this assumption is justified.

Confirmation  Status: Because this assumption is justified, it does not require
further confirmation.

Use in the Model: This assumption is used in the MSTHM calculations in Sections 6.2.6, 6.3,
and 7.5.

5.3.2.5 Thermal Properties for the Concrete Invert in the Drift Scale Test

Assumption. The thermal properties for the Tptpmn (tsw34) host rock in the Drift Scale Test
(DST) are assumed to be applicable to the concrete invert in the Heated Drift of the DST. It is
noted that the TSPA-LA design does not include a concrete liner.

Rationale. Because the invert comprises such a small volume relative to the thermally perturbed
volume of the host rock in the DST (Figures 7.4-2 and 7.4-16) this assumption has an
insignificant effect on thermal-hydrologic behavior in the DST; therefore, this assumption is
justified. Moreover, the comparison between observed and simulated behavior in the DST is
limited to the host rock, wherein the assumption about invert properties have an
insignificant effect.

Confirmation  Status: Because this assumption is justified, it does not require
further confirmation.

Use in the Model: This assumption is used in Section 7.4.
5.3.2.6 Thermal Conductivity and Thickness of the Bulkhead in the Drift Scale Test

Assumption: The bulkhead in the Drift Scale Test is assumed to have a very large value of
thermal conductivity (5.5 W/m°C) and a thickness of 0.12 m; thus, the thermal conductance of
the bulkhead is assumed to be approximately 46 W/m?C.

Rationale:  As described in Drifi-Scale Test As-Built Report (CRWMS M&O 1998
[DIRS 111115]), the bulkhead in the Drift Scale Test (DST) consists of a complex mix of steel,
glass, and fiberglass. The thermal conductance of the bulkhead is assumed to be very large
because portions of the bulkhead (such as the glass window) are not insulated and because the
bulkhead is penetrated by a large array of metal conduit containing instrument cables and power
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lines. Moreover, during the DST, the fiberglass insulation became extremely wet as a result of
the condensation of water vapor that was passing through the bulkhead. The total effect of these
conditions results in a large value of thermal conductance for the bulkhead that is very difficult
to quantify. In Section 7.4, it is found that modeled temperatures and liquid-phase saturations
are weakly dependent on whether water vapor leaves the DST through the bulkhead. In
Section 7.4, it is also found that the heat loss through the bulkhead resulting from the convection
of water vapor is much larger than the heat loss resulting from thermal conduction. Therefore,
the assumption for the thermal conductance of the bulkhead is justified in light of its small
impact on modeled thermal-hydrologic behavior in the DST.

Confirmation  Status: Because this assumption is justified, it does not require
further confirmation.

Use in the Model: This assumption is used in Section 7.4.
5.3.2.7 Emissivity of Emplacement Drift Wall

Assumption: The emissivity at the drift-wall surface is assumed to be unaffected by the presence
of Bernold-style surface sheets, which are described by Michel (1999 [DIRS 163054]), Ground
Control for Emplacement Drifts for LA (BSC 2004 [DIRS 170292]), and Longevity of
Emplacement Drift Ground Support Materials for LA (BSC 2003 [DIRS 165425]). Thus, it is
assumed that the drift wall can be treated as an uncovered surface, with an emissivity value of
0.9, which is the value for rock given by Incropera and DeWitt (1996 [DIRS 108184],
Table A.11).

Rationale: Bernold-style surface sheets (Michel 1999 [DIRS 163054]) are rock bolted tightly to
the drift wall to provide ground control for emplacement drifts, as described in Ground Control
for Emplacement Drifts for LA (BSC 2004 [DIRS 170292]) and Longevity of Emplacement Drift
Ground Support Materials for LA (BSC 2003 [DIRS 165425]). Because the Bernold surface
sheets are in good mechanical contact with the surrounding rock, they are in reasonable thermal
contact with the host rock as well. Thus, with respect to heat transfer in the drift, the influence of
the Bernold surface sheets is to modify the value of emissivity at the drift-wall surface, compared
to the value for exposed rock, as is described in Appendix VI. The Bernold-style surface sheets
are a Type 316 stainless steel, which has an emissivity range of 0.52 to 0.66 (McAdams 1954
[DIRS 161435], p. 475). The value of effective emissivity & between the drip shield and
drift-wall surface is affected by this change in emissivity at the drift wall surface. For the
emissivity range of 0.52 to 0.66 for Type 316 stainless steel, the value of & between the drip
shield and drift wall is reduced by 6.8 to 15.5 percent, compared to value of & used in the
MSTHM predictions used in TSPA-LA (Appendix VI). Because thermal radiation depends on
the difference of the respective temperatures each raised to the fourth power (Eq. VI-4), the
influence of a 6.8 to 15.5 percent reduction in the value of &g is small. When peak temperatures
occur at the drift wall and drip shield (about 20 years after closure), reducing & by 6.8 to
15.5 percent results in a drip-shield temperature increase of 0.9 to 2.3°C, with an increase of
1.5°C for the average case (Appendix VI). The influence of reducing &g by 6.8 to 15.5 percent
on temperature decreases during cooldown after temperatures have peaked. These changes in
temperature are insignificant compared to the influence of host-rock thermal conductivity
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uncertainty and percolation-flux uncertainty. Therefore, it is reasonable to assume the Bernold
surface sheets have an insignificant influence on heat transfer within the drift.

Confirmation  Status: Because this assumption is justified, it does not require
further confirmation.

Use in the Model:. This assumption is used in Sections 6.3 and 6.4.
5.4 WASTE PACKAGE MODELING
5.4.1 Average Waste Package Diameter

Assumption. The waste package outer diameter is 1.644 meters, which is the diameter of the
21-PWR AP waste package (Table 4.1-2). This value is taken as the average diameter for the
waste packages emplaced over the entire repository. This information is used only in the
DDT submodels (Section 6.2.8).

Rationale: This assumption only influences two aspects of the MSTHM: (1) the temperature
difference between the waste package and drip shield and (2) the waste package-to-waste
package variation of this temperature difference. Note that this temperature difference depends
on the waste package heat output. The 21-PWR AP waste packages, 21-PWR CR waste
packages, and 44-BWR AP waste packages, comprising the majority of waste packages with an
appreciable heat output, have diameters of 1.644, 1.644, and 1.674 meters, respectively
(Table 4.1-2) which are very close to the value of 1.644 meters in the DDT submodels. Table 13
of IED Waste Package Configuration [Sheet 1 of 1] (BSC 2005 [DIRS 173501]) gives the
nominal quantities of the various waste package types for the TSPA-LA design, including 4,299
21-PWR AP waste packages, 9521-PWR CR waste packages, 2,831 44-BWR AP waste
packages, and 11,184 total waste packages. Thus, these waste packages comprise a large portion
(64.6 percent) of the waste package inventory in the TSPA-LA design. Waste packages that
deviate more from a value of 1.644 meters, such as the 24-BWR 1.318-m-diameter AP waste
packages and the 5-DHLW/DOE-SNF 2.110-m-diameter co-disposal waste packages
(Table 4.1-2), generate much less heat and also comprise a relatively small portion of the overall
waste package inventory (BSC 2005 [DIRS 173501], Table 13). Therefore, 1.644 meters is very
close to the actual diameter for the majority of waste packages in the overall inventory and is
also very close to the diameter of the waste packages generating an appreciable temperature
difference between the waste package and drip shield.

Confirmation Status: On the basis of the rationale given above, this assumption is justified and
does not require further confirmation.

Use in the Model. This assumption is used in Sections 6.2.8, 6.3, and 7.5.
5.4.2 Waste Package Sequence along Drifts

Assumption: The waste package sequence given in Figure 6.2-2 is assumed to be applicable over
all emplacement drifts. Thus, this sequence is assumed to be representative of waste package-to-
waste package heat output variability throughout the entire repository. The use of this sequence
IS equivalent to assuming that defense high-level waste (DHLW) waste packages, which produce
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much less heat than commercial spent nuclear fuel (CSNF) waste packages, will not be grouped
together. In other words, DHLW waste packages will always be placed adjacent to CSNF
waste packages.

Rationale: Table 5.4-1 lists the nominal number of waste packages for the repository inventory.
Table 5.4-1 also lists the waste packages of the assumed sequence in the MSTHM calculations.
The waste packages in the assumed sequence in the MSTHM cover 86.7 percent of the total
inventory. Moreover, the percentages of each of the respective waste package types in the
MSTHM are similar to the corresponding percentages in the repository inventory. Therefore, the
waste package sequence assumed in all of the MSTHM calculations is representative of the
inventory of waste packages in the repository.

Table 5.4-1. Summary of Waste Package Types in the Repository Inventory and in the MSTHM

Waste Package Type Nominal Nominal Number Percentage of

Number in Percentage | Represented | Waste Packages

Inventory® | of Inventory in MSTHM® Represented in

MSTHM
21-PWR AP 4299 38.4% 2.5 35.7%
44-BWR AP 2831 25.4% 2.5 35.7%
5 DHLW/DOE SNF LONG 1406 12.6% 1 14.3%
5 DHLW/DOE SNF SHORT 1147 10.3% 1 14.3%
Total Number of 21-PWR AP, 44-BWR AP, 9683 86.7% 7 100%
5 DHLW/DOE SNF LONG, 5 DHLW/DOE
SNF-SHORT

Total Inventory 11,184 100% 7 100%

@ Source: BSC 2005 [DIRS 173501], Table 13.
® See Figure 6.2-2 and Table 6.3-13.

Confirmation Status: On the basis of the rationale given above, this assumption is justified and
does not require further confirmation.

Use in the Model: This assumption is used in Sections 6.2.8 and 6.3.
5.5 RELATIVE HUMIDITY IN EMPLACEMENT DRIFTS

Assumption: For the purposes of calculating relative humidity (RH) on the drip shield and on the
waste package the assumption is made that the partial pressure of water vapor P, in the drift is
uniform and the same as that on the drift-wall surface at a given location. This is the equivalent
of saying that the absolute humidity in the drift is the same as that on the drift wall.

Rationale: This assumption recognizes that the gas in the drift (which consists of air and water
vapor) is well mixed as a result turbulent mixing (driven by buoyant gas-phase convection) and
binary vapor diffusion of air and water. This mixing causes the absolute humidity to be uniform
inside the emplacement drift at a given location along the drift. This assumption is validated in
Section 7.5 by virtue of the good agreement between the MSTHM predictions of relative
humidity in the drift and those of the corresponding three-dimensional monolithic
thermal-hydrologic model, which does not make this assumption about relative humidity in
emplacement drifts.
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Confirmation Status: Because this assumption is justified, it does not require further
confirmation.

Use in the Model:. This assumption is used in Sections 6.2.4, 6.3, 6.4, and 7.5.
5.6 CONDENSATE DRAINAGE AROUND EMPLACEMENT DRIFTS

Assumption: Condensate that drains around the boiling zone surrounding an individual drift is
assumed not to cross the vertical midplanes, which lie between that drift and the adjoining
emplacement drifts (note that these vertical midplanes are 40.5 m away (which is half the 81-m
drift spacing) from the centerline of each drift). This assumption is implied with the use of the
two-dimensional LDTH submodels (Section 6.2.6), which have adiabatic, no-fluid-flow
boundaries on either side of the LDTH submodels.

Rationale: The boiling zones surrounding each emplacement drift are relatively narrow. As
discussed in Section 6.3.1.1, the maximum lateral extent of boiling relative to the centerline of
the emplacement drift is always much smaller than the half-drift spacing for the TSPA-LA
design.  Therefore, the majority of the host rock between emplacement drifts always
remains below the boiling point, thereby enabling condensate and percolation flux to
continuously drain between emplacement drifts. Fracturing within the sequence of UZ model
layer units at the repository horizon is dense, based on the fracture frequency data
(DTN: LB0205REVUZPRP.001 [DIRS 159525]), which is not conducive to laterally diverting
condensate drainage; thus, condensate drainage is extremely unlikely to cross the vertical
midplane separating emplacement drifts.

Confirmation  Status: Because this assumption is justified, it does not require
further confirmation.

Use in the Model:. This assumption is used in Sections 6.2.8, 6.3 and 7.5.

5.7 GAS- AND LIQUID-PHASE FLOW IN THE LONGITUDINAL DIRECTION
ALONG EMPLACEMENT DRIFTS (THE COLD-TRAP EFFECT)

Assumption. Gas- and liquid-phase flow in the longitudinal direction along drifts is assumed to
have an insignificant effect on all MSTHM predictions. This is equivalent to saying that the
cold-trap effect does not play a significant role in the evolution of the temperature, relative
humidity, and liquid-phase saturation histories within the emplacement drifts, as well as in the
adjoining host rock. At the repository scale, the cold-trap effect involves the flow of water vapor
from the hotter intervals of emplacement drifts (typically closer to the center of the repository) to
cooler intervals (typically located closer to the edges of the repository) where this water vapor
condenses. In principal, the cold-trap effect results in the transport of heat and moisture from
hotter to cooler intervals of the emplacement drift. For all MSTHM predictions, it is assumed
that heat and moisture transport in the longitudinal direction along emplacement drifts do not
significantly affect thermal-hydrologic conditions along (and adjacent to) emplacement drifts.
Thus, it is assumed that heat flow along the drifts is dominated by thermal radiation and that
within the invert there is no capillary wicking of moisture in the longitudinal direction.
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Rationale: This assumption is tested in Section 7.5, where the MSTHM is compared against a
corresponding three-dimensional monolithic thermal-hydrologic model in which gas- and
liquid-phase flow (i.e., the cold-trap effect) is allowed to occur along the emplacement drift,
subject to limitations of porous media models. For the waste packages at the center of the
repository, the MSTHM calculations are found to agree closely with those of the
three-dimensional monolithic thermal-hydrologic model, with the differences between the two
models being much smaller than the range of thermal-hydrologic conditions arising from
parametric uncertainty. For the waste packages at the outer edge of the repository, the
differences between the MSTHM predictions and those of the corresponding three-dimensional
monolithic thermal-hydrologic model are larger than at the center of the repository. These
differences, however, are still smaller than the range of thermal-hydrologic conditions arising
from parametric uncertainty. The results of the validation study in Section 7.5 demonstrate that
the MSTHM methodology (which includes the assumption of insignificant gas- and liquid-phase
flow in the longitudinal direction along drifts) is validated for its intended purpose of predicting
thermal-hydrologic conditions in emplacement drifts and in the adjoining host rock. Thus, this
assumption is also justified.

Confirmation Status: Because this assumption is justified, it does not require further
confirmation.

Use in the Model:. This assumption is used in Sections 6.3 and 6.4, and is tested in Section 7.5.

5.8 PROPERTIES OF HOST-ROCK RUBBLE FOR LOW-PROBABILITY-SEISMIC
COLLAPSED-DRIFT SCENARIO

5.8.1 Bulk Density of Host-Rock Rubble

In setting up the LDTH and DDT submodels (Sections 6.2.10 and 6.2.11) to represent the low-
probability-seismic collapsed-drift scenario, a value of 1850 kg/m* was used for the rubble bulk
density in the LDTH submodels (Table 6.2-3), while a rubble bulk density of 1608 kg/m* was
used in the DDT submodels (Table 6.2-4). The bulk density of the intact Tptpll (tsw35) host
rock is 1980 kg/m® (Tables 1V-3b and 1V-3c of Appendix IV). Using a bulk factor of 0.231
(Section 6.2.10.2) and a bulk density of 1980 kg/m?® for the intact host rock, results in a rubble
bulk density of 1608 kg/m®. To assess whether this small difference in bulk density is
significant, the LDTH submodel was rerun for the case where the rubble bulk density is
1608 kg/m®, so that it could be compared to the case where the rubble bulk density is
1850 kg/m®. As is evident in Figure 6.3-58, which plots the temperature and relative humidity at
the crown of the drip shield for the low-Ky, rubble, the influence of rubble bulk density is
insignificant over the range of 1608 to 1850 kg/m®. Therefore the following assumption can
be made.

Assumption: The use of a bulk density value of 1850 kg/m® for the host-rock rubble in the
LDTH submodels for the low-probability-seismic collapsed-drift scenario gives the same
MSTHM results that would have been produced if a bulk density value of 1608 kg/m® had been
used in the LDTH submodels for this scenario.
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Rationale: Because steady-state heat flow conditions are quickly established within the rubble,
temperature and relative humidity in the drift (Figure 6.3-58) are insensitive to the range in bulk
rubble density (1680 to 1850 kg/m®) considered in Section 6.3.7. Therefore, the MSTHM
calculations for the low-probability-seismic collapsed-drift scenario are insensitive to the choice
of rubble bulk density (1850 kg/m® versus 1608 kg/m®).

Confirmation Status: Based on the rationale given above, this assumption is justified and does
not require further confirmation.

Use in the Model. This assumption is used in Section 6.3.7.
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6. MODEL DISCUSSION

This section of the model report describes the multiscale thermohydrologic model (MSTHM),
including a discussion about its conceptual framework and how the MSTHM methodology
implements that framework. The MSTHM is implemented in several input-data-processing and
submodel-building steps (Figures 6-1 and 6-2). The four major steps are (1) submodel input-file
preparation, (2) execution of the four submodel families with the use of the NUFT v3.0s code
(Section 3.1.1), (3) execution of MSTHAC v7.0 (Section 3.1.5), and (4) binning and
postprocessing (i.e., graphics preparation) of the output from MSTHAC v7.0. The overall
organization of Section 6 is as follows:

e Section 6.1 presents the scientific framework for Yucca Mountain thermohydrology,
beginning with an overview of the ambient hydrological system. This is followed by a
discussion of radioactive-decay-heat-driven thermal-hydrologic behavior within the
repository emplacement drifts and in the adjoining repository host rock.

e Section 6.2 describes the MSTHM approach. Before discussing the details of the
MSTHM approach, this section presents the governing equations that are solved by the
NUFT v3.0s and v3.0.1s codes to represent the coupled flow of water, water vapor, air,
and heat at the drift scale and to represent heat flow at the mountain scale. This is
followed by a detailed description of the four families of MSTHM submodels, which are
run with the NUFT code, and the manner in which the Multiscale Thermohydrologic
Model Abstraction Code (MSTHAC v7.0) integrates the results from those four families
of submodels.

e Section 6.3 presents the results of the MSTHM for the lower-bound, mean, and
upper-bound infiltration-flux cases with mean host-rock thermal conductivity; for the
lower-bound infiltration-flux case with low host-rock thermal conductivity; and for the
upper-bound infiltration-flux case with high host-rock thermal conductivity. This
section also covers the sensitivity analysis of parameter uncertainty.

e Section 6.4 describes a study that compares the results of the MSTHM against those of a
corresponding alternative conceptual model.

Before continuing, it is important to distinguish between the MSTHM and the Multiscale
Thermohydrologic Abstraction Code (MSTHAC v7.0). The MSTHM is the process-level model
itself, which consists of four families of submodel types (Section 6.2.4) that are run using the
thermal-hydrologic simulation code NUFT v3.0s (Section 3.1.1) and the software that integrates
the results of those submodel families. The integrating software used in this report is
MSTHAC v7.0 (Section 3.1.5). There were no supporting and corroborating data or product
outputs used in the development of this model.

The MSTHM predictions supporting the TSPA-LA utilize assumptions described in Sections
511, 5.1.2, 5.1.3, 5.14, 515, 5.2.1, 5.2.2, 5.2.3, 5.3.1.1, 53.1.2, 53.1.7, 5.3.1.8, 5.3.1.9,
5.3.1.10,5.3.2.1,5.3.2.2,5.3.2.3,5.3.2.4,5.3.2.7,5.4.1,5.4.2,5.5,5.6, 5.7, and 5.8.1.
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Data Graphical
Binning Output

TB_AMR_fig1-2_MSTHM_flow
NOTE: BC = boundary conditions; IC = initial conditions.
Figure 6-1.  Overall Data Flow Diagram for the MSTHM

ANL-EBS-MD-000049 REV 03 6-2

July 2005



Multiscale Thermohydrologic Model

[ . \ B R i
Numerical Meshes Host-Rock Thermal-Conductivity Infiltration Flux
Ky, Property Sets
Lower- Upper-
SDT LDTH Mean
Low Mean High Bound . Bound
S“' nhm::;el S'unbrrgsel Host-Rock | | Host-Rock Host-Rock Infiltration- I:If::il?:t:;g- Infiltration-
K, Case Ky, Case Ky, Case Flux Case Flux Case

I TN\ // / /

DDT

Submodel Su brrndel
Meshes Mesh (

Thermal- DT o7
Conduction | s pmodels| | submodels Submodel

Submodels
—————
EBS
Material A4 Yy Yy A )
Thermal Thermal- Lower-Bound | | Lower-Bound Mean Upper-Bound | | Upper-Bound
Properties Infiltration- Infiltration- Infiltration- Infiltration- Infiltration-
D —— Hydrologic | Fux, Low Flux, Mean Flux, Mean Flux, Mean Flux, High
Submodels | Host-Rock Host-Rock Host-Rock Host-Rock Host-Rock
Heat Ky, Case Ky, Case Ky, Case Ky, Case Ky, Case
Generation
Curves _/
—
—

; Y Y Y Y )
E:fdmm;’if' Lower-Bound | [ Lower-Bound Mean Upper-Bound | [ Upper-Bound
Pro em%s MSTHAC Infiltration- Infiltration- Infiltration- Infiltration- Infiltration-

P Execution Flux, Low Flux, Mean Flux, Mean Flux, Mean Flux, High
e — Host-Rock Host-Rock Host-Rock Host-Rock Host-Rock
Modified Mean th Case th Case th Case th Case Km Case
Infiltration-Flux
Hydrologic \ )
Property Set
—_—
D L7 17 v 12 L7
Binni Lower-Bound | | Lower-Bound Mean Upper-Bound | | Upper-Bound
inning Infiltration- Infiltration- Infiltration- Infiltration- Infiltration-
and Flux, Low Flux, Mean Flux, Mean Flux, Mean Flux, High
Graphical Host-Rock Host-Rock Host-Rock Host-Rock Host-Rock
Ky, Case Case Case Case Case

MSTHM_flowchart

Figure 6-2. Relationship between Input Data and Submodels for Five Infiltration-Flux/Host-Rock
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6.1 YUCCA MOUNTAIN THERMOHYDROLOGY CONCEPTUAL MODEL

The role of the movement of water and heat within the repository is treated by the study of
thermohydrology, which combines the more traditional fields of hydrology and heat transfer.
The physical domain that this model report is primarily concerned with is the unsaturated zone of
Yucca Mountain that lies above the groundwater table. The geology of Yucca Mountain consists
of several sequences of welded and nonwelded volcanic rocks, and the main hydrologic concern
is with the movement of liquid water, originating from rainfall and snowmelt (Section 6.1.1).
The thermal component of this model is concerned with the movement of liquid water driven by
radioactive decay heat from emplaced waste and its effect on temperature and relative humidity
(Section 6.1.2). When examining thermal-hydrologic phenomena, there are two distinct regions
of concern: (1) the near-field host rock, and (2) within the repository emplacement drifts. The
thermal-hydrologic phenomena associated with the host rock primarily involve boiling of water
and re-wetting as heating diminishes with time (Section 6.1.3), while the thermal-hydrologic
phenomena within the emplacement drift is associated with boiling, evaporation and
condensation of water on the waste packages, drip shield, and drift wall (Section 6.1.4). Several
factors can influence thermal-hydrologic phenomena, either through the design of the repository
(e.g., the average areal-heat-density of the emplaced waste, as discussed in Section 6.1.5), or
through the description of the natural system (e.g., percolation flux and thermal conductivity, as
discussed in Section 6.1.5).

6.1.1 Ambient Hydrology and Geology

Yucca Mountain is composed of several sequences of volcanic tuffs deposited as ash flow sheets
about 13 million years ago. Some units are completely devitrified and welded, while others are
vitric or partially vitric with various degrees of welding. Some are also zeolitized to varying
degrees. In general, the more welded units are more densely fractured. Hydrogeologic units,
referred to as UZ-model layers in the grid developed by UZ Flow Models and Submodels
(BSC 2004 [DIRS 169861], Section 6.1.1, Table 6.1-1), are defined primarily based on the
degree of welding (Montazer and Wilson 1984 [DIRS 100161], p. 8). From the ground surface
to the water table, these units are generally referred to as Tiva Canyon welded (TCw), Paintbrush
nonwelded (PTn), Topopah Spring welded (TSw), Calico Hills nonwelded (CHn) and Crater Flat
(Cfu). More details about the layering in the UZ are found in Table 6-5 of Development of
Numerical Grids for UZ Flow and Transport Modeling (BSC 2004 [DIRS 169855]).

Most of the total fluid storage capacity of the welded units at Yucca Mountain is contained in the
matrix pores of this rock. The permeability in the rock matrix in these units, however, is low, so
fractures are the primary conduits for large-scale flow of water, air, and water vapor in these
units. In some of the nonwelded units, fracturing is much less extensive, and the rock matrix is
more permeable than in the welded units, causing gas and liquid-phase fluid flow to occur
predominantly through the rock matrix.

The climate at Yucca Mountain is arid to semiarid, with infiltration from rainfall and snowmelt.
Field data show that water that infiltrates at the ground surface percolates mostly vertically
downward to the water table 700 m beneath the surface, with some degree of lateral diversion
and the occasional occurrence of perched or semiperched aquifers (Flint et al. 2001
[DIRS 156351]). Note that under ambient conditions, the relative humidity (RH) in the
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unsaturated zone at the elevation of the repository is very high with relative humidity generally
above 99 percent (Buscheck et al. 2002 [DIRS 160749]).

6.1.2

Incorporating Radioactive Decay Heat

The repository is located in the unsaturated zone in the TSw hydrostratigraphic unit along a very
gently dipping plane, approximately midway between the ground surface and the water table.
The repository will accommodate the emplacement of spent nuclear fuel from commercial
nuclear power plants and solidified high-level waste. The repository-wide thermal load declines
exponentially with time, continuing for tens of thousands of years because of the very long
half-life of many of the radionuclides (Figure 6.1-1).

Heat curve for entire repository
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The total repository heat load divided by the total length of emplacement drift in the repository (57.48 km) is

equal to the line-averaged heat load. At the time of emplacement (0 yr) the total repository heat load is
83,300 kW, resulting in an initial line-averaged heat load of 1.45 kW/m. It is important to note that this is a
semilog plot. At the time that this plot begins (1 year), the total repository heat load is 80,400 kW. This is
the total thermal load represented in the SMT submodel (Section 6.2.5), using the information from

BSC 2005 [DIRS 173499], Table 1.

Figure 6.1-1.

Repository-Wide Thermal Load Plotted as a Function of Time for the TSPA-LA Design

After the emplacement of heat-generating nuclear waste, the thermally driven flow of water
vapor away from the heat source causes a redistribution of the pore fluids in the rock. Water in
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the matrix pores evaporates, creating zones of rock dryout (with liquid-phase saturation
substantially less than ambient values) around the emplacement drifts. This water vapor is
driven (primarily in fractures) away from the heat source in the emplacement drifts to where
cooler temperatures cause it to condense, forming condensation zones outside of the dryout
zones. The reduction in liquid-phase saturation causes a reduction in relative humidity in both
the near-field host rock as well as in the emplacement drifts. Heat pipes can result from the
countercurrent flow of water vapor and liquid water between the dryout and condensation zones.
The magnitude of the liquid flux in a heat pipe can greatly exceed the magnitude of ambient
liquid-phase fluxes. As the heat pulse decays, the system gradually rewets, returning to ambient
(humid) preheating conditions.

6.1.3 Thermohydrology in the Repository Host Rock

In the host rock, local thermal-hydrologic behavior is dominated by whether a location is inside
or outside of the zone of boiling temperatures, 96°C (Buscheck et al. 2002 [DIRS 160749]) at the
elevation of the repository horizon at Yucca Mountain approximately 1,100 m above mean sea
level. Although evaporation, vapor flow (away from the heat source), and condensation occur at
below-boiling temperatures, the thermally driven vaporization rates and vapor fluxes in the
repository horizon are generally not great enough to result in significant dryout (and relative
humidity reduction) in the rock unless temperatures are well above the boiling point.

The boiling zone evolves with time. Because most of the decay heat is removed with the
ventilation air, temperatures are not high enough to allow boiling to occur during the preclosure
(ventilation) period. However, because the ventilation air has a much lower relative humidity
than ambient conditions in the host rock, some dryout will occur during the preclosure
(ventilation) period. At the onset of the postclosure period when ventilation stops, a dryout zone
caused by boiling-to-above-boiling temperatures forms in the rock immediately encircling each
individual emplacement drift. Within this dryout zone, vaporization prevents liquid-phase flow.
Moreover, capillary diversion will continue to divert liquid flow away from the drift opening,
even after temperatures have dropped below the boiling point. As thermal output wanes, the
dryout zones shrink, and the extent of dryout eventually retreats back to the drift wall
(Section 6.2.2.1 of BSC 2004 [DIRS 170338]). Dryout zones around adjacent emplacement
drifts never coalesce; they always remain distinct and separate.

Whether or not the boiling zones around adjacent drifts coalesce is important because it affects
condensate drainage between drifts. If the repository (thermal) design does not result in
coalescence of boiling zones, condensate drains continuously between the emplacement drifts.
As discussed in Section 6.3.1.1, the maximum lateral extent of boiling relative to the centerline
of the emplacement drift is always much smaller than the half-drift spacing for the TSPA-LA
repository (thermal) design. Therefore, much of the host rock between emplacement drifts
always remains below the boiling point, enabling condensate and percolation flux to
continuously drain between emplacement drifts. Accordingly, the “cap” of accumulated
condensate above the emplacement drifts is of very limited spatial extent. Variation in the
spatial extent and duration of the boiling zone along the drift axis may also be important.
Nonuniformity in boiling conditions along the drift axis (resulting from waste package-to-waste
package variability in heat output) causes longitudinal variability in the radial extent and
duration of boiling, and may promote seepage and/or condensation in the vicinity of cooler waste
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packages. The end-to-end waste package spacing of 0.1 m (Table 4.1-2) used in the TSPA-LA |
repository design limits this longitudinal variability (Section 6.3.1.2).

6.1.4 Thermohydrology in Repository Emplacement Drifts

The TSPA-LA repository design includes 1.6-to 2.1-m-diameter (on average) waste packages
constructed of corrosion-resistant materials, which are overlaid by upside down, U-shaped, |
corrosion-resistant metallic barriers called drip shields. Both the waste packages and drip shields
are supported on an invert made of granular material on the floor of the drift. The configuration
of these engineered components influences thermal-hydrologic behavior within the |
emplacement drifts.

Two important factors influence the local thermal-hydrologic conditions in the emplacement |
drifts. The first is whether temperature at the drift wall is above the boiling point, which controls
the relative humidity in the near-field host rock and the potential for water seeping into the drift.
The second is the temperature difference between the waste package and drift wall, which
determines the relative humidity on the surfaces of the drip shield and waste package
(Figure 6.1-2).  Specifically, the temperature difference between the waste package (or
drip-shield) surface and the drift wall determines how much lower the relative humidity is on the
waste package (or drip-shield) surface, compared to that on the drift wall. Note that the ratio of
relative humidity on the waste package to relative humidity on the drift wall for a given
temperature difference between these two surfaces decreases as the absolute temperature on the
waste package increases during heating. Because of the edge-cooling effect, waste packages
located closer to the repository edges cool down more quickly than those located closer to the
repository center. Consequently, relative humidity reduction for waste packages located closer
to the repository edges can be greater than for those located closer to the repository center.

Thermal-hydrologic behavior in and around emplacement drifts is easily described by three
fundamental processes:

1. Heat flow—Occurs within emplacement drifts primarily by thermal radiation, and in the
adjoining host rock, primarily by thermal conduction. Host-rock thermal conductivity is
the key natural-system parameter determining the magnitude of temperature buildup in
the host rock.

2. Host-rock dryout-Is driven by temperature buildup, resulting in evaporation (at the
boiling point), which lowers the liquid-phase saturation in the host rock, thereby lowering
the relative humidity in the host rock and in the emplacement drifts. The extent of dryout
depends on the extent and duration of boiling conditions in the host rock, which depend
on the magnitude of temperature buildup.

3. Host-rock rewetting—Primarily occurs as a result of gravity-driven percolation in
fractures, with capillary-driven imbibition into the adjoining matrix. The rate of
rewetting is controlled by the local percolation flux, except in regions of very low
percolation flux (less than approximately 0.1 mm/yr), where modeling analyses show it is
controlled by capillary-driven imbibition of water from the surrounding rock into the
dryout zone, through the rock matrix (see Section 6.3.9).
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Source: See Table XIlI-1.

NOTE:  The ratio of relative humidity (RH) on the waste package surface to relative humidity on the drift-wall
surface versus the temperature difference between these surfaces is plotted for three different
temperatures (taken to be the average of the drift wall and waste package temperatures).

Figure 6.1-2. Ratio of Relative Humidity (RH) on the Waste Package Surface to Relative Humidity on
the Drift-Wall Surface

The processes of dryout and rewetting are opposing. Net host-rock dryout, which is the balance
between dryout and rewetting, is greatest in regions with a combination of low host-rock thermal
conductivity (which facilitates greater temperature buildup) and low local percolation flux
(which facilitates slower rewetting). Net host-rock dryout is least in regions with a combination
of high host-rock thermal conductivity (which facilitates smaller temperature buildup) and high
local percolation flux (which facilitates faster rewetting).

The temperature at the drift wall is controlled by the temperature buildup in the host rock, which
is controlled by the local heating conditions and the host-rock thermal conductivity. The relative
humidity at the drift wall is controlled by the reduction in liquid-phase saturation that results
from boiling and rock dryout. The relative humidity at the drift wall controls relative humidity
conditions within the drift; relative humidity in the drift can be no greater than it is at the drift
wall. This is true because the absolute humidity within the drift is uniform or nearly so. Heat
transfer between engineered components (such as the waste package and drip shield) and the
drift wall determines the temperature difference between the waste package and drift wall. This
temperature difference controls the reduction in relative humidity on the waste package, relative
to that on the drift wall. The drip shield, which lies between the waste package and drift wall,
functions as a thermal-radiation shield, which increases this temperature difference. The
temperature difference between the waste package and the drift wall is greatest immediately after
closure, and slowly decreases with time.
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During the preclosure period (nominally 50 years), waste package heat output starts at the
maximum, but the emplacement drifts are ventilated to remove most of the heat. As discussed in
Ventilation Model and Analysis Report (BSC 2004 [DIRS 169862]), waste package temperatures
are elevated, and some waste packages may approach 100°C immediately after emplacement
(subject to control by ventilation). However, the warming of ventilation air ensures that
preclosure conditions are dry, especially where in-drift temperatures are greatest.

At permanent closure, ventilation ceases and the drift-wall rock temperature is initially below
boiling, but increases sharply, with temperature peaking within about 20 years. Waste package
temperatures follow the evolution of the local drift-wall temperature, but are as much as 10
to 20°C warmer at the time when waste package temperatures peak, because of thermal
resistance across the drip shield and the in-drift air spaces. This temperature difference
approaches zero with time, as the heat output declines. The maximum postclosure temperature
of a waste package at any location is determined by the history of heat output, the resistance to
dissipation of heat in the host rock, heat transfer from the waste package to the drift wall, and the
relationship to other nearby heat sources.

6.1.5 Design Factors Influencing Thermohydrology

There are many thermal design parameters that can affect thermal-hydrologic behavior in an
underground nuclear waste repository (Table 6.1-1). These include the average
areal-heat-generation density of the waste inventory over the heated repository footprint, and the
average lineal-heat-generation density along the drifts (called the line-averaged thermal load).
For a given waste inventory, these two parameters constrain the distance between drifts and the
size of the required repository footprint.

Other engineering parameters include the placement of the repository horizon relative to the
ground surface and the local hydrostratigraphy. The depth of the repository below the ground
surface (overburden thickness) translates into the thickness of insulating rock between the
repository and the ground surface, which acts like a heat sink. In-drift configuration, including
most notably the presence or absence of backfill in the emplacement drifts, and the properties of
any in-drift materials are also important to thermohydrology.

Waste package spacing affects the degree of nonuniformity of heating conditions along the axis
of the drift. Individual waste packages are cylindrical in shape and 3.5 to 5.1 m long
(Table 4.1-2). If waste packages are spaced far apart from each other along the drift
(“point-load” waste package spacing), heating conditions along the drift are less uniform. For
waste packages spaced nearly end-to-end (*“line-load” waste package spacing), and which is the
TSPA-LA repository design, adjacent waste packages couple and share their heat output more
effectively, acting more like a uniform line source of heat. Line-load waste package spacing
results in more uniform, and persistent rock dryout around the drifts and more efficient
condensate shedding between drifts than does point-load waste package spacing with the same
overall areal-heat-generation density. Point-load waste package spacing results in less uniform
rock dryout around the drifts and less uniform thermal-hydrologic conditions along the drifts
(Buscheck et al. 1999 [DIRS 145972]; Buscheck et al. (2002) [DIRS 160749]).
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Table 6.1-1. Key Thermal Design Factors and Natural System Parameters Influencing
Thermal-Hydrologic Conditions in the Emplacement Drifts and Near-Field Host Rock

Engineering Design Factors Natural System Parameters

e Overall areal-heat-generation density of waste e Percolation flux above the repository horizon

inventory e Thermal conductivity (particularly for host-rock units)

e Line-averaged thermal load along drifts o Bulk rock density and specific heat

» Distance between emplacement drifts e Matrix imbibition

e Age of spent nuclear fuel at time of emplacement o Capillary wicking in fractures

e Location of repository horizon with respect to
stratigraphy

e Overburden thickness (depth of repository below
ground surface)

e Repository footprint
o Waste package spacing (line load versus point load)
e Waste package sequencing

e Duration and heat-removal efficiency of drift
ventilation

e In-drift design and materials

6.1.6 Natural System Factors Influencing Thermohydrology

Important natural system factors that affect the thermal-hydrologic environment include thermal
properties of the repository host rock, hydrologic properties of the host rock, and the magnitude
and spatial and temporal distribution of the percolation flux above the repository horizon
(Table 6.1-1). Of these factors, the host-rock thermal conductivity and percolation flux above
the repository horizon are the most important.

6.2 THE MULTISCALE THERMOHYDROLOGIC MODELING APPROACH
6.2.1 Overview of the MSTHM

The multiscale thermohydrologic model simulates nonisothermal, multiphase-flow in fractured
porous rock of variable liquid-phase saturation and thermal radiation and convection in open
cavities. The motivation behind the multiscale modeling approach is the need for a modeling
tool that simultaneously accounts for relevant features, events, and processes (FEPS) that occur at
a scale of a few tens of centimeters around individual waste packages and emplacement drifts
and also at the scale of the mountain. A single numerical model is not used because it requires
too large a computational cost to be a viable simulation tool. Note that performance assessment
requires the ability to conduct multiple realizations. The multiscale modeling approach was used
to model more than 20 different realizations for Total System Performance Assessment-Viability
Assessment (TSPA-VA) Analyses Technical Basis Document (CRWMS M&O 1998
[DIRS 108000], Chapter 3). The approach was also used to model fourteen alternative
repository designs during the license application design selection process (Buscheck 1999
[DIRS 130078]) and in six different realizations for Total System Performance Assessment for
the Site Recommendation (CRWMS M&O 2000 [DIRS 153246], Section 3.3.3) and six different
realizations for FY 01 Supplemental Science and Performance Analyses, Volume 1: Scientific
Bases and Analyses (BSC 2001 [DIRS 155950], Section 5). The following description is a brief
overview; a detailed description of the MSTHM is found in Section 6.2.4.
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The multiscale approach breaks the solution of thermal-hydrologic modeling at Yucca Mountain
into smaller pieces by varying dimensionality requirements (one-, two-, or three-dimensional) as
needed for detail. The approach further subdivides the problem into thermal and
thermal-hydrologic submodels. By subdividing the problem into more tractable pieces, the DOE
can use efficient thermal-conduction/radiation submodels to address the three-dimensional nature
of the heated repository footprint and mountain-scale heat flow as well as the three-dimensional
geometric details of the in-drift engineered components, waste package-to-waste package
heat-generation variability, and drift-scale heat flow. Two-dimensional thermal-hydrologic
models, which are more efficient than three-dimensional thermal-hydrologic models, are used to
model all thermal-hydrologic parameters in detail within the emplacement drifts and in the
adjoining host rock.

Thermal-hydrologic behavior is directly simulated for an “average” waste package using a
two-dimensional drift-scale cross section for a variety of areal-heat-generation densities at
numerous locations throughout the repository footprint. In these simulations, the flow of liquid
and gas (water vapor and air) through variably saturated fractured porous media is represented
with a dual-permeability model of flow interaction between the fractures and rock matrix. This
model accounts for two-phase behavior (i.e., evaporation, boiling, and condensation). Open
drifts are modeled as porous media with very high permeability and porosity. The influence of
buoyant gas-phase (natural) convection in the drift on heat flow is approximated with the use of
an effective thermal conductivity for the gas-filled drift cavity that is based on a correlation
(Francis et al. 2003 [DIRS 164602], Table 6). The model represents the processes of thermal
conduction and convection in rock, and thermal conduction, convection, and radiation in the
open cavities in the emplacement drifts.

The primary purpose of the multiscale thermohydrologic model is to predict the evolution of
thermal-hydrologic conditions within emplacement drifts. To accomplish this it is necessary to
predict thermal-hydrologic conditions in the adjoining host rock. As discussed in Section 6.1.4,
thermal-hydrologic behavior in and around emplacement drifts can be simply broken down to
three fundamental processes: (1) heat flow, (2) host-rock dryout, and (3) host-rock rewetting. A
key principle utilized by the multiscale thermal-hydrologic model approach is that
mountain-scale heat flow is dominated by thermal conduction. A second key principle is that
heat flow within the drift is dominated by thermal radiation and that the influence of natural
convection on heat flow within the drift can be approximated with an effective thermal
conductivity. To summarize, the multiscale thermal-hydrologic model must represent the
following processes:

1. Heat flow within the drift—The range of heat output generated by various waste package
types and the delivery of that heat to the drift wall.

2. Mountain-scale heat flow—Conduction of heat throughout the mountain, from the
ground surface down to a sufficient depth, which includes the entire unsaturated zone
plus the upper portion (1000 m) of the saturated zone.

3. Drift-scale heat flow in the host rock—Heat flow (primarily by conduction, but also
convection) occurring in variably saturated, fractured porous rock. Because thermal
conductivity depends on liquid-phase saturation, it is necessary to capture the influence
of host-rock dryout and rewetting.
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4. Host-rock dryout and rewetting—Temperature buildup and cooldown in the host rock,
as well as the magnitude of liquid-phase flux that enters the dryout zone (primarily
resulting from gravity-driven percolation flux), influence the spatial and temporal extent
of dryout.

The multiscale thermohydrologic model consists of four different submodel types, described in
detail in Section 6.2.4, which collectively represent all four of these processes. Two of the
submodel types (SMT and DDT) are three-dimensional in order to represent mountain-scale heat
flow, which occurs by conduction, and to represent heat flow within the drifts, which occurs by
conduction, radiation, and convection, and which is approximated with an effective thermal
conductivity.

Two-dimensional drift-scale thermal-hydrologic submodels are used to predict drift-scale heat
flow, dryout, and rewetting in the host rock; these models also predicts heat flow within the drift
and how that heat flow influences relative humidity within the drift. One-dimensional drift-scale
thermal-conduction models are used to relate the temperature predicted by the two-dimensional
drift-scale thermal-hydrologic submodels with the temperatures predicted by the
three-dimensional mountain-scale thermal-conduction submodel.

It is important to note that drift-scale thermal-hydrologic models are bounded on all four sides by
insulated impermeable boundaries that prevent any heat or mass (gas- and liquid-phase) flow
across these boundaries. As in the mountain-scale submodel, drift-scale submodels have an
upper and lower boundary with specified boundary conditions. Thus, heat and mass flow can
leave the drift-scale submodels at the upper and lower boundary. Because of the insulated lateral
and longitudinal boundaries, drift-scale models cannot (directly) represent the influence of
three-dimensional mountain-scale heat flow. There are several possible options for incorporating
the influence of three-dimensional mountain-scale heat flow into the results of drift-scale
submodels, including: (1) specifying time-dependent temperature boundary conditions, which
are obtained from the three-dimensional mountain-scale submodel, at the sides of the drift-scale
submodels, and (2) specifying time-dependent heat flux, which is determined from the
three-dimensional mountain-scale submodel, out of the sides of the drift-scale submodels.
Because it is computationally feasible, the multiscale thermal-hydrologic model uses the second
approach, as is conceptually explained below, and which is described in detail in Section 6.2.4.

The multiscale thermal-hydrologic model implements the time-dependent heat flux at the lateral
boundaries of the drift-scale thermal-hydrologic submodels in an empirical fashion. For a
repository of theoretically infinite lateral and longitudinal extent, there would be no
mountain-scale heat flow in the lateral and longitudinal directions. Consequently, drift-scale
submodels could take advantage of symmetry by utilizing insulated lateral and longitudinal
boundaries and closely predict the temperature evolution. These models could utilize an
insulated boundary along the center axis of the drift and an insulated boundary at the mid-pillar
location, which is 40.5 m from the drift centerline. Because the repository system is of finite
lateral and longitudinal extent, three-dimensional mountain-scale heat flow causes heat to cross
the lateral and longitudinal boundaries in the drift-scale submodels. The multiscale
thermohydrologic model approximates this heat loss by allowing heat to leave the lateral
boundary in the drift-scale submodels, which is 40.5 m away from the centerline of the drift, in a
manner that is consistent with three-dimensional mountain-scale heat flow. This is accomplished
by comparing temperatures predicted by the three-dimensional mountain-scale submodel with
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those predicted by equivalent one-dimensional drift-scale submodels to adjust the lateral
dimension of the drift-scale submodels so that the temperature predicted by the drift-scale
submodel matches that of the mountain-scale submodel at each timestep. This adjustment
process results in an effective drift spacing, which gradually increases with time, just as the
lateral and longitudinal heat loss grows with time. Note that the description in Section 6.2.4
utilizes an effective areal mass loading, which has a one-to-one equivalence to the effective drift
spacing. Thus, an effective drift spacing of 81 m corresponds to an effective areal mass loading
of 55 MTU/acre, while an effective drift spacing of 162 m corresponds to an effective areal mass
loading of about 27 MTU/acre. The gradually increasing drift spacing allows the appropriate
quantity of heat to leave the physical lateral boundary (with time). This time-dependent drift
spacing is then applied to the two-dimensional drift-scale thermal-hydrologic submodels, so that
the influence of three-dimensional mountain-scale heat flow is appropriately represented in those
submodels.

After the effective drift spacing is incorporated into the two-dimensional drift-scale
thermal-hydrologic submodels, the intermediate results represent a repository that is uniformly
heated with a repository-wide average thermal load per unit length. To incorporate the influence
of nonuniform heating conditions along drifts (resulting from waste package-to-waste package
variability in heat output), three-dimensional drift-scale submodels are used to determine the
local temperature deviations relative to those arising from line-averaged heating conditions.
These temperature deviations are added to the line-averaged results to determine temperature
conditions that incorporate both the influence of three-dimensional mountain-scale heat flow and
three-dimensional drift-scale heat flow. Thus, the effective drift spacing (and the corresponding
equivalent effective areal mass loading) is adjusted to account for local temperature deviations,
as well as for three-dimensional mountain-scale heat flow. The adjusted effective areal mass
loading is applied to the two-dimensional drift-scale thermal-hydrologic submodels to determine
all hydrologic parameters of interest throughout the repository.

The process of adding the results from three-dimensional thermal submodels to those from
two-dimensional thermal-hydrologic submodels relies on the assumption (Section 5.2.1) that
three-dimensional convective heat and mass transfer in the host rock do not influence
longitudinal temperature variability along the drift axis. Moreover, the multiscale model
approach assumes (Sections 5.2.2 and 5.6) that mountain-scale movement of water and water
vapor along the drift axes or between drifts is insignificant. Thus, fluid flow and convection are
mostly confined to a two-dimensional vertical cross section orthogonal to the drift axis, with
insignificant fluid flow across the vertical midplane in the rock pillar between the drifts. These
assumptions are justified by the model validation study documented in Section 7.5, where it was
found that the influence of longitudinal vapor transport along the drift has an insignificant
influence on in-drift thermal-hydrologic conditions compared to the influence of parametric
uncertainty. The thermal-hydrologic multiscale model also neglects any changes in rock
properties due to three-way or four-way coupled thermohydrologic-chemical-mechanical
processes (Manteufel et al. 1993 [DIRS 100776]) and neglects the influence of dissolved solutes
on the thermal-hydrologic properties of water.

The thermal-hydrologic multiscale modeling approach considers the influence of the following
parameters as a function of geographic location in the repository: local stratigraphy, overburden
thickness (i.e., distance between the repository and ground surface, which varies by
approximately 150 m across the repository), thermal boundary conditions, and percolation flux.
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It also considers the influence of the proximity to the edge of the repository, which is important
because a waste package close to the repository edge will cool more quickly than one at the
repository center. As discussed in Section 5.2.1, it is assumed that the differences in temperature
that arise as a result of proximity to the repository edges are governed by thermal conduction in
the rock. This assumption is equivalent to saying that convective heat transfer mechanisms have
an insignificant influence on lateral mountain-scale heat flow at Yucca Mountain. These
mechanisms (notably, buoyant gas-phase convection and the heat pipe effect) are included in the
two-dimensional thermal-hydrologic (drift-scale) submodels of the MSTHM. The assumption of
conduction dominance at the mountain scale bounds temperature differences that arise from
differences in proximity to the repository edges, which captures the full range of boiling-period
duration across the repository.

The MSTHM represents all possible waste packages emplaced in the repository by four major
types: CSNF from pressurized-water reactors (PWRs), CSNF from boiling-water reactors
(BWRs), high-level radioactive waste (HLW), and DOE-owned spent nuclear fuel. The relevant
point here is that the heat-generation-rate-versus-time relationships for these four waste package
types are different. The model considers a waste package sequence (Figure 6.2-2) that results in
eight distinct local heating conditions for waste packages. For example, the model distinguishes
between a BWR placed between a PWR and a HLW and a BWR placed between two PWRs. As
discussed in Section 5.2.2, it is assumed that the differences in temperature between relatively
hotter and cooler waste package locations are governed by thermal conduction in the host rock
and emplacement drift and thermal radiation in the open cavities in the drift. This assumption is
equivalent to saying that convective heat transfer mechanisms (notably, buoyant gas-phase
convection) do not significantly contribute to the attenuation of temperature variations along the
axis of the drift. However, the influence of buoyant gas-phase convection is represented in the
vertical plane perpendicular to the drift axis. This assumption bounds temperature variability
along the drifts.

To implement this multiscale approach, a modeling system has been developed that is called the
MSTHM, which is described in detail in Section 6.2.4. The following discussion begins with the
unsaturated zone hydrology model on which the natural system aspects of the MSTHM are
based, followed by a detailed discussion of the governing equations that are used in all the
MSTHM simulations.

6.2.2 Incorporating the Unsaturated-Zone Hydrology Model in the MSTHM

The MSTHM uses the representation of the unsaturated zone developed in UZ Flow Models and
Submodels (BSC 2004 [DIRS 169861], Section 6.1.1). From Development of Numerical Grids
for UZ Flow and Transport Modeling (BSC 2004 [DIRS 169855]), a three-dimensional
definition of hydrostratigraphic units (called UZ-model layers) is incorporated in the MSTHM,
including position of the water table and surface topography; thermal-hydrologic properties for
these units; and model boundary conditions. The model includes 36 UZ-model layers, each of
which is considered to be homogeneous with respect to thermal and hydrologic properties.
These hydrologic properties are determined through an inverse modeling approach constrained
by site hydrologic data; the assumption is made that important heterogeneity is captured by the
detailed stratification (Bandurraga and Bodvarsson 1999 [DIRS 103949]). The thermal
properties are determined based on laboratory and field measurements (BSC 2004
[DIRS 169854]; BSC 2004 [DIRS 170033]).
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The MSTHM also incorporates the conceptualization for flow through unsaturated fractured
porous rock at Yucca Mountain from the Lawrence Berkeley National Laboratory (LBNL)
unsaturated-zone hydrology model.  The current conceptual model is based on a
dual-permeability representation of overlapping fracture and matrix continua, modified from the
traditional approach such that only a portion of connected fractures actively conduct liquid water
(Liu et al. 1998 [DIRS 105729]), a portion which depends on liquid-phase saturation in
the fractures.

The next step in building the MSTHM involves the addition of the repository emplacement drifts
and the engineered components inside those drifts to the unsaturated zone hydrology model
discussed above. The geometric configuration of the engineered components inside the drifts
used in the MSTHM calculations in support of the TSPA-LA base case is shown in Figures 6.2-1
and 6.2-2.

Drift wall

Springline

1.265m

| Drip shield

! A
! Invert 0.806 m
I L]

drift_cross-section

Source: BSC 2003 [DIRS 162444], Figure 2, for invert depth; BSC 2004 [DIRS 168489], Figure 1, for drift diameter.

NOTE:  Average waste package diameter is obtained from assumption in Section 5.4.1. Drip-shield width is from
BSC 2003 [DIRS 171024], Sheet 2. Location of waste package centerline above invert is from BSC 2004
[DIRS 167040].

Figure 6.2-1. Geometric Configuration of the Engineered Components Shown for an Average
Cross-Section Inside the Emplacement Drifts as Represented in MSTHM
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NOTE: Average waste package diameter is obtained from assumption in Section 5.4.1. Waste package lengths are
obtained from BSC 2003 [DIRS 165406], Table 1. The names of the respective waste packages (21-PWR,
44-BWR, etc.) used in the DDT submodel are shown above for each waste package.

Figure 6.2-2. Diagram Showing Drift Spacing, Waste Package Lengths, and Waste Package Spacing in
Plan View Considered in MSTHM Calculations for the TSPA-LA Base Case
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6.2.3 Governing Equations for Unsaturated-Zone Thermohydrology

This section describes the theoretical basis for the NUFT software, which solves the governing
equations. Section 3 lists versions of NUFT that are qualified software and are used in the
MSTHM. The theoretical basis is repeated here for background.

6.2.3.1 Mass-Balance Equation for Thermal-Hydrologic Models

All thermal-hydrologic models in this report solve the mass-balance equation for air, water, and
energy components for liquid- and gas-fluid phases and a nondeformable solid. The
mass-balance equation for the air and water components is:

7
P50 =2V gp.S (0!V +I]) (Eq. 1)
4 4

where ¢ is time, the superscript £ denotes a component (e.g., air and water), the subscript ¢
denotes fluid phases (e.g., liquid and gas), ¢ is porosity, £ is density of phase ¢, S, is saturation

of a ¢ phase, cof denotes mass fraction of £ component in phase ¢, V. is velocity vector for ¢

phase advection, and J” is combined diffusive and dispersive flux tensor, which can be further
given by Fick’s law (Cho 1998 [DIRS 160802], p. 1.3, Equation 1-7):

1. =-D/Vo/ (Eq. 2)

3

D! is combined diffusion and dispersion coefficient for  component in ¢ phase. Darcy’s law
gives the advective flux vector (Nitao 2000 [DIRS 159883]):

k_(S
SV, = _+j)(vpg + pggVZ) (Eq. 3)

where k. is the permeability function, 4. is phase viscosity, p_ is phase pressure, g is gravitational
acceleration, and z denotes distance in the vertical direction. The capillary pressure relationship
is given by:

pang_pc (Eq'4)

and p, is the retention pressure function. In addition to the mass balance equation, there are the
constraints:

2.0/ =1 gnd 25.=1
/ ‘ (Eq. 5)
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Local thermodynamic equilibrium is assumed between all phases. Partitioning of components
between phases is expressed in terms of partitioning coefficients:

B
= K. g“ (Eq. 6)
where 7 is the mole fraction and Kg; is the partitioning coefficient between phase ¢ and

phase & For predicting the partitioning of water between the aqueous phases, the model includes
the “vapor pressure lowering” effect based on the Kelvin law:

. exp[MP ] (Eq. 7)

P_(T) PRT

sat

where RH is relative humidity, Py is partial pressure of water vapor, Ps, (7) is the saturated vapor
pressure from the steam tables, based on the local temperature 7, M is the molecular weight of
water, P. is capillary pressure, p is the density of water R is the Gas Constant, and 7 is
temperature.

6.2.3.2 Energy Balance Equation for Thermal-Hydrologic Models

For all thermal-hydrologic models and submodels in this report, the energy balance equation is:
Z¢pguS + 1 ¢)p9 17 ref ZZ[V ¢hﬂp§ §( £V§+Jg):|+v.KHVT (Eq 8)

where T denotes temperature, 7., is reference temperature, u_ is specific internal energy, o5 is

solid density, C, is specific heat of solid, hf is partial specific enthalpy, and X, is thermal
conductivity. Note that thermal conductivity is a function of liquid-phase saturation S, varying
linearly from a “dry” value of K, (S = 0.0) to a “wet” value of K,, (S = 1.0). Where thermal
radiation is included to couple grid blocks within the numerical model, a classical radiation term
can be added to the right hand side of Equation 8, to represent the conceptual basis for radiative
heat transfer.

It is noted that it is possible to use either a specific internal energy accumulation term or a
specific enthalpy accumulation term for the fluid phases of Equation 8. Transport Phenomena
(Bird et al. 1960 [DIRS 103524]) discusses the validity of either approach. The justification for
the use of specific internal energy in the accumulation term of the fluid phases in the NUFT code
is discussed in detail in Section 6.2.3.6.

The balance equations (1) and (8) are discretized in space using the integrated finite difference
method and discretized in time using the fully implicit backward Euler method. The resulting
nonlinear system of equations is solved at each time step using the Newton-Raphson method.

6.2.3.3 Radiative Heat Transfer

Where relevant, models, such as the LDTH and DDT submodels (Sections 6.2.6 and 6.2.8),
include radiative heat transfer in the energy balance model for the open cavities within the
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repository drifts in which waste packages are emplaced. In this case, the surfaces of the drift
wall and waste package are subdivided into surface elements, each of which is mapped to a
computational volume element. Radiative heat flux is calculated for connections between each
pair of surface elements using temperatures from the corresponding volume element. The net
radiative heat transferred between two model nodes is calculated from the Stefan-Boltzmann law
(Cho 1998 [DIRS 160802]):

O=c(I -T) (Eq.9)

where T, is the absolute temperature of the radiator, 7, is the absolute temperature of the
receiver, and c is a coefficient defined by:

c=AFeo (Eq. 10)

where 4 is the area of the radiating surface element, F is the radiative view factor (Holman 1990
[DIRS 106052]), € is emissivity, and o is the Stefan-Boltzmann constant.

6.2.3.4  Energy Balance Equations for Thermal-Conduction-Only Models

For all thermal-conduction models in this report, the energy balance is written:

or
(1-¢)p.C,—-=V K,VT (Eq. 11)

where ¢ is porosity, p is solid density, C, is specific heat of solid, and K, is thermal

conductivity. For thermal-conduction-only models, thermal conductivity is not a function of
liquid-phase saturation.

6.2.3.5  Dual-Permeability and Active-Fracture Models

All thermal-hydrologic models in this report utilize a dual-permeability approach in which the
fracture and matrix systems are treated as two separate continua with a complete set of balance
equations and computational grid for each continuum. Each continuum has coupling terms for
mass and energy fluxes between the two continua. These terms have the general form:

=axAul L, (Eq. 12)

q exchange

WHhEre geychange 19 flux of mass or energy per unit bulk volume, Au is the difference in pressure or
temperature between the continua, and « is a transfer coefficient. The coefficient « for
advective flux is of the form Kk/u, where K is saturated permeability, and %, is relative
permeability. For diffusive mass flux of a phase, x is equal to the apparent diffusion coefficient
D,,, = ¢StD, where zis tortuosity factor, and D is the free diffusion coefficient. For energy flux,
K is the bulk thermal conductivity K,. In the conventional dual-permeability approach, a is the
surface area of the fracture walls per unit bulk volume, and L is the average distance between

centers of the matrix elements, which is proportional to the fracture spacing. Also used is an
active-fracture model modification to the traditional dual-permeability approach in which a and
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L are modified to account for inactive fractures (or portions of fractures) as suggested by
Liu et al. (1998 [DIRS 105729]).

Specifically, a is multiplied by S,, and L is multiplied by S,”, where:

S, -5,
S =L °
‘ Smax _Sr ! (Eq 13)

and S, and S, are residual and maximum liquid-phase fracture saturations, respectively, while
Sy is the fracture saturation.

The relationships between permeability, saturation, and capillary pressure described in
Equations 14 and 15 are described by the formulations of van Genuchten (1980 [DIRS 100610])
and Mualem (1976 [DIRS 100599]), modified to account for the active fracture model by the
parameter ywhich has a value between 0 and 1 (O if all fractures are active).

The relative permeability for the liquid phase is given by:

2
(I+7)/2 =)/ m \™
kr[ =S, 4 |:l.0—(l.0—Se 4 ) } (Eq 14)

K

It is assumed that k,, + k,, = 1; the subscripts “/” and “g” refer to the liquid and gas phases,
respectively. The capillary pressure is given by:

12 )
== s -1
Pe =g (Eq. 15)

where « is a curve-fitting parameter (units of inverse pressure), n is a dimensionless curve-fitting
parameter, and m = 1-1/n.

S |

The parameters used in this model are functions of pressure p, temperature 7, mass fraction o,
and/or saturation S as follows: p, (p,T, ®), D, (p.T), ta (p.T, ®), K, (p,T.5), ua( p,T, o),

h! (0,7), koS), 7o(S), and p. (S,T).

6.2.3.6  Formulation of Energy Balance Equation for Thermal-Hydrologic Models

It is possible to formulate the energy balance equation (Equation 8) using either specific internal
energy (u) or specific enthalpy (h) in the fluid-phase accumulation terms inside the time
derivative. Numerical models for subsurface flow and transport have formulated the equation of
energy for multicomponent systems both using enthalpy (e.g., Manteufel et al. 1993
[DIRS 100776]; Pollock 1986 [DIRS 164747]) and using specific internal energy (e.g., Lichtner
and Walton 1994 [DIRS 152609]; Nitao 1998 [DIRS 100474]). Bird etal. (1960
[DIRS 103524], Table 18.3-1, p. 562) demonstrate that both formulations are valid, as follows:
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Pt =V - 2 ) (Eq. 16)
pou=—V-q)-(: V%) + Y (i, 8 (Eq. 17)
t i-1

One may note the fact that specific enthalpy of evaporation (%..q,) is greater than the specific
internal energy of evaporation (u...,) because the specific enthalpy includes a compressible work
term. For example, at standard atmospheric pressure (101.3 kPa), he.op, = 2,257 ki/kg while
uevap = 2088 kJ/kg, a difference of approximately 8 percent (Keenan et al. 1969 [DIRS 134666]).
Such a difference is crucial when considering a simplified batch system (i.e., zero-dimensional
reactor). In such simplified cases, one must consider different approaches to the system
(i.e., approaching the problem as a closed system versus approaching the problem as an open
system). The partial differential equation formulation as represented by Bird et al. (1960
[DIRS 103524], p. 566, Equation 18.4-2) in Equations 16 and 17 incorporates multidimensional
transient processes, however. Both the enthalpy formulation (Equation 16) and the internal
energy formulation (Equation 17) result in equivalent solutions.

The energy-balance equation in NUFT is based on the derivation of Equation 17, which is the
internal energy formulation of the energy equation for » species. Expanding the total derivative
on the left-hand side of Equation 17 and incorporating the continuity equation, Equation 17 can
be rewritten as:

0 L
—(pu)+V - (puv) ==(V-q)=(m: V) + D (. 8.) (Eq. 18)
ot P} i °i
The thermal energy flux ¢ is composed of three terms (Bird et al. 1960 [DIRS 103524],
Equation 18.4-2, p. 566):
n
g=—kVT =Y hpD Vo, + g™ (Eg. 19)
i=1

representing, respectively, thermal conduction, species diffusion enthalpy transport, and the
Dufour energy flux. Note that according to Bird et al. (1960 [DIRS 103524]), the Dufour energy
flux is of minor importance and is therefore typically neglected. Incorporating Equation 19 (less
the Dufour energy flux) into Equation 18 and noting that gravitational work (the last term in
Equation 18) is zero (Nitao 2000 [DIRS 159883]), results in the simplified equation:

i=1

%(pu) +V-(puv) = [V-{kVT +Zn:hipDiVa), D—(n : Vv) (Eq. 20)

The stress tensor = is related to the viscous shear tensor and pressure as follows:

n=r1+pl (Eq. 21)
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Incorporating Equation 21 into the last term of Equation 20 and noting that
pV-v=V-.(pv)-v-Vp, Equation 20 can be rewritten as:

%(pu)+v-(pUV) =[V‘{kVT +Zn:h,pD,Va), D—(r:Vv)—V~(pv)+V~Vp

(Eq. 22)

As discussed by Nitao (2000 [DIRS 159883]), both the viscous dissipation term (z : Vv) and the
pressure gradient term (v-Vp) are typically neglected in Equation 22 because these terms are

small compared to other terms. Estimates of the approximate potential error incurred by
neglecting these two terms are discussed below. The third term on the right-hand side of
Equation 22 can be incorporated into the second term on the left-hand side resulting in a
convective enthalpy term. This results in the energy equation as it is employed in the
NUFT code:

%(pu) +V-(phv) = (V-[kVT Jrzn“hi,oDiVa)i D (Eq. 23)

i=1

For a more rigorous mathematical development of Equation 23 from Equation 17, see
Documentation of the Thermal Energy Balance Equation Used in the USNT Module of the NUFT
Flow and Transport Code (Nitao 2000 [DIRS 159883]). Note that the above equations apply
only at the “pore level” and not at the porous medium, or macroscopic, level. Nitao (2000
[DIRS 159883]) also discusses the method used to derive the porous medium energy balance
equation by volume averaging the pore level equations.

It is possible to estimate the error incurred by neglecting the viscous dissipation term (z:Vv) in
Equation 22 by considering the maximum error that could occur for a thermal-hydrologic model
calculation using the NUFT code. Nitao (2000 [DIRS 159883]) estimates that the maximum
error caused by neglecting this term would occur during infiltration through the rock fractures.
The maximum possible error in temperature at the repository for a high infiltration of 200 mm/yr
would be AT ~ 0.3°C.

The largest potential source of error lies in neglecting the pressure gradient term in Equation 22.
Note that this assumption does not mean that a constant pressure is assumed—only that this
particular term in the energy equation is neglected. In fact, pressure is a variable in all of the
remaining terms in Equation 22 where it appears. It is possible to estimate the maximum
potential error incurred by neglecting the heat gradient term (v-Vp) by comparing it to the

convective enthalpy term (V-(phv)). The greatest pressure would occur in the host rock

immediately adjacent to the drift wall during a boiling event. As an example, consider a
maximum drift-wall temperature of 140°C as estimated for the higher-temperature operating
mode conditions analyzed in FY 01 Supplemental Science and Performance Analyses, Volume 1:
Scientific Bases and Analyses (BSC 2001 [DIRS 155950], Figure 5.4.1-2). Such a temperature
would result in a Py, of 361 kPa. The results of the supplemental analyses indicate that such a
drift-wall temperature incurs a relative humidity of 30 percent; thus, the pressure can be
estimated as approximately 120 kPa. The extreme downstream temperature and pressure at the

ANL-EBS-MD-000049 REV 03 6-22 July 2005



Multiscale Thermohydrologic Model

repository level would be about 96°C and 84.5 kPa. If the ratio of (v-Vp)/V(phv)is

approximated as  Ap/A(psihse) then the maximum difference is (120 kPa - 84.5
kPa)/(1.12 kg/m® x 2,706 kJ/kg — 0.353 kg/m® x 2,652 kJ/kg) or about 2 percent. Note that this
is a conservative error estimate for this particular problem; the estimate neglects thermal
conduction as an energy transport mechanism and thus exaggerates the potential error of this
scenario where heat flow is dominated by thermal conduction. Hence, is concluded that
neglecting the pressure gradient in Equation 22 would result in a maximum error of less
than 2 percent for a short time over only the small region of host rock adjacent to drift wall,
where boiling of pore water occurs. Neglecting the influence of viscous dissipation and the
pressure gradient in the energy equation is therefore acceptable.

6.2.4 MSTHM Calculation Sequence

The MSTHM consists of four submodel types (Figure 1-1, Tables 1-2 and 1-3), all of which are
run using the NUFT v3.0s code (Nitao 1998 [DIRS 100474], Section 3.1.1). For this report, the
LDTH and SDT submodels (Sections 6.2.6 and 6.2.7) are run at 108 geographic locations
distributed uniformly over the repository area (Figure 6.2-3); these submodels use the
stratigraphy, overburden thickness, thermal-hydrologic boundary conditions, and percolation
fluxes appropriate for each location. At each of those 108 geographic locations, the LDTH and
SDT submodel calculations are conducted at different values of thermal loading, which can be
quantified by the Areal Mass Loading (AML). Note that AML is expressed in terms of metric
tons of uranium per acre. For the current repository design, the initial Lineal Power Density
(LPD) is 1.45 kW/m (BSC 2004 [DIRS 168489], Table 1), which for a drift spacing of 81 m
(BSC 2004 [DIRS 168489], Table 1) corresponds to an areal power density of 17.9 W/m? The
repository has 57,480.2 m of emplacement drift (Table 6.2-1), which corresponds to a heated
repository footprint of 4,655,896 m® (57,480.2 m of drift multiplied by an 81-m drift spacing,
which is 1150 acres). From Table 6.2-1 it can be seen that the SMT submodel represents the
repository as having 57,480 m of emplacement drift. For a 63,000 MTU inventory of
commercial spent nuclear fuel (CSNF) waste packages, this corresponds to an AML of
54.76 MTU/acre (63,000 MTU divided by 1150 acres). Therefore, 1 MTU/acre is equivalent to
0.327 W/m? at the time of emplacement for the TSPA-LA design. The modeled AML is
obtained by virtue of the selected drift spacing in the submodel.

Section 7.5 describes a MSTHM validation test case, also reported by Buscheck et al. (2003
[DIRS 164638]), in which the MSTHM and a corresponding monolithic thermal-hydrologic
model are used to predict the thermal-hydrologic behavior of a three-drift repository test case,
which is a scaled-down version of the repository. The following description of the MSTHM
calculation sequence also pertains specifically to that test case, which utilizes six modeled
AMLs: 66, 55, 37, 27, 14, and 7 MTU/acre. Because of the very small heated footprint of the
three-drift repository test case, the influence of the edge-cooling effect occurs faster and with
greater magnitude than is applicable to repository heating conditions, which requires that the
LDTH-SDT submodel pairs be run at six different AMLSs, rather than at just four (as is typically
done for a full-scale repository example). An AML of 55 MTU/acre corresponds to 81-m drift
spacing, while 27 MTU/acre corresponds to 162-m drift spacing. The emplaced AML for the
repository is 55 MTU/acre for a total repository-wide heat load of 70,000 MTU (Canori and
Leitner 2003 [DIRS 166275], p. 3-95). The modeled AMLs that are less than the emplaced
AML account for the evolving influence of the edge-cooling effect (i.e., waste package locations
close to the repository edges cool faster than those at the center). The modeled AML that is
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higher than the emplaced AML accounts for hotter-than-average waste package thermal-loading
conditions. The LDTH submodel domain is a two-dimensional drift-scale cross-section
extending down from the ground surface to the water table. The LDTH submodels are the only
submodels to include coupled thermal-hydrologic processes; these submodels assume a
heat-generation history that is effectively that of the entire waste package inventory
line-averaged over the total length of emplacement drifts in the repository.

B Location of the
SDT/LDTH-submodel pairs
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e
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232 - _
| | L |
170 171 172

Easting, km

chimneylLocation108

Source: See Table XIlI-1.

NOTE:

Nevada State Northing and Easting coordinates are given in kilometers. The subhorizontal lines depict the
rows of gridblocks in the SMT submodel that represent each of the emplacement drifts. The rectangles
correspond to the locations of LDTH-SDT submodel pairs. A total of 108 LDTH-SDT submodel locations
are used in the TSPA-LA base case. The outline of the repository perimeter corresponds to the end-point
coordinates of the heated portions of the emplacement drifts as given in the IED presented in Repository
Design, Repository/PA IED Subsurface Facilities (BSC 2003 [DIRS 161727]). The MSTHM representation
of the heated repository footprint closely matches the end-point coordinates of the repository layout. This
layout has been slightly revised as shown in Figure 4-1, which is based on the end-point coordinates given
in the IED presented in D&E/RIT IED Subsurface Facilities (BSC 2004 [DIRS 172801]). Note that the
Panel numbers have changed in the revised layout, as shown in Figure 4-1.

Figure 6.2-3. Repository Layout Considered in MSTHM Calculations for the TSPA-LA Base Case
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The three-dimensional SMT submodel, which simulates conductive heat flow from a heat source
smeared over the repository area, represents the heated footprint of the repository and allows for
consideration of edge-cooling effects and the influence of the varying overburden thickness
above the repository. For this example, originally by Buscheck et al. (2003 [DIRS 164638]), the
linear power density is 1.35 kW/m. Note that this linear power density is different from that
being analyzed for the TSPA-LA (Section 6.3). The SMT submodel assumes a heat-generation
history that is areally averaged for the entire waste package inventory over the entire heated
footprint of the repository. The one-dimensional SDT submodels are run at the same 108
geographic locations as the two-dimensional LDTH submodels such that every LDTH submodel
is paired to a corresponding SDT submodel. The SDT submodels utilize the same
heat-generation history as the LDTH submodels except that heat is smeared over the repository
plane in the SDT submodels.

The fundamental concept in the MSTHM is that the results from the two-dimensional LDTH
submodels can be modified to account for the influence of three-dimensional mountain-scale
heat flow as well as for local deviations arising from waste package-to-waste package variability
in heat output. Output from the SMT submodel, together with the LDTH-SDT submodel pairs,
IS integrated to create the LMTH model (Figure 1-1). The DDT submodel is then used to further
modify the LMTH model to account for waste package-specific deviations from average waste
package behavior. For this report, the DDT submodels represent eight different waste packages,
which fall in two major categories: commercial spent nuclear fuel (CSNF) waste packages,
which include pressurized water reactor (PWR) and boiling water reactor (BWR) waste
packages; and defense high-level waste (DHLW) waste packages. Four different waste package
types are used in the model validation study: PWR1, PWR2, DHLW and BWR (Table 7.5-2).
DDT submodel temperature variations are superimposed on LMTH model temperatures to
generate the temperatures of the final discrete-heat-source mountain-scale thermal-hydrologic
(DMTH) model (Figure 1-1, Tables 1-2 and 1-3).

For the MSTHM analysis of the repository, after all of the submodels have been run using the
NUFT code, LDTH and SDT submodel results are spatially interpolated from the geographic
locations (a total of 108 for the TSPA-LA MSTHM) to all of the repository subdomains in the
SMT submodel (2,874 for the TSPA-LA MSTHM). This approximates running the LDTH-SDT
submodel pairs at all repository subdomains in the SMT submodel.

The MSTHM calculation sequence to obtain temperature, relative humidity, and liquid-phase
saturation is shown in Figures 6.2-4 and 6.2-5 and is divided into the six stages of Figure 1-1.
While this analysis pertains to the three-drift repository model validation test case (Section 7.5),
it also illustrates the MSTHM calculation sequence for each of the repository subdomains. The
six calculation stages conceptually illustrated in Figure 1-1 are discussed in detail below.
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NOTE: (a) Host-rock temperature Tspr vs. time calculated for the six listed AMLs; also plotted is Tsur vs. time
calculated at the repository center. Because the SDT and SMT submodels use smeared heat sources, the
SDT and SMT host-rock temperatures are averaged temperatures for the repository horizon (from pillar
mid-point to pillar mid-point) at a given drift location. (b) Host-rock effective AML (AMLpstrieff) VS. time
calculated at the repository center. (c) Drift-wall temperature vs. time calculated for the six listed AMLs; also
plotted is Taw,LmtH VS. time determined at the repository center. (d) Temperature difference AT gw,jomTH
between the local and the axially averaged Tqw,.mtH calculated using the six DDT submodels and
interpolated on the basis of AMLnstrk eff VS. time (Figure 6.2-4b) for the HLW and PWR2 waste packages; also
plotted are the corresponding temperature deviations ATgs;pomtH between the local drip-shield temperature
and the axially averaged Tgs | MTH-

Figure 6.2-4. MSTHM Calculation Sequence for a Three-Drift 55-MTU/Acre-Repository Example
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NOTE:

(a) Taw,pmTH Vs. time for the HLW and PWR2 waste packages at the repository center; also plotted is

Taw,LmTH VS. time at the repository center (Figure 6.2-4c¢). (b) TqwLoTH VS. time calculated for the six listed
AMLs; also plotted is Tqw,,omtH Vs. time for the HLW and PWR2 waste packages at the repository center.

(c) AML; jspecific at the drift wall for the HLW and PWR2 waste packages at the repository center. (d)
Drift-wall relative humidity RHqw,LoTH Vs. time calculated for the six listed AMLs; also plotted is RHgw,j,omTH VS.
time for the HLW and PWR2 waste packages at the repository center, which is determined on the basis of
AML; jspecific VS. time for the respective waste packages. (e) TasjomtH VS. time for the HLW and PWR2 waste
packages at the repository center; also plotted is TgsmtH VS. time at the repository center. (f) RHgsjomTH VS.
time for the HLW and PWR2 waste packages.

Figure 6.2-5. MSTHM-Calculation Sequence (Continued)

ANL-EBS-MD-000049 REV 03

6-27

July 2005



Multiscale Thermohydrologic Model

STAGE 1-The first calculation stage generates the host-rock effective AML, referred to as
AMLsikerr. The AMLnstrk ef IS generated at each repository subdomain in the following manner:

1. First, the repository subdomain’s host-rock temperature history simulated by the
three-dimensional SMT submodel is compared with temperature histories simulated by
the one-dimensional SDT submodels for a range of heat loading conditions (e.g., for
55 MTU/acre, for 46 MTU/acre, etc.). Note that because the SDT and SMT
submodels use smeared heat sources, the SDT and SMT host-rock temperatures are
averaged temperatures for the repository horizon (from pillar centerline to pillar
centerline) at a given location.

2. Second, the value of AMLsikesf at any given time is the AML that a one-dimensional
SDT submodel would have to use in order to match the three-dimensional SMT
modeled temperature at that location. By using the AMLysuker, the influence of
three-dimensional mountain-scale heat flow is imposed on the two-dimensional LDTH
submodels discussed in Stage 2. As an example, Figure 6.2-4a-c illustrates how the
concept of the AMLysukers 1S USed to account for three-dimensional mountain-scale
heat flow. The host-rock temperature Tsur calculated by the three-dimensional SMT
submodel is compared with temperatures T7spr calculated by the family of
AML-dependent SDT submodels (Figure 6.2-4a). For each timestep, AMLpstrk eff
(Figure 6.2-4b) is obtained by interpolating for Tswr among the family of
AML-dependent Tspt curves. For example, Point A, which is at 20 years, finds the
Tsmr to be virtually the same as Tspr for 55 MTU/acre, thus yielding an AMLpgrk efr OF
55 MTU/acre at 20 years. Point B, which is at 200 years, finds Tsut lying between
Tspr for 55 and 37 MTU/acre; linear interpolation between Tsyt and the two Tspr
curves straddling Point B results in an AMLsyk et Of 43 MTU/acre at 200 years.

Initially, Tsut at the center of this three-drift repository test case corresponds exactly to Tspt
calculated by the 55-MTU/acre SDT submodel because there has been no thermal
communication between the center and edge of the repository. Thus, AMLstk eff IS the emplaced
AML of 55 MTU/acre for early time (Figure 6.2-4b). Because of the relatively small size of the
repository in this example (which corresponds to the MSTHM validation test problem described
in Section 7.5), it takes only 50 years to establish thermal communication between the center and
edge of the repository. Thus, the edge-cooling effect begins to influence the repository center at
about 50 years, causing Tsmt to begin a steady decline relative to the family of AML-dependent
Tspr curves. This relative decline in Tsyr (Figure 6.2-4a) results in a corresponding steady
decline in host-rock effective AML (Figure 6.2-4b).

STAGE 2-This stage generates the three-dimensional LMTH-model (Table 1-2) temperatures at
each of the repository subdomains; it does not address the influence of waste package-to-waste
package variability in heat output. The LMTH-model drift-wall temperature TgwimTH IS
determined by linearly interpolating to the parameter AMLpsykert @among the family of six
AML-dependent LDTH submodel drift-wall temperature Tyw, ptn Curves. Returning to the
example discussed in Stage 1 and examining Figure 6.2-4c, the AMLsykers IS 55 MTU/acre at
Point A (¢ = 20 years), and thus Ty mTH IS equal to Tyw, otH for 55 MTU/acre, which is about
81°C. At Point B (¢ = 200 years), the AMLygefr IS 43 MTU/acre, and thus an interpolated value
of Tgwimtn OFf 105°C is determined, which is between Tgw ot for 55 MTU/acre (115°C) and
Tow,LoTH for 37 MTU/acre (100°C). The process of using AMLstkeff t0 generate LMTH-model
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temperatures is repeated for invert temperatures Ty mth, for drip-shield temperatures Tds,
LMTH, and for temperatures at various reference locations in the host rock. LMTH-model
temperatures are determined for each of the repository subdomains. It is important to note that
the LDTH and DDT submodels include the mechanism of thermal-radiative heat transfer
between the waste package, drip-shield, invert, and drift-wall surfaces. Because
thermal-radiative heat transfer is proportional to the temperature difference between two surfaces
raised to the fourth power (i.e., 71 * - 7> %), it is dependent on temperature differences within the
drifts, as well as on the absolute temperature (history) in the drifts. Consequently, a DDT
submodel, which is run at only one AML, cannot address the manner in which thermal-radiative
heat transfer is dependent on absolute temperature (history). To address this issue, DDT
submodels are run at a variety of AMLs so that thermal-radiative heat transfer incorporates the
influence of the temperature differences, as well as the influence of the absolute temperature in
the drift, all as a function of time. Because the DDT submodels are run for at least four different
AMLs that cover a wide range of temperature histories, interpolations between the respective
DDT submodels are performed over small enough temperature-history ranges that piecewise
linear interpolation adequately characterizes the underlying nonlinear process of
thermal-radiative heat transfer.

STAGE 3-After LMTH-model temperatures have been determined at all reference locations
(except for on the waste package) and for all repository subdomains, the next stage in the
MSTHM process is to build the DMTH-model (Table 1-2) by incorporating the influence of
waste package-to-waste package variability in heat output obtained from the family of
DDT submodels. For each DDT submodel, the local deviation from an axially averaged
temperature (i.e., averaged along the axis of the drift) is determined for each of the four waste
package types (PWR1, PWR2, BWR, and HLW) for a variety of reference locations (e.g., drift
wall, drip shield, invert, etc.). This local deviation is the difference between the local
temperature of interest (e.g., the drift-wall temperature) and the corresponding axially averaged
temperature. For example, local temperature deviations are computed for the drift wall
(ATgwjpor) and for the drip shield (ATgsjpoor). These temperature deviations are then
interpolated as a function of the AMLpsykerr in the same manner as 7j pry IS interpolated to
determine TimTH, as discussed in Stage 2. This is done to determine a temperature deviation
accounting for the evolving influence of the edge-cooling effect at that repository subdomain.
Computed temperature deviations for the drift wall and drip shield (ATgwjomtn and ATgsjomtH)
are illustrated in Figure 6.2-4d. The DMTH-model values of drift wall temperature (Zow,jomTH,
Figure 6.2-5a) are determined by adding ATywjomtr (Figure 6.2-4d) to Tgw,. vt (Figure 6.2-4c).
Note that the DMTH-model values of drip-shield temperature 7ysjpmtr are similarly determined
by adding ATgsjpomtH t0 Tas mth (Figure 6.2-5e).

STAGE 4-The parameter AML,ij.speciic accounts for axial variations due to waste package
sequencing and waste package-to-waste package variability in heat output and is necessary for
the calculation of all hydrologic parameters in the DMTH-model. The parameter AML; j-specific 1S
generated in much the same manner as the parameter AMLsuketr In Stage 1. A number of values
of AML,jspecific are generated at each of the repository subdomains. For example, at the drift
wall AMLgw j-specific 1S calculated in the following manner: (1) the local drift-wall temperature for
a specific waste package Tqw,jpomrH IS compared to the family of AML-dependent Tow, oTH CUrVes
(Figure 6.2-5b); (2) the value of AMLgwjspecific at any given time is the AML that an LDTH
submodel would have to be to match the three-dimensional DMTH-model result. Figure 6.2-5¢
illustrates the AM I—dw,PWRZ-specific and AM I—dw,HLW-specific curves.
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STAGE 5-Once the parameter AML;j-specitic 1S determined from the temperature at a particular
repository subdomain and a reference/waste package-specific location, it is possible to determine
the corresponding hydrologic parameters, using output from the family of AML-dependent
LDTH submodels. Note that the hydrologic parameters from the LDTH submodels are
collectively referred to as Hij mtn Iin Figure 1-1 and Table 1-3. For example, RHgwjomTH IS
obtained by linear interpolation for each timestep, using the AMLgwj-specitic and the family of
AML-dependent RHyw, ptH curves (Figure 6.2-5d). The value of RHywjpomtr accounts for both
the reference/waste package-specific deviations in local temperature and for the influence of
three-dimensional mountain-scale heat flow at that particular repository subdomain. With the
exception of drip-shield relative humidity RHgysjomtn and waste package relative humidity
RHupjomTH, all other hydrologic parameters are calculated in a similar manner to RHgw,jomTH-

STAGE 6-The relative humidity on the drip shield and waste package (RHgsjpomTH and
RHupjpmTh) IS determined by relating thermal-hydrologic parameters that were determined by
the DMTH model. The drip-shield relative humidity, RHqysjomtr IS obtained by the following
relation:

P \T,
RHds,j,DMTH = RH SZZ( dW’LaV) ) (Eq. 24)

dw,cav P T

sat ds,j,DMTH

Here RHgysjpmth and TysjomtH are the perimeter-averaged relative humidity and temperature on
the drip shield, RHgw cav and Tyw cav are the perimeter-averaged relative humidity and temperature
on the drift wall and invert surfaces that adjoin the open drift cavity outside of the drip shield,
and Pgy IS the saturated vapor pressure. The waste package relative humidity RHypjpmtH 1S
calculated in an analogous manner. The relationship for the RHupjomtH Utilizes the manner in
which gas-phase mixing at the drip-shield joints allows the continuity of the partial pressure of
water vapor P, between the outside and inside of the drip shield. As discussed in Section 5.3.1.1,
the joints in the drip shield allow the transport (by advection and binary diffusion) of gas (air
plus water vapor) across the drip shield, which allows the continuity of P, across the drip shield.
Note that the assumption of the continuity of P, across the drip shield is also used as a bounding
case in In-Drift Natural Convection and Condensation (BSC 2004 [DIRS 164327],
Section 6.3.3.2.7). From a heat-transfer perspective, the drip shield functions like a
thermal-radiation shield (between the waste package and the drift wall) that causes the waste
package to be hotter than it would have been without the presence of the drip shield.
Figure 6.2-5f illustrates RHysjpmtH at two waste package locations at the center of the repository.

6.2.5 SMT Submodels

The three-dimensional SMT submodel is used to determine the repository-scale variations in
host-rock temperature (7) resulting from the heat output from the entire inventory of
70,000 MTU of waste, including 63,000 MTU of commercial spent nuclear fuel (CSNF) and
7,000 MTU of other nuclear waste (Canori and Leitner 2003 [DIRS 166275], p. 3-95). The SMT
submodel includes the influence of mountain-scale thermal-property stratigraphic variation, the
edge-cooling effect, which results from lateral heat loss at the repository edges, and the
overburden-thickness distribution. Overburden thickness is defined to be the depth of the
repository horizon below the ground surface. The SMT submodel domain extends from the
ground surface to 1,000 m below the present-day water table and the lateral (adiabatic)
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boundaries are far enough away from the repository that they do not affect repository
temperatures. The temperature 1,000 m below the water table is estimated by extrapolation
using the software routine boundary_conditions v1.0 (Section 3.1.8).

The primary purpose of the SMT submodel is to calculate the rate at which the edge-cooling
effect propagates. As described in Section 6.2.4, taken together, the conduction-only SMT and
SDT submodels (Section 6.2.7) provide relationships that describe the rate at which the
edge-cooling effect gradually influences thermal-hydrologic conditions at given locations across
the repository. The use of the SMT and SDT submodels requires the assumption that
mountain-scale heat conduction controls the rate at which the edge-cooling effect proceeds. This
assumption is justified in Section 5.2.1 and further validated in Section 7.5.

Given how the SMT submodel is used within the MSTHM methodology (Section 6.2.4), it does
not require separate validation in this report. Moreover, the SMT submodels utilize standard
scientific methods (e.g., Fourier’s Law) to perform the calculations. Furthermore, validation
testing of the NUFT v3.0s code included conduction-only test problems (bmrk002 and verif02),
which are described in the Validation Test Plan for NUFT 3.0s (LLNL 2002 [DIRS 170259];
LLNL 2000 [DIRS 170258]).

The use of conduction-only SMT-submodel results at the mountain scale requires the assumption
that mountain-scale heat flow is dominated by conductive heat flow, which is justified in
Section 5.2.1. Mountain-Scale Coupled Processes (TH/THC/THM) (BSC 2004 [DIRS 169866],
Section 6.3) documents a three-dimensional mountain-scale thermal-hydrologic model that is
similar in scale to the SMT submodel in the MSTHM. The vertical temperature profile of the
mountain-scale thermal-hydrologic model (Figure 6.3.1-6 of BSC 2004 [DIRS 169866]) is
indicative of conduction-dominated heat flow. Conduction dominates other heat transfer
mechanisms (i.e., convection in fractures and lithophysae, and latent heat) in the host rock
(Sass et al. 1988 [DIRS 100644], p. 35). This is also supported by the conclusions of data and
modeling of the Drift Scale Test (Birkholzer and Tsang 2000 [DIRS 154608], p. 1439). For the
level of confidence required for the MSTHM (and its associated submodels), justifying the
assumption that mountain-scale heat flow is dominated by conduction is equivalent to validating
the conceptual model of the SMT submodel.

Given the above-mentioned observations supporting heat flow at various scales being dominated
by conduction, NUFT-model results, regardless of dimensionality, can be validated by
corroboration with results obtained from an alternate conduction-only mathematical model.
Such a model-corroboration example is described in Drift Degradation Analysis (BSC 2004
[DIRS 166107], Section 6.2 and Figure 6-26). Figure 6-26 of that reference compares
temperatures predicted by the NUFT code, for a two-dimensional line-averaged heat source,
drift-scale, thermal-hydrologic (LDTH) submodel, with temperatures predicted by the FLAC3D
code (FLAC3D V2.1, STN: 10502-2.1-00 [DIRS 161947]). The FLAC3D code is a
thermal-mechanical simulator that does not consider hydrologic effects on heat transfer; thus, it
assumes conduction-only heat flow (Itasca Consulting Group 2002 [DIRS 160331], Section 1).
Figure 6-26 shows that the temperatures predicted by the two models are in good agreement.
Since hydrologic effects on heat transfer are not important, as discussed in the preceding
paragraph, the corroboration of NUFT-model results with those from FLA3D as illustrated in
Drift Degradation Analysis (BSC 2004 [DIRS 166107], Section 6.2 and Figure 6-26) validates
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the prediction of conductive heat flow in the NUFT model. Therefore, this model-corroboration
example supports post-development validation of the NUFT SMT submodel.

6.2.5.1 SMT Submodel Mesh

The actual and modeled repository footprints (Figure 6.2-3) cover nearly identical areas of
approximately 4.656 km?, which is based on the modeled length of drifts (Table 6.2-1),
multiplied by the 81-m drift spacing. The repository footprint corresponds to the area that is
heated by the smeared-heat-source representation of heat generation from waste packages. The
areal distribution of gridblocks in the repository area of the SMT submodel is shown in Figure
6.2-3. The SMT submodel discretely represents each emplacement panel (Panels 1, 2E, 2W, 3,
and 5) as well as each emplacement drift by using rows of heated gridblocks that are 20 m in the
longitudinal direction, 81 m perpendicular to the drift axis, and 6-m thick in the vertical
direction. The 6-m-thickness of the smeared heat source in the SMT submodel is consistent with
that of the SDT submodel discussed in Section 6.2.7. There are 2,874 20-m intervals along the
95 emplacement drifts in the SMT submodel. The actual total heated length of emplacement
drift in the repository is 57,480.2 m; the modeled length of emplacement drifts is 57,480.0 m.
Table 6.2-1 lists the actual and modeled lengths of heated emplacement drifts in each of the
panels. The heated length of each emplacement drift is obtained from the end-point coordinates
(BSC 2003 [DIRS 161727]).

The SMT submodel mesh is constructed so that boundary effects have an insignificant influence
on the predicted temperatures near the repository. This is accomplished by extending the lateral
boundaries at least 1,000 m beyond the repository edges and by extending the lower boundary
1,000 m below the water table.

The software routine YMESH v1.54 (Section 3.1.7) is used to generate the SMT submodel mesh
file so that it is consistent with the three-dimensional distribution of UZ model layers in the
site-scale UZ flow and transport model (DTN: LB03023DKMGRID.001 [DIRS 162354)), as
described in Table 6-5 of Development of Numerical Grids for UZ Flow and Transport Modeling
(BSC 2004 [DIRS 169855]). The process of building the SMT submodel mesh is described in
Appendix I. Note that the lower boundary (corresponding to the water table) of the three-
dimensional site-scale UZ flow model is a gently sloping surface. It is also noted that the output
from the previous version of the site-scale UZ flow model (DTN: LB990701233129.001
[DIRS 106785]) had a horizontal lower boundary at an elevation of 730 m, which was based on
an assumption that the water table was horizontal.
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Table 6.2-1. Summary of Emplacement Panels and Drifts Represented in the SMT Submodel
Total heated drift Number of Total modeled
length emplacement Number of heated length of drifts
Panel (m)? drifts® gridblocks” (m)°
1 4,100.4 8 206 4,120.0
2E 10,882.0 19 545 10,900.0
2w 13,845.1 23 689 13,780.0
3 17,493.6 30 877 17,540.0
5 11,159.1 15° 557 11,140.0
Entire 57,480.2 95 2874 57,480.0
repository

@ Total heated drift lengths for each panel and for the entire repository, as well as the number of emplacement
drifts, are determined from the endpoint coordinates in BSC 2003 [DIRS 161727].

® Each of the heated gridblocks represents a 20-m interval along the emplacement drift.

© Total length of drifts as represented in the SMT submodel, as well as in the MSTHM.

4 Panel 5 has a total of 27 drifts; the 15 northernmost drifts are emplaced in the TSPA-LA base case.

The 2,874 gridblocks in the SMT submodel are the 2,874 locations for which the MSTHM
provides thermal-hydrologic output. Because each of these 2,874 locations is represented by a
gridblock that is 20-m-long in the axial direction along the drift, they can each contain
approximately four waste packages. The MSTHM uses the DDT submodel (Section 6.2.8) to
discretely represent the thermal-hydrologic conditions for a wide range of waste packages,
ranging from those that have low heat-generation rates (e.g., DHLW waste packages) to those
that have high heat-generation rates (e.g., 21-PWR CSNF waste packages). The DDT submodel
discretely represents eight waste packages, including three 21-PWR CSNF waste packages, three
44-BWR CSNF waste packages, and two DHLW waste packages. The MSTHM is constructed
to provide thermal-hydrologic parameter histories (e.g., temperature and relative humidity) for
each one of those eight waste packages at all 2,874 locations in the repository, which results in a
total of 22,992 sets of thermal-hydrologic parameter histories. This number of sets is greater
than the number of waste packages that could be emplaced in 57,480 m of emplacement drifts.
The extra thermal-hydrologic parameter sets are provided to address uncertainty concerning the
actual emplaced sequencing of waste packages. In other words, it cannot be known a priori what
the actual emplaced waste package sequencing will be. The 22,992 sets of thermal-hydrologic
parameter histories are provided for multiple scenarios, such as lower-bound, mean, and
upper-bound infiltration-flux cases to allow downstream process models to sample from a broad
set of thermal-hydrologic conditions that encompasses the influence of various sources
of uncertainty.

6.2.5.2 SMT Submodel Boundary Conditions

The SMT submodel domain extends from the ground surface to 1,000 m below the present-day
water table. The lateral boundaries, which are adiabatic boundaries, are at least 1,000 m from the
repository edges, which is far enough away from the repository so that they do not affect thermal
behavior in the repository. The average distances between the repository edges and the lateral
boundaries are 1238, 2302, 1891, and 1893 m for the northern, eastern, southern, and western
boundaries, respectively. The average distance between the northern repository edge and
northern SMT-submodel boundary is 1238 m, ranging from 1081 to 1405 m. The average
distance between the eastern repository edge and the eastern SMT-submodel boundary is
2302 m, ranging from 1000 to 3320 m. The average distance between the southernmost
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repository edge and the southern SMT-submodel boundary is 1981 m, ranging from 1891 to
1891 m. The average distance from the western repository edge and the western SMT-submodel
boundary is 1893 m, ranging from 1440 to 2400 m.

The ground surface, which is a fixed-temperature boundary, functions as a heat sink to
mountain-scale heat flow, including both the geothermal heat flux and heating from the
repository. Thus, evaluating the potential for the lateral boundaries affecting mountain-scale
heat flow is best accomplished by comparing the distances between the repository edges and
lateral SMT-submodel boundaries with the distance between the repository horizon and the
ground surface (called overburden thickness). Over the heated footprint of the repository, the
average overburden thickness is 329 m, which is substantially less (by about an order of
magnitude) than the distances between the repository edges and the lateral SMT-submodel
boundaries. Because the ground surface acts like a heat sink, heating from the repository reaches
the ground surface long before it can reach any of the lateral boundaries. Therefore, the lateral
boundaries have no influence on mountain-scale heat flow. Thus, the use of lateral adiabatic
boundaries is justified.

The SMT submodel uses appropriate boundary conditions, which are location dependent. The
temperature at the ground surface is based on ground-surface temperatures from the
three-dimensional UZ flow model (DTN: LB991201233129.001 [DIRS 146894], File
INCON_thm_s32.dat), which is based on a correlation of temperature versus elevation. The
temperature at the lower boundary of the model domain is extrapolated vertically from the
temperature gradient at the (sloping) water table of the current site-scale UZ flow model. The
temperature at the sloping water table is interpolated, based on the temperature at an
elevation of 730 m, which was the water table in the previous three-dimensional UZ
flow model, and the ground-surface temperature. Both the ground-surface temperature
distribution and the (730-m-elevation) water-table temperature distribution are found in
DTN: LB991201233129.001 [DIRS 146894], File INCON_thm_s32.dat. Appendix Il describes
the process of generating boundary temperatures for the SMT submodels, as well as for the
other submodels.

Note that since the boundary conditions were determined for the SMT submodel, a new source of
boundary conditions has been made available in Mountain-Scale Coupled Processes
(TH/THC/THM) Models (BSC 2004 [DIRS 169866]). The temperature boundary conditions can
be extracted from the INCON block of file: th vi6.dat of DTN: LB0310MTSCLTH3.001
[DIRS 170270]. As discussed in Appendix |, these updated boundary conditions result in
insignificant differences in temperatures at both the upper boundary (the ground surface) and the
lower boundary (the water table), compared to those obtained in this report from file:
INCON_thm_s32.dat of DTN: LB991201233129.001 [DIRS 146894].

6.2.5.3 SMT Submodel Heat-Generation Rates

The heat-generation rate for the SMT submodel is in the form of a heat-generation-
rate-versus-time table, which is part of the SMT submodel NUFT-input file. For the TSPA-LA
base case there is an assumption that all waste packages are simultaneously emplaced
(Section 5.2.3). Thus, heating starts at the same time for the entire repository represented in the
SMT submodel. The heat-removal efficiency of drift ventilation is represented by the reduction
of the net heat-generation rate during the preclosure period. It is important to note that the
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heat-removal efficiency depends on the distance from the ventilation inlet and it also varies with
time (Table IlI-1 of Appendix Ill). Thus, the effective heat-generation rate along an
emplacement drift depends on the distance from the edge of that drift during the preclosure
period. The heat-removal effect of drift ventilation is incorporated into the
heat-generation-rate-versus-time tables for the heated repository blocks, using the software
routine heatgen_vent_emplace v1.0 (Section 3.1.9). For the postclosure period, the same heat-
generation-rate-versus-time table is applied to the entire repository because drift ventilation has
ceased and the effective heat-generation rate is the full nominal rate. Appendix Il describes the
process of generating heat-generation-rate-versus-time tables for the SMT submodel, as well as
for the other submodels.

6.2.54 SMT Submodel Material Properties

The SMT submodel is implemented with the appropriate stratigraphy, with respect to thermal
properties; notably, thermal conductivity and heat capacity. The distribution of the thermal
properties are location dependent, consistent with the three-dimensional distribution of UZ
model layers in the site-scale UZ flow and transport model (DTN: LB03023DKMGRID.001
[DIRS 162354]), as described in Table 6-5 of Development of Numerical Grids for UZ Flow and
Transport Modeling (BSC 2004 [DIRS 169855]). Because the SMT submodel is a
thermal-conduction model, it only requires thermal properties, which are contained in the SMT
submodel NUFT-input files.

The SMT submodel uses bulk thermal properties consistent with the SDT submodel
(Section 6.2.7). These properties are based on Table 1V-3a in Appendix 1V and the assumption
of using the wet thermal conductivity as discussed in Section 5.3.2.1.

Where saturated zone thermal properties are required the thermal properties are a weighted
average of UZ model layers as discussed in Section 5.3.2.2. The averaging is accomplished by
determining area-weighting factors for each of the UZ model layers that occur at the water table,
which is the lower boundary of the three-dimensional site-scale UZ flow model. The process of
building the SMT submodel material property files is described in Appendix IV.

6.2.5.5 SMT Submodel Simulations

The initialization of the SMT submodel is accomplished by running the SMT submodel with no
repository thermal load until a steady-state temperature distribution is achieved. Only one SMT
submodel simulation is required to represent the preclosure and postclosure period. This
simulation is run for 20,000 years after closure of the repository. The process of building the
SMT submodel input files is described in Appendix V. The NUFT code cannot complete a
model simulation unless converged solutions are obtained for all calculational cycles
(i.e., timesteps). Thus, numerical convergence is automatically assured in all
SMT-submodel simulations.

6.2.6 LDTH Submodels

The two-dimensional LDTH submodels use the dual-permeability method, modified with the
active-fracture concept, to represent two-phase heat and fluid flow in the fractured porous rock.
The LDTH submodels are run at the 108 drift-scale-submodel locations (Figure 6.2-3) and for 4
different values of modeled AML (14, 27, 55, and 66 MTU/acre). Representing the influence of
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edge-cooling effects requires that most of the LDTH submodel runs use a modeled AML that is
less than the actual AML of the repository.

In addition to their use as a submodel within the MSTHM methodology, the two-dimensional
LDTH submodels are also used as stand-alone models to conduct sensitivity analyses in this
report (e.g., Section 6.3.9). Thus, the LDTH submodel is validated against the Drift Scale Test
in Section 7.4.

The NUFT code is used to model flow through a fractured porous media in the LDTH
submodels. The key NUFT options that are required for LDTH simulations include the
dual-permeability and the active-fracture concept. These NUFT options are required to be
consistent with the hydrologic property set (DTN: LB0208UZDSCPMI.002 [DIRS 161243])
used in the MSTHM calculations supporting the TSPA-LA.

The DKM conceptualizes the fractured rock as having two interacting materials, one
representing the matrix and one representing the fractures. The interaction between the fractures
and the matrix is explicitly calculated from the local temperature and pressure differences, thus
allowing disequilibrium behavior to be predicted between the fracture and matrix continua.

The active fracture concept accounts for the contact area between the fracture and the matrix, as
well as the frequency of fractures. The concept is that fracture flow only occurs through some of
the fractures. The flux through a fracture increases with liquid-phase saturation; thereby
focusing flow through a portion of the fractures (i.e., through active fractures), which results in
faster pathways for liquid-phase flux through the mountain.

The natural system hydrologic properties in the calibrated drift-scale hydrologic property set
(DTN: LB0208UZDSCPMI.002 [DIRS 161243]) were calibrated in Calibrated Properties
Model (BSC 2004 [DIRS 169857]), using an inverse modeling technique that assumes the use of
the DKM and the active-fracture concept. Both the DKM and active-fracture concept are
implemented in NUFT as options.

The LDTH submodels represent thermal radiation between the drip-shield, drift-wall, and upper
invert (i.e., drift floor) surfaces. The LDTH submodels also utilize an effective thermal
conductivity for air, which represents the influence of natural convection, on the basis of
correlations from the FLUENT-code thermal model in In-Drift Natural Convection and
Condensation (BSC 2004 [DIRS 164327], Appendix J). Section 7.6 provides the basis for
validating that the influence of natural convection has been appropriately addressed in the
MSTHM, which also requires that natural convection has been appropriately addressed in both
the LDTH submodels.

6.2.6.1 LDTH Submodel Locations
The LDTH submodel locations are shown in Figure 6.2-3, and represent repository-scale

variability of thermal properties, hydrologic properties, percolation flux, and
overburden thickness.
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6.2.6.2 LDTH Submodel Mesh

The cross-sectional (lateral) dimensions of the drift for the postclosure period are shown in
Figure 6.2-1; these dimensions were used to build the numerical meshes of the LDTH submodels
(Figure 6.2-6). The same mesh is used for the initialization submodel runs, which establish
steady-state conditions for the time of emplacement and the submodel runs for the preclosure and
postclosure periods. The process of building the LDTH submodel input files is described in
Appendix V.

The numerical mesh for the LDTH submodel (Figure 6.2-6) assumes that the drip shield and
waste package are lumped as a monolithic heat source. This lumped approximation of the drip
shield and waste package allows for the representation of thermal-hydrologic behavior down to
the surface of the drip shield. This lumped heat source is 1 m in the longitudinal direction along
the drift axis (as it is in the smeared heat source in the SDT submodel discussed in
Section 6.2.7). This lumped representation for the waste package and drip shield is applied
during both the preclosure period and the postclosure period. Note that the drip shield is
emplaced at the very end of the preclosure period. For the preclosure period, this lumped
approximation of the drip shield and waste package in the LDTH submodel is corrected by the
manner in which the preclosure DDT submodel (Figure 6.2-7), which accounts for the actual
dimensions of the waste package (without the presence of the drip shield), is applied in the
MSTHAC methodology (Section 6.2.4). The postclosure DDT submodel (Figure 6.2-8), which
accounts for the actual waste package and drip-shield dimensions (including the correct
dimensions of the gap between the waste package and drip shield), is applied in the MSTHAC
methodology (Section 6.2.4) to represent thermal-hydrologic behavior between the drip shield |
and waste package.
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Source: See Table XIlI-1.

NOTE: This illustrates just a portion of the mesh. The entire model extends laterally 40.5 m (the mid-pillar
centerline) and extends from the ground surface to the water table.

Figure 6.2-6. Cross-Sectional (Lateral) View of the Numerical Mesh Used in the Vicinity of the Drift for All
LDTH Submodels, Including Both the Initialization Runs and the Preclosure and
Postclosure Runs
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6.2.6.3 LDTH Submodel Boundary Conditions

Because the LDTH submodels are for a symmetry cell between the vertical plane down the
center of the drift and the vertical midplane between drifts, the lateral boundaries are adiabatic
and no-mass-flow boundaries. The LDTH submodels require temperature, pressure, and
gas-phase air-mass fraction at the upper boundary, which represents the ground surface, and at
the lower boundary, which represents the water table. The upper boundary also requires the
enthalpy associated with the infiltration flux at the top of the model. Note that the enthalpy is
determined from the temperature of the upper boundary.

Both the upper and lower boundaries have constant conditions with time. Note that the process
of calculating air-mass fraction at the ground surface utilizes the assumption that the atmosphere
is at 100 percent relative humidity (Section 5.1.1). The process of adding the boundary
conditions to the LDTH submodels is described in Appendix II.

Note that since the boundary conditions were determined for the LDTH submodels, a new source
of boundary condition has been made available in Mountain-Scale Coupled Processes
(TH/THC/THM) Models (BSC 2004 [DIRS 169866]). The temperature and gas-phase-pressure
boundary conditions can be extracted from the INCON block of file: th_vl16.dat of
DTN: LB0310MTSCLTH3.001 [DIRS 170270]. As discussed in Appendix I, these updated
boundary conditions result in insignificant differences in temperatures and gas-phase pressures at
both the upper boundary (the ground surface) and the lower boundary (the water table) compared
to those obtained in this report from file: INCON_thm_s32.dat of DTN: LB991201233129.001
[DIRS 146894].

6.2.6.4 LDTH Submodel Heat-Generation Rates

The heat-generation rates for the LDTH submodels are in the form of heat-generation-
rate-versus-time tables located in NUFT include files. Because any given LDTH submodel
covers the same model domain (including the same area in plan view) as the corresponding SDT
submodel, the LDTH and corresponding SDT submodel use the same heat-generation-
rate-versus-time tables. The drip shield and waste package are lumped as a monolithic heat
source. The heat-removal efficiency of drift ventilation is represented by the reduction of the net
heat-generation rate during the preclosure period. The heat-removal efficiency depends on the
distance from the ventilation inlet and also varies with time. Thus, the effective heat-generation
rate along an emplacement drift depends on the distance from the edge of that drift during the
preclosure period. The heat-removal effect of drift ventilation is incorporated into the
heat-generation-rate-versus-time tables for a given LDTH-SDT submodel location, using the
software routine heatgen_ventTable_emplace v1.0 (Section 3.1.9). For the postclosure period,
the same heat-generation-rate-versus-time table is applied to all LDTH-SDT submodel locations
because drift ventilation has ceased and the effective heat-generation rate is the full nominal rate
at all locations. The input files for the LDTH submodels involve assumptions described in
Sections 5.1.1, 5.1.2, 5.1.3, 5.1.4, 5.1.5, 5.3.1.1, 5.3.1.2, 53.1.7, 5.3.1.8, 5.3.1.9, 5.3.1.10,
5.3.2.3,5.3.2.4, and 5.3.2.7. Appendix Il describes the process of generating heat-generation-
rate-versus-time tables for the LDTH submodels.
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6.2.6.5 LDTH Submodel Material Properties

Material properties are read into the LDTH submodel NUFT-input files as “include” files for the
natural system properties and for the engineered barrier system properties inside the
emplacement drifts.

One hydrologic property set, called the modified-mean infiltration-flux hydrologic property set
(dkm-afc-1Dds-mc-mi-04), is used to conduct the LDTH submodel calculations for lower-bound,
mean, and upper-bound infiltration-flux cases. The modified-mean infiltration-flux property set
is the same as the mean infiltration-flux property set (DTN: LB0208UZDSCPMI.002
[DIRS 161243]), with the one modification being that the van Genuchten fracture alpha in the
Tptpul (tsw33) is set to be the same (1.02 x 107 Pa™) as that in the Tptpll (tsw35) unit (Table
IV-4 in Appendix IV). The file dkm-afc-EBS-mi-03 gives the thermal and hydrologic properties
of the materials inside the emplacement drift. The thermal properties inside the emplacement
drifts, such as the drip shield composed of titanium and invert composed of crushed tuff, are
given in Table 4.1-2. The thermal properties inside the drifts also include the emissivity values
of the surfaces. Note that a value of 0.9 is used for the emissivity of the rock and invert surfaces
in the drift, which is obtained from Incropera and DeWitt’s (1996 [DIRS 108184]) advanced
textbook for heat and mass transfer. The engineered barrier system thermal properties also
include the use of an effective thermal conductivity for the gas-filled drift cavity that is based on
a correlation (Francis et al. 2003 [DIRS 164602], Table 6) accounting for the influence of natural
convection, which is described in Appendix I. It should be noted that the correlations for the
in-drift effective thermal conductivity, which were obtained from Table 6 of Francis et al. (2003
[DIRS 164602]), have been updated in In-Drift Natural Convection and Condensation
(BSC 2004 [DIRS 164327], Table 6.4.7-3), resulting in small changes to the coefficients. As
evident in Figure 1-1 of Appendix I, the small changes to the coefficients result in insignificant
changes to the in-drift effective thermal conductivity. The gas-filled cavity between the drip
shield and drift wall is represented as a porous medium with 100 percent porosity and a
permeability of 1 x 10° m? (Section 5.3.1.7). Because the dual-permeability method is used, it
IS necessary to partition the gas-filled cavity into the matrix and fracture continua. This
partitioning, which is taken to be 50 percent matrix continuum and 50 percent fracture
continuum, has an insignificant on flow because of conditions in these respective continua are in
equilibrium within the gas-filled drift. The input files are associated with the assumptions
described in Sections 5.1.1, 5.1.2, 5.2.3, 5.3.1.1,5.3.1.2, 5.3.1.7, 5.3.1.8, 5.3.2.3, and 5.3.2.4.
The process of generating the LDTH submodel material properties files is described in
Appendix IV. The input files require the assumptions described in Sections 5.1.1, 5.1.2, 5.2.3,
53.1.1,53.1.2, 53.1.7, 5.3.1.8, 53.2.3, and 5.3.2.4. The process of generating the LDTH
submodel material properties files is described in Appendix IV.

6.2.6.6 LDTH Submodel Percolation Flux

The liquid-phase flux is specified at the upper boundary of the LDTH submodels. For the
TSPA-LA base case, the upper-boundary liquid-phase flux corresponds to the distribution of
percolation flux just below the base of the PTn unit (also called the PTn-to-TSw percolation
flux); these data are generated by the three-dimensional UZ flow model for the three climate
states: present-day, monsoonal, and glacial-transition. Thus, the MSTHM includes the influence
of lateral diversion in the PTn as represented in the three-dimensional UZ flow model.
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The PTn-to-TSw percolation flux is provided for the present-day, monsoonal, and
glacial-transition climates for lower-bound, mean, and upper-bound infiltration-flux cases
(DTN: LB0302PTNTSW9I.001 [DIRS 162277]), resulting in nine files. The software routine
repository_percolation_calculator v1.0 (Section 3.1.13) is used to determine the percolation flux
at each of the 108 LDTH-SDT submodel locations (Figure 6.2-3) in Panels 1, 2E, 2W, 3, and 5.
The process of generating LDTH submodel percolation-flux boundary conditions is described in
Appendix 1. Appendix XII describes a comparison of the percolation-flux distribution
implemented in the MSTHM compared to the PTn-to-TSw percolation-flux distribution from
DTN: LB0302PTNTSWO9I.001 [DIRS 162277]. As is evident in Figures XI11-3 through XII-11,
the percolation flux implemented in the MSTHM corresponds closely with that from
DTN: LB0302PTNTSWO9I.001 [DIRS 162277] for all three climate states and for all three
infiltration-flux cases.

6.2.6.7 LDTH Submodel Simulations

The LDTH submodel is the only submodel type that has to be run for each of the five
infiltration-flux/host-rock thermal-conductivity cases (see Table 6.3-37). The simulations for the
other three submodel types are applicable to all infiltration-flux cases.

Each LDTH submodel set for a given infiltration-flux case consists of 432 simulations, which
comes from 108 drift-scale-submodel locations (Section 6.3.1) and 4 AML values run at each
location (108 x 4 = 432). The process of building the LDTH submodel input files is described in
Appendix I. The NUFT code cannot complete a model simulation unless converged solutions
are obtained for all calculational cycles (i.e., timesteps). Thus, numerical convergence is
automatically assured in all LDTH-submodel simulations.

6.2.7 SDT Submodels

The one-dimensional smeared-heat-source drift-scale thermal-conduction (SDT) submodels are
run in parallel with the LDTH submodels at the same 108 locations and for the same AMLs
(14, 27, 55, and 66 MTU/acre). These submodels are required to obtain functional relationships
between “line-averaged” temperatures predicted by the LDTH submodel and the “smeared”
host-rock temperatures predicted by the SMT submodel.

The primary purpose of the SDT submodel is to work in conjunction with the SMT submodel
(Section 6.2.5) to calculate the rate at which the edge-cooling effect propagates. As described in
Section 6.2.4, taken together, the conduction-only SMT and SDT submodels provide
relationships that describe the rate at which the edge-cooling effect gradually influences
thermal-hydrologic conditions at given locations across the repository. As validated in
Section 7.5, the rate at which the edge-cooling effect proceeds is taken to be dominated by
heat conduction.

Given how the SDT submodels are used within the MSTHM methodology, they do not require
separate validation in this report. Moreover, the conduction-only SDT submodels utilize
standard scientific methods (e.g., Fourier’s Law) to perform the calculations. Furthermore,
validation testing of the NUFT v3.0s code included conduction-only test problems (bmrk002 and
verif02), which are described in the Validation Test Plan for NUFT 3.0s (LLNL 2002
[DIRS 170259]; LLNL 2000 [DIRS 170258]).
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Given the observations in Section 6.2.4 that support heat flow, at various scales, being dominated
by conduction, NUFT-model results, regardless of dimensionality, can be validated by
corroboration with results obtained from an alternate conduction-only mathematical model.
Such a model-corroboration example is described in Drift Degradation Analysis (BSC 2004
[DIRS 166107], Section 6.2 and Figure 6-26). Figure 6-26 of that reference compares
temperatures predicted by the NUFT code, for a two-dimensional line-averaged heat source,
drift-scale, thermal-hydrologic (LDTH) submodel, with temperatures predicted by the FLAC3D
code. The FLAC3D code is a thermal-mechanical simulator that does not consider hydrologic
effects on heat transfer; thus, it assumes conduction-only heat flow (Itasca Consulting Group
2002 [DIRS 160331], Section 1). Figure 6-26 shows that the temperatures predicted by the two
models are in good agreement. Since hydrologic effects on heat transfer are not important, as
discussed in the preceding paragraph, the corroboration of NUFT-model results with those from
FLA3D as illustrated in Drift Degradation Analysis (BSC 2004 [DIRS 166107], Section 6.2 and
Figure 6-26) validates the prediction of conductive heat flow in the NUFT model. Therefore,
this model-corroboration example supports post-development validation of the NUFT
SDT submodels.

6.2.7.1 SDT Submodel Locations

The SDT submodels are run at the same 108 drift-scale-submodel locations (Figure 6.2-3) as the
LDTH submodel (Section 6.2.6.1).

6.2.7.2 SDT Submodel Mesh

The SDT submodels use the same vertical discretization of gridblocks as is used in the SMT
submodels (Section 6.2.5). The manner in which the LDTH-SDT temperature relationships are
developed and used to modify SMT-predicted host-rock temperatures (Section 6.2.4) requires
consistency between how vertical heat flow is modeled in the respective SDT and SMT
submodels, including consistency in the vertical gridblock discretization in the
respective submodels.

6.2.7.3  SDT Submodel Boundary Conditions

The SDT submodels use appropriate boundary conditions, which are location dependent,
consistent with the LDTH submodels and the SMT submodel. Thus, the SDT submodel
boundary temperature conditions are the same as the corresponding LDTH submodel (Section
6.2.6.3). Consistent upper and lower boundary temperatures ensure self-consistency with respect
to how the LDTH and SDT submodels are used to generate LDTH-temperature versus
SDT-temperature relationships and how these relationships are used in the MSTHAC v7.0
methodology to correct SMT-predicted temperatures to LMTH-model conditions (Section 6.2.4).

Because the SDT submodels are for a symmetry cell between the vertical plane down the center
of the drift and the vertical midplane between drifts, the lateral boundaries are adiabatic and
no-mass-flow boundaries. The SDT submodels require temperature at the upper boundary,
which represents the ground surface, and the lower boundary, which represents the water table.
Both boundaries have constant temperature conditions with time. The process for generating
SDT submodel boundary conditions is described in Appendix II.
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Note that since the boundary conditions were determined for the SDT submodels, a new source
of boundary condition has been made available from the Mountain-Scale Coupled Processes
(TH/THC/THM) Models (BSC 2004 [DIRS 169866). The temperature boundary conditions can
be extracted from the INCON block of file: th vi6.dat of DTN: LB0310MTSCLTH3.001
[DIRS 170270]. As discussed in Appendix |, these updated boundary conditions result in
insignificant differences in temperatures at both the upper boundary (the ground surface) and the
lower boundary (the water table), compared to those obtained in this report from file:
INCON_thm_s32.dat of DTN: LB991201233129.001 [DIRS 146894].

6.2.7.4 SDT Submodel Heat-Generation Rates

Because any given SDT submodel represents the same model domain (including the same area in
plan view) as the corresponding LDTH submodel, the SDT and corresponding LDTH submodel
use the same heat-generation rate-versus-time table (Section 6.2.6.4). Appendix Il describes the
process of generating heat-generation-rate-versus-time tables for the SDT submodels. The heat
generation is smeared over a gridblock that is 6-m thick in the vertical direction (as it is in the
SMT submodel, discussed in Section 6.2.5), 1 m in the longitudinal direction along the drift axis
(as it is in the LDTH submodels, discussed in Section 6.2.6), and which extends from the drift
centerline to the midpillar location between drifts.

6.2.7.5 SDT Submodel Material Properties

The SDT submodels are implemented with the appropriate stratigraphy, with respect to thermal
properties; notably, thermal conductivity and heat capacity. The distribution of the thermal
properties are location dependent, consistent with the three-dimensional distribution of UZ
model layers in the site-scale UZ flow and transport model (DTN: LB03023DKMGRID.001
[DIRS 162354]), as described in Table 6-5 of Development of Numerical Grids for UZ Flow and
Transport Modeling (BSC 2004 [DIRS 169855]).

Because the SDT submodel is a conduction-only model, the material properties only involve
thermal properties. Material properties are read into the SDT submodel NUFT-input files as
“include” files for the natural system thermal properties. The SDT submodel uses the same
thermal properties (for the UZ model layers) that are used in the SMT submodel
(Section 6.2.5.4). The material properties of the SDT submodels utilize assumptions described
in Section 5.3.2.1. The process of building the SDT submodel material-property file is described
in Appendix IV,

6.2.7.6 SDT Submodel Simulations

Each SDT submodel set consists of 432 simulations that come from 108 LDTH-SDT submodel
locations (Figure 6.2-3) and 4 AML values run at each location (108 x 4 = 432). The process of
building the SDT submodel input files is described in Appendix V. The NUFT code cannot
complete a model simulation unless converged solutions are obtained for all calculational cycles
(i.e., timesteps). Thus, numerical convergence is automatically assured in all SDT-
submodel simulations.
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6.2.8 DDT Submodels

The three-dimensional DDT submodel is used to account for waste package-specific heat output
and for thermal radiation between all waste package and drift surfaces to determine waste
package-specific deviations (relative to line-averaged-heat-source conditions) in temperatures in
the drift and adjoining host rock. For the preclosure and postclosure periods, thermal radiation
between the waste package and drift surfaces controls the longitudinal temperature deviations
along the drift. The values of thermal conductivity or convective heat-flow processes in the host
rock play a minor role on the magnitude of longitudinal temperature deviations along the drift
(Hardin 1998 [DIRS 100350], Section 3.7.5.4). This allows an MSTHM calculation to only
require a set of DDT submodel calculations conducted at a single location in the repository. The
P2WR5C10 LDTH-SDT submodel location is located in Panel 2W, which is located in the
approximate center of the repository (Figures 6.2-3 and 6.3-1). The nomenclature R5C10 refers
to the row and column of this drift-scale submodel location within the lattice of drift-scale
submodel locations (Figure 6.2-3). This location was selected because the repository horizon at
that location is in the middle of the Tptpll (tsw35 UZ model layer), which is the predominant
host-rock type in the repository, and because the overburden thickness at that location is close to
the average for the repository. The DDT submodels utilize assumptions described in
Sections 5.2.2,5.2.3,5.3.2.1, and 5.4.

Section 7.5 provides the primary basis for validating the temperature deviations along the drift
AT ijpot, Which are calculated by the DDT submodels. Section 7.6 provides the basis for
validating that the influence of natural convection has been appropriately addressed in the
MSTHM, which also requires that natural convection has been appropriately addressed in both
the DDT submodels.

The DDT submodels are conduction-only calculations that do not require separate validation in
this report. The reason they do not require validation is that they are conduction-only
calculations that utilize standard scientific methods (e.g., Fourier’s Law) to perform the
calculations. Moreover, validation testing of the NUFT v3.0s code included conduction-only test
problems (bmrk002 and verif02), which are described in the Validation Test Plan for NUFT 3.0s
(LLNL 2002 [DIRS 170259]; LLNL 2000 [DIRS 170258]). The DDT submodel represents
thermal radiation inside the emplacement drifts and also represents the influence of natural
convective heat flow in the drifts through the use of an equivalent thermal conductivity that is
based on a correlation given by Francis et al. (2003 [DIRS 164602], Table 6) (Section 6.2.8.5).
Thus, the DDT does not model natural convection in the drift; it only uses a correlation derived
elsewhere as indicated. The software qualifications of NUFT v3.0s and NUFT v3.0.1s include
test problems that demonstrate the validity of NUFT in modeling a one-dimensional thermal
conduction problem (bmrk 002), a three-dimensional thermal conduction problem (verif02), and
a three-dimensional thermal radiation problem (verif03) (LLNL 2002 [DIRS 170259];
LLNL 2000 [DIRS 170258]).

Given the observations in Section 6.2.4 that support heat flow, at various scales, being dominated
by conduction, NUFT-model results, regardless of dimensionality, can be validated by
corroboration with results obtained from an alternate conduction-only mathematical model.
Such a model-corroboration example is described in Drifi Degradation Analysis (BSC 2004
[DIRS 166107], Section 6.2 and Figure 6-26). Figure 6-26 of that reference compares
temperatures predicted by the NUFT code, for a two-dimensional line-averaged heat source,
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drift-scale, thermal-hydrologic (LDTH) submodel, with temperatures predicted by the FLAC3D
code. The FLAC3D code is a thermal-mechanical simulator that does not consider hydrologic
effects on heat transfer; thus, it assumes conduction-only heat flow (Itasca Consulting Group
2002 [DIRS 160331], Section 1). Figure 6-26 shows that the temperatures predicted by the two
models are in good agreement. Since hydrologic effects on heat transfer are not important, as
discussed in the preceding paragraph, the corroboration of NUFT-model results with those from
FLA3D as illustrated in Drift Degradation Analysis (BSC 2004 [DIRS 166107], Section 6.2 and
Figure 6-26) validates the prediction of conductive heat flow in the NUFT model. Therefore,
this model-corroboration example supports post-development validation of the NUFT
DDT submodels.

6.2.8.1 DDT Submodel Locations

The P2WR5C10 LDTH-SDT submodel location, which is in the center of the repository, located
in Panel 2W (Figures 6.2-3 and 6.3-1), is used for all DDT submodel calculations.

6.2.8.2 DDT Submodel Mesh

The lateral and longitudinal dimensions of the drift for the preclosure and postclosure periods are
shown in Figures 6.2-1 and 6.2-2, respectively. Note that the drip shield (Figure 6.2-1) is not
present during the preclosure ventilation period. These dimensions were used to build the
numerical meshes of the DDT submodels. The cross-section view of the mesh is shown in
Figures 6.2-7 and 6.2-8 for the preclosure and postclosure periods, respectively. The
longitudinal view of the mesh is shown in Figures 6.2-9 and 6.2-10 for the preclosure and
postclosure periods, respectively. The DDT submodel utilizes symmetry in all four directions:
(1) about the vertical midplane down the center of the drift, (2) the vertical midplane down the
center of the rock pillar between drifts, (3) the vertical plane that is orthogonal to and intersects
the “one-half” 21-PWR waste package, and (4) the vertical plane that is orthogonal to and
intersects the “one-half” 44-BWR waste package (Figure 6.2-2). Thermal radiation is
represented between all surfaces in the drift. From a heat-transfer perspective, the drip shield
functions like a thermal-radiation shield (between the waste package and the drift wall) that
causes the waste package to be hotter than it would have been without the presence of the drip
shield. The increased temperature difference between the waste package and the drift wall
reduces the relative humidity on the waste package in a fashion that is analogous to that given in
Equation 24 (Section 6.2.4) for the drip shield itself.

6.2.8.3 DDT Submodel Boundary Conditions

The DDT submodels use appropriate boundary conditions, which are location dependent,
consistent with the SDT and LDTH submodels, as well as the SMT submodel. The temperature
boundary conditions for the DDT submodels are the same as those for the SDT submodel at the
P2WR5C10 LDTH-SDT submodel location (Figures 6.2-3 and 6.3-1), which is in the center of
the repository, located in Panel 2W. The DDT submodel temperature boundary conditions are
the same as the corresponding LDTH submodel.

Because the DDT submodels are for a symmetry cell between the vertical plane down the center
of the drift and the vertical midplane between drifts, the lateral boundaries are adiabatic and
no-mass-flow boundaries. The DDT submodels require temperature at the upper boundary,

ANL-EBS-MD-000049 REV 03 6-45 July 2005




Multiscale Thermohydrologic Model

which represents the ground surface, and at the lower boundary, which represents the water
table. Both boundaries have constant temperature conditions with time. The process for
generating DDT submodel boundary conditions is described in Appendix II.

6.2.8.4 DDT Submodel Heat-Generation Rates

Heat-generation-rate-versus-time tables are required for the 8 different waste packages
represented in the DDT submodels (Figure 6.2-2), which are read into the DDT submodel
NUFT-input files as “include” files. The heat-generation-rate-versus-time tables utilize the
assumption described in Section 5.2.3. During the preclosure period, the DDT submodel has the
same heat-removal-efficiency-versus-time table that is applicable to the P2ZWR5C10 LDTH-SDT
submodel location (Figures 6.2-3 and 6.3-1). Note that the heat-removal-efficiency-versus-time
tables are derived from DTN: MO0304MWDALACV.000 [DIRS 164551]. Appendix 111
describes the process of generating heat-generation-rate-versus-time tables for the DDT
submodel, as well as for the other submodels.
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Pre-closure DDT submodel
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Source: See Table XIlI-1.

NOTE: This illustrates just a portion of the mesh. The entire model extends laterally 40.5 m (the mid-pillar
centerline) and extends from the ground surface to the water table.

Figure 6.2-7. Cross-Sectional (Lateral) View, Perpendicular to Drift Axis, of the Mesh Used in the
Preclosure DDT Submodels
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Post-closure DDT submodel
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NOTE: This illustrates just a portion of the mesh. The entire model extends laterally 40.5 m (the mid-pillar
centerline) and extends from the ground surface to the water table.

Figure 6.2-8. Cross-Sectional (Lateral) View, Perpendicular to Drift Axis, of the Mesh Used in the
Postclosure DDT Submodels
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Pre-closure DDT submodel
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NOTE: WP = waste package. This illustrates just a portion of the mesh. The entire model extends laterally
40.5 m (the mid-pillar centerline) and extends from the ground surface to the water table.

Figure 6.2-9. Cross-Sectional (Longitudinal) View, Parallel to Drift Axis, of the Mesh Used in the
Preclosure DDT Submodels
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Source: See Table XIlI-1.

NOTE: WP = waste package. This illustrates just a portion of the mesh. The entire model extends laterally
40.5 m (the mid-pillar centerline) and extends from the ground surface to the water table.

Figure 6.2-10. Cross-Sectional (Longitudinal) View, Parallel to Drift Axis, of the Mesh used in the
Postclosure DDT Submodels
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6.2.8.5 DDT Submodel Material Properties

The DDT submodels are implemented with the appropriate stratigraphy, with respect to thermal
properties; notably, thermal conductivity and heat capacity. The distribution of the thermal
properties are location dependent, consistent with the three-dimensional distribution of UZ
model layers in the site-scale UZ flow and transport model (DTN: LB03023DKMGRID.001
[DIRS 162354]), as described in Table 6-5 of Development of Numerical Grids for UZ Flow and
Transport Modeling (BSC 2004 [DIRS 169855]).

Because the DDT submodel is a thermal-conduction/radiation-only model (i.e., does not
represent hydrologic processes), the material properties only involve thermal properties.
Material properties are read into the SDT submodel NUFT-input files as “include” files for the
natural system thermal properties. The DDT submodel uses the same thermal properties (for the
UZ model layers) that are used in the SMT and SDT submodels (Sections 6.2.5.4 and 6.2.7.5).
The DDT submodels also use thermal properties of the engineered barrier system components,
such as the drip shield, invert, and respective waste packages (Table 4.1-2). The thermal
properties of the engineered barrier system components include the emissivity values of the
surfaces within the emplacement drifts. The engineered barrier system thermal properties also
include the use of an effective thermal conductivity for the air in the drift cavity that is based on
a correlation (Francis et al. 2003 [DIRS 164602], Table 6) accounting for the influence of natural
convection, which is described in Appendix I. It should be noted that the correlations for the
in-drift effective thermal conductivity, which were obtained from Table 6 of Francis et al (2003
[DIRS 164602]), have been updated in In-Drift Natural Convection and Condensation
(BSC 2004 [DIRS 164327], Table 6.4.7-3), resulting in very small changes to the coefficients.
As evident in Figure I-1 of Appendix I, the small changes to the coefficients result in
insignificant changes to the in-drift effective thermal conductivity. The material properties of the
DDT submodels utilize assumptions described in Section 5.3.2.1. The process of building the
DDT submodel material-property file is described in Appendix 1V.

6.2.8.6 DDT Submodel Simulations

A single set of DDT submodel simulations (for modeled AMLs of 14, 27, 55, and 66 MTU/acre)
was conducted for this report at the P2ZWR5C10 LDTH-SDT submodel location (Figures 6.2-3
and 6.3-1). This set of DDT submodel simulations is used in all three (lower-bound, mean, and
upper-bound) infiltration-flux cases. The process of building the DDT submodel NUFT-input
files is described in Appendix V. The NUFT code cannot complete a model simulation unless
converged solutions are obtained for all calculational cycles (i.e., timesteps). Thus, numerical
convergence is automatically assured in all DDT-submodel simulations.

6.2.9 SMT and SDT Submodels for the Low-Probability-Seismic Collapsed-Drift
Scenario

For the low-probability-seismic collapsed-drift scenario, no changes are required for the SMT
submodel. Therefore, the description of the SMT submodel (Section 6.2.5) is applicable. For
the collapsed-drift scenario, no changes are required for the SDT submodels. Therefore, the
description of the SDT submodels (Section 6.2.7) is applicable. The SDT submodel location is
the P2WR5C10 LDTH-SDT submodel location (Figures 6.2-3 and 6.3-1). A single set of SDT
submodel simulations (for modeled AMLs of 14, 27, 55, and 66 MTU/acre) was utilized.
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6.2.10 LDTH Submodels for the Low-Probability-Seismic Collapsed-Drift Scenario

For the low-probability-seismic collapsed-drift scenario, two changes need to be implemented in
the LDTH submodels. First, the geometry of the drift is changed to account for the host-rock
rubble that fills the drift from the outer surface of the drip shield to the intact host-rock. Second,
thermal-hydrologic properties are required for the host-rock rubble. The implementation of these
changes is described in the following sections. The boundary conditions, heat-generation rates,
and percolation-flux values are the same as those used in the corresponding MSTHM
calculations for the intact drift (i.e., nominal) case. Two thermal conductivity Ky, cases are
considered: (1) high- Ky, host-rock rubble and (2) low- Ki, host-rock rubble.

6.2.10.1 LDTH Submodel Location

The LDTH submodel location is the P2ZWR5C10 LDTH-SDT submodel location (Figures 6.2-3
and 6.3-1). Two sets of LDTH submodel simulations (for modeled AMLs of 14, 27, 55, and
66 MTU/acre) are conducted for two different host-rock rubble thermal conductivity cases. This
location was selected because it is representative of a typical location in the predominant
host-rock unit (Tptpll), close to the center of the repository area, and because the local
percolation-flux values (Table 6.3-9) are close to the repository-wide averages for the
present-day, monsoonal, and glacial climates (Table 6.3-4).

6.2.10.2 LDTH Submodel Mesh

The low-probability-seismic scenario causes collapse of the drift opening, which is represented
by a circular profile with a diameter of 11 m. The resulting host-rock rubble completely fills the
modified drift opening, from the outer surface of the drip shield out to the modified “drift wall,”
as shown in Figures 6.2-11 and 6.2-12 of this report, and in Section 6.4.3.4 of Abstraction of
Drift Seepage (BSC 2004 [DIRS 169131]). A schematic of the collapsed-drift scenario is also
given in Figure 6.4-16 of Abstraction of Drift Seepage (BSC 2004 [DIRS 169131]). The
cross-sectional (lateral) geometry of the drift for the collapsed drift is represented in the LDTH
submodel mesh, which is shown in Figure 6.2-11. Note that the cross-sectional geometries of the
drip shield and invert remain the same. Note that this mesh is used for both the preclosure and
postclosure periods.

The bulking factor is obtained from the LDTH submodel mesh (Figure 6.2-11) as follows. The
bulking factor is a measure of the additional volume that the host-rock rubble occupies (after it
collapses into and completely fills the previously open drift cavity) compared to the volume it
occupied while it was intact host rock. Thus, the bulking factor is a relative measure of how
much “bulkier” the host-rock rubble is (when it falls into and fills the drift cavity) than the
original intact host rock that it was derived from. Note that the host-rock rubble also completely
fills the volume that the intact host rock originally occupied. The bulking factor is equal to the
cross-sectional area of the previously open drift cavity, which is the area of the blue region that
lies inside of the dashed line in Figure 6.2-11 (and which is shown in white in Figure 6.2-6),
divided by the cross-sectional area of the host-rock rubble zone outside of the original 5.5-m-
diameter drift (which is the area of the blue region that lies outside of the dashed line in
Figure 6.2-11). On the basis of the LDTH submodel mesh (Figure 6.2-11), the bulking factor is
equal to 0.231. Thus, the volume of host-rock rubble zone is 23.1 percent larger than the original
volume of the intact host rock from which the rubble was derived.
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LDTH Submodel
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P2WRSC10-LDTH55-mi-mkt-14

Source: See Table XIlI-1.

NOTE: This mesh is used for the preclosure and postclosure periods. The figure illustrates just a portion of the
mesh. The entire model extends laterally 40.5 m (the mid-pillar centerline) and extends from the ground
surface to the water table.

Figure 6.2-11. Cross-sectional (Lateral) View of the LDTH Submodel Mesh Used for the Low-
Probability-Seismic Collapsed-Drift Scenario
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NOTE:  This mesh is used for the preclosure and postclosure periods.

Figure 6.2-12. Cross-Sectional (Lateral) View of the DDT Submodel Mesh Used for the Low-Probability-

Seismic Collapsed-Drift Scenario
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6.2.10.3 LDTH Submodel Host-Rock Rubble Thermal-Hydrologic Properties

The thermal-hydrologic properties of the host-rock rubble are derived from those of the Tptpll
(tsw35) unit, which is the host-rock unit at the P2WR5C10 LDTH-SDT submodel location
(Figures 6.2-3 and 6.3-1). The hydrologic properties of the host-rock rubble are modified from
those of the intact host rock (Table 6.2-2) in a manner that is analogous to what is done to the
crushed-tuff invert. The only matrix-continuum hydrologic parameters that are modified from
the intact host-rock values are the matrix porosity and matrix permeability; these two parameters
are reduced to account for the decreased density of the host-rock rubble by multiplying the
intact-host-rock values by 1/(1 + BF), where BF is the bulking factor. The bulk grain density
and bulk thermal conductivity (Table 6.2-3) are also reduced to account for the decreased density
of the host-rock rubble by multiplying the intact-host-rock values by 1/(1 + BF). This value of
bulk thermal conductivity Ky, is applied to the high-Ky, case because it implicitly incorporates
parallel thermal conductors (versus series thermal conductors). Thus, the solid portion of the
host-rock rubble is effectively lined up in parallel with the void portion of the rubble.

The low-Ki, case is intended to account for the thermal-contact resistance between blocks of the
rubble. Because the thermal conductivity of the solid portion of the rubble is much greater than
that of the air-filled voids, the vast majority of thermal conduction occurs in the solid portion.
The geometry of the rubble causes a “bottle-necking” effect at the point where the rock blocks
contact each other. The values of K, for the low-Ky, case are half of those of the high-Ky, case to
account for thermal-contact resistance at the bottlenecks. Thermal radiative heat transfer also
contributes to heat transfer within the air-filled voids. The relative contribution of radiative heat
transfer depends on the size of the rock blocks and voids, with larger voids facilitating more
efficient thermal-radiative heat transfer than smaller voids. For large block (and void) sizes,
thermal-radiative heat transfer will mitigate the influence of the bottlenecking effect, which will
make the high-Ky, case applicable. For small block (and void) sizes, the low-Ky, case will be
applicable. Neither the high-Ki, case nor low-Ki, case is more or less likely to be the appropriate
value to be applied for effective thermal conductivity of the host-rock rubble. As a result of this
argument, each alternative, the high- and low-K, cases, can be assigned the same probability (of
50 percent).

Table 6.2-2. Hydrologic Property Values for the “Intact” Tptpll (tsw35) Host-Rock Unit and for the
Host-Rock Rubble Derived from the Tptpll (tsw35) Unit.

Intact Host-Rock Host-Rock Rubble Property Basis for Rubble Property
Property Property Value Value Value
Matrix porosity 0.131 0.1065 Intact Value x 1/(1 + BF)
Fracture porosity 9.6 x 107 0.187 1-1/(1 + BF)
Matrix permeability 448 x 10"®m? 3.6393 x 10 ¥ m? Intact Value x 1/(1 + BF)
Fracture permeability 9.10 x 10 * m? 1.0 x 10 m? Assumption 7 of Section 5 of
BSC 2004 [DIRS 170338]
Fracture van Genuchten 1.02x 10*Pa™’ 0.01Pa™’ Assumption 6 of Section 5 of
alpha BSC 2004 [DIRS 170338]
NOTES: Intact host-rock property values for the Tptpll (tsw35) unit are obtained from Table V-4 and IV-5 in
Appendix V.

The only property values listed are those for which the intact and rubble values differ. All other property
values for the intact host rock and host-rock rubble are the same.
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Table 6.2-3. Thermal Property Values for the “Intact” Tptpll (tsw35) Host-Rock Unit and for the
Host-Rock Rubble Derived from the Tptpll (tsw35) Unit

Intact Host-Rock

Host-Rock Rubble Property

Basis for Rubble Property

Property Property Value Value Value
Bulk density 1980 kg/m? 1850.0 kg/m? Assumption, Section 5.8.1
Bulk density of matrix Not used or 1831.5 kg/m? 99 percent of bulk rubble value
continuum determined
Bulk density of fracture Not used or 18.5 kg/m® 1 percent of bulk rubble value
continuum determined

Grain density of matrix

2258.11 kg/m®

2049.8 kg/m®

Bulk matrix density/(1 — ¢m),

continuum where ¢m = 0.1065 (Table 6.2-2)
Grain density of fracture 21.89 kg/m® 22.76 kg/m?® Bulk fracture density/(1 — ¢x),
continuum where ¢f = 0.187 (Table6.2-2)
Bulk dry thermal 1.28 W/m-K 1.0 W/m-K (High-Kt, case)b Intact Value x 1/(1 + BF)
conductivity 0.5 W/m-K (Low-Ky, case) (High-Kin rubble value)/2
Bulk wet thermal 1.89 W/m-K 1.515 W/m-K (High-Ky, case)? Intact Value x 1/(1 + BF)
conductivity 0.7575 W/m-K (Low-Ky, case) (High-Ki» rubble value)/2
Dry thermal conductivity 1.268 W/m-K 0.99 W/m-K (High-Ki, case) 99 percent of bulk rubble value

of matrix continuum

0.495 W/m-K (Low-Ki» case)

Dry thermal conductivity
of fracture continuum

1.23 x 1072 W/m-K

0.01 W/m-K (High-Ki, case)
0.005 W/m-K (Low-Ki, case)

1 percent of bulk rubble value

Wet thermal conductivity
of matrix continuum

1.872 W/m-K

1.5 W/m-K (High-Ks case)
0.75 W/m-K (Low-Ki, case)

99 percent of bulk rubble value

Wet thermal conductivity
of fracture continuum

1.81 x 102 W/m-K

0.015 W/m-K (High-Ki, case)
0.0075 W/m-K (Low-Kih case)

1 percent of bulk rubble value

Bulk density

1980.0 kg/m®

1608.0 kg/m?
(sensitivity case: Figure 6.3-58)

Intact Value x 1/(1 + BF)

Bulk density of matrix Not used or 1591.9 kg/m? 99 percent of bulk rubble value
continuum determined (sensitivity case: Figure 6.3-58)

Bulk density of fracture Not used or 16.1 kg/m® 1 percent of bulk rubble value
continuum determined

(sensitivity case: Figure 6.3-58)

Grain density of matrix
continuum

2258.11 kg/m?

1781.6 kg/m?
(sensitivity case: Figure 6.3-58)

Bulk matrix density/(1 — ¢m),
where ¢m = 0.1065 (Table 6.2-2)

Grain density of fracture
continuum

21.89 kg/m®

19.8 kg/m®
(sensitivity case: Figure 6.3-58)

Bulk fracture density/(1 — ¢x),
where ¢ = 0.187 (Table 6.2-2)

@ Value is close to, but slightly less than, the value obtained from the Intact Value x 1/(1 + BF), in order to be
consistent with the slight reduction made to the dry Ky, value, which was rounded down.
® This value is rounded down slightly.

NOTE: Intact host-rock property values are obtained from Table IV-3b in Appendix IV. The only property values
listed are those for which the intact and rubble values differ. All other property values for the intact host
rock and host-rock rubble are the same. Note that ¢m and ¢r are matrix-continuum and fracture-continuum
porosity, respectively.

Appendix Xl corroborates estimates of the effective dry bulk thermal conductivity of the
host-rock rubble in the collapsed drift on the basis of the Kunii and Smith relationship (Kunii and

Smith 1960 [DIRS 153166], Equation 8).

On the basis of that assessment, a mean value of

0.81 W/m°C is determined for the dry bulk thermal conductivity, with a range of 0.57 to
1.05 W/m°C. The low end of this range (0.57 W/m°C) is very close to the dry bulk thermal

conductivity value of 0.5 W/m°C used in low- Ky, case.
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(1.05 W/m°C) is very close to the dry bulk thermal conductivity value of 1.0 W/m°C used in the |
high- Ki, case.

The fracture-continuum porosity of the rubble does not include the small contribution of the
fracture porosity, which is 9.6 x 10 for the Tptpll (tsw35) unit (Table IV-4 of Appendix 1V),
that was present in the intact rock (prior to its collapse into the drift). The fracture-continuum
permeability and van Genuchten alpha parameter are taken from assumptions 6 and 7 of
Section 5 of Drift-Scale Coupled Processes (DST and TH Seepage) Models (BSC 2004
[DIRS 170338]). The fracture-continuum permeability is 10™° m? (about two orders of
magnitude larger than that of the intact Tptpll host rock). The fracture-continuum van
Genuchten alpha is 0.01 Pa*. The bulk density and bulk thermal conductivity of the host-rock
rubble are partitioned between the fracture and matrix continuum in the exactly same fashion,
and for the same reasons, as is done for the crushed-tuff invert material (see Appendix 1V).
Thus, 99 percent of the bulk density and bulk thermal conductivity are partitioned to the matrix
continuum and 1 percent is partitioned to the fracture continuum. This partitioning is done
because the majority of the thermal mass in the rubble resides in the matrix continuum.

6.2.11 DDT Submodels for the Low-Probability-Seismic Collapsed-Drift Scenario

For the collapsed-drift scenario, two changes need to be implemented in the DDT submodels.
First, the geometry of the drift is changed to account for the host-rock rubble that fills the drift
from the outer surface of the drip shield to the intact host-rock. Second, thermal properties are
required for the host-rock rubble. The implementation of these changes is described in the
following sections. The boundary conditions and heat-generation rates are the same as those
used in the corresponding MSTHM calculations for the intact drift (i.e., nominal) case. Two
thermal conductivity Ky, cases are considered: (1) high-Ky, host-rock rubble and (2) low-Ki,
host-rock rubble.

6.2.11.1 DDT Submodel Location

The DDT submodel location is the P2WR5C10 LDTH-SDT submodel location (Figures 6.2-3
and 6.3-1). Two sets of LDTH submodel simulations (for modeled AMLs of 14, 27, 55, and
66 MTU/acre) are conducted for two different host-rock rubble thermal conductivity cases.

6.2.11.2 DDT Submodel Mesh

The low-probability-seismic scenario causes collapse of the drift opening, which is represented
by a circular profile with a diameter of 11 m (see Section 6.2.10.2). The resulting host-rock
rubble completely fills the modified drift opening, from the outer surface of the drip shield out to
the modified “drift wall,” which now has a diameter of 11 m. The cross-sectional (lateral)
geometry of the drift for the collapsed drift is represented in the DDT submodel mesh as is
shown in Figure 6.2-12. Note that the cross-sectional geometries of the drip shield, waste
package, and invert remain the same.

6.2.11.3 DDT Submodel Host-Rock Rubble Thermal Properties

The thermal properties of the host-rock rubble (Table 6.2-4) are derived from those of the Tptpll
(tsw35) unit, which is the host-rock unit at the P2WR5C10 LDTH-SDT submodel location
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(Figures 6.2-3 and 6.3-1). Just as is done for the LDTH submodels, the bulk grain density and
bulk thermal conductivity are reduced to account for the decreased density of the host-rock
rubble by multiplying the intact-host-rock values by 1/(1 + BF). The DDT submodels use the
same bulk grain density as is used in the LDTH submodels for the high-Ki, and low-Ki, host-rock
rubble cases. For thermal conductivity, the DDT submodels use the bulk dry thermal
conductivity that is used in the LDTH submodels for the high-Ki, and low-Ky, host-rock rubble
cases, respectively. The dry value of bulk thermal conductivity is used because the DDT
submodels are primarily used to predict longitudinal variability in temperature along the axis of
the drift. The longitudinal variability is greatest when peak temperatures occur, which is when
the majority of the rubble is dry as a result of boiling. Much of the rubble remains relatively dry
throughout the majority of the simulation period of 20,050 years; therefore, the dry value of
thermal conductivity for the rubble is a reasonable choice.

Table 6.2-4. Thermal Property Values for the “Intact” Tptpll (tsw35) Host-Rock Unit and for the
Host-Rock Rubble Derived from the Tptpll (tsw35) Unit.
Property Intact Host-Rock Host-Rock Rubble Property Basis for Rubble Property
Property Value Value Value

Bulk density 1980 kg/m3 1608 kg/m3 Intact Value x 1/(1 + BF)

Bulk grain density 2280 kg/m® 1850 kg/m® Bulk density/(1 — ¢m), Wwhere

dm =0.1317

Bulk dry thermal 1.28 W/im-K 1.0 W/m-K (High-K, case) Intact Value x 1/(1 + BF)
conductivity 0.5 W/m-K (Low-K, case) (High-K rubble value)/2

@ A porosity value of 0.131 only affects the relationship between bulk density and bulk grain density applied to the
DDT submodel. It has no other influence on the DDT submodel.

NOTE: Intact host-rock property values are obtained from Table IV-3b in Appendix IV. The only property values
listed are those for which the intact and rubble values differ. All other property values for the intact host rock
and host-rock rubble are the same.

6.3 MSTHM RESULTS
6.3.1 TSPA-LA Base Case

This section discusses the MSTHM calculations that were conducted for the TSPA-LA base
case. As was done for the Total System Performance Assessment for the Site Recommendation
(called the TSPA-SR), the base case consists of three infiltration-flux cases: lower-bound, mean,
and upper-bound infiltration-flux cases for three climate states: present-day, monsoonal, and
glacial-transition. Past MSTHM calculations directly used the infiltration maps for these three
cases with the underlying assumption being that there is no lateral attenuation of infiltration in
the PTn unit (or in any other unit above the repository); thus, percolation above the repository
occurs strictly as one-dimensional vertical downward flow. For the TSPA-LA base case, the
upper-boundary liquid-phase flux in the MSTHM corresponds to the distribution of percolation
flux just below the base of the PTn unit; these data (Table 4.1-1) are generated for the three
climate states: present-day, monsoonal, and glacial-transition. Thus, the TSPA-LA base-case
MSTHM accounts for the influence of lateral diversion in the PTn as represented in the
three-dimensional UZ flow model.

Previous MSTHM calculations (such as those in support of the TSPA-SR) used different
hydrologic property sets for each of the infiltration-flux cases; thus, lower-bound, mean, and
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upper-bound one-dimensional drift-scale hydrologic property sets were applied to their
respective infiltration-flux cases. For this study it was found that only one hydrologic property
set (called the modified-mean infiltration-flux property set) is needed for conducting MSTHM
calculations for the three infiltration-flux cases. Abstraction of Drift Seepage (BSC 2004
[DIRS 169131], Section 6.6.4) addresses the van Genuchten fracture alpha and permeability
distributions for the Tptpul (tsw33) and Tptpln (tsw36) units. It is recommended by this
reference that the same alpha and permeability distributions be used in the Tptpul (tsw33) unit as
was derived for the Tptpll (tsw35) unit. The modified-mean infiltration-flux property set is the
same as the mean infiltration-flux property set (DTN: LB0208UZDSCPMI.002 [DIRS 161243])
with the one modification being that the van Genuchten fracture alpha in the Tptpul (tsw33) is
set to be the same (1.021 x 10™* Pa™') as that in the Tptpll (tsw35) unit (see Table 1V-4,
Appendix IV). This is consistent with the recommendation made in Abstraction of Drift Seepage
(BSC 2004 [DIRS 169131], Section 6.6.4). As discussed below, this one modification also
produces a consistent contrast in capillary pressure between the matrix and fracture continuum
for all four host-rock units.

For this study, it was found that the application of the modified-mean infiltration-flux property
set to lower-bound, mean, and upper-bound infiltration-flux cases produces uniform calculated
host-rock liquid-phase saturation for the three infiltration-flux cases. It was also found that
host-rock liquid-phase saturation consistently increases (slightly) with increasing percolation
flux. The purpose for conducting lower-bound, mean, and upper-bound infiltration-flux cases
with the MSTHM is to address the influence of percolation-flux uncertainty on
thermal-hydrologic conditions within emplacement drifts and in the adjoining host rock. In
conducting a sensitivity study to a particular parameter (in this case, percolation flux), it is
preferred to vary only one parameter at a time. Table 6.3-1 lists the initial (ambient) liquid-phase
saturation in the host rock (immediately above the crown of the emplacement drift) for
lower-bound, mean, and upper-bound infiltration-flux cases when the modified-mean drift-scale
hydrologic property set is applied to the MSTHM. Table 6.3-1 shows that the use of the
modified-mean infiltration-flux property set results in similar initial liquid-phase saturation at a
given location for lower-bound, mean, and upper-bound infiltration-flux cases.

Table 6.3-2 lists the initial (ambient) capillary pressure in the fracture and matrix continuum of
the host rock for the same locations given in Table 6.3-1. The mean infiltration-flux property set
produces very small values of capillary pressures in the fracture continuum for locations where
the host rock is the Tptpul (tsw33) unit; these small values of fracture capillary pressure are
much smaller than they are for regions of the repository where the host rock is not the Tptpul
(tsw33) unit (i.e., where the local host-rock unit is either Tptpmn (tsw34), Tptpll (tsw35), or
Tptpln (tsw36)). Moreover, the mean infiltration-flux property set produces a large (order of
magnitude) contrast in capillary pressure between the matrix and fracture continuum in the
Tptpul (tsw33) unit, whereas the contrast in capillary pressure is much smaller for the other three
host-rock units: Tptpmn, Tptpll, and Tptpln. The modified-mean infiltration-flux property set
produces fracture capillary pressures in the Tptpul unit that are consistent with those in the rest
of the repository (i.e., in regions where the host rock is either Tptpmn, Tptpll, or Tptpin).
Moreover, for all four host-rock units, the modified-mean infiltration-flux property set produces
a consistent contrast in capillary pressure between the matrix and fracture continuum, which is
generally on the order of a factor of two throughout most of the repository area, with the only
exception being in the Tptpln unit where the contrast is larger (about a factor of six).
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Table 6.3-3 and Figure 6.3-1 show the distribution of host-rock units over the repository area.
The majority of the repository area (81.1 percent) is in the two units (Tptpll and Tptpul) with
lithophysal cavities. Most of the remainder of the repository area (where waste is to be
emplaced) is in the nonlithophysal units (Tptpmn and Tptpln) with a small percentage
(1.6 percent) being in fault zones. These areas are based on Development of Numerical Grids for
UZ Flow and Transport Modeling (BSC 2004 [DIRS 169855]).

Table 6.3-1. Initial Liquid-Phase Saturation in the Host Rock at Several Locations in the Repository for
Three Infiltration-Flux Cases

Nevada State Initial Liquid-Phase Saturation

Coordinates in the Host Rock (%)
LDTH-SDT Lower-Bound Mean Upper-Bound
submodel Easting Northing Infiltration- Infiltration- Infiltration-

location Host-Rock unit (m) (m) Flux Case Flux Case Flux Case

P2ER4C4 Tptpul (tsw33) 172138.9 | 235625.9 96.4 96.4 96.9
P2ER5C5S Tptpul (tsw33) 171985.7 | 235320.6 95.5 95.6 95.8
P2ER6C6 Tptpul (tsw33) 171623.3 | 234947.4 95.4 95.5 95.7
P2ER8C7 Tptpul (tsw33) 171393.1 234361.5 94.0 97.2 97.3
P2ER8C6 Tptpul (tsw33) 171564.3 | 234417.2 90.5 95.6 95.7
P2ER8C5 Tptpul (tsw33) 171735.5 | 234472.8 93.6 97.4 97.3°
P2ER7C6 Tptpul (tsw33) 171584.3 | 234679.2 93.0 96.5 96.3°
P2ER7C5 Tptpul (tsw33) 171793.5 | 234747.2 95.1 95.2 95.3
P2ERG6C5 Tptpul (tsw33) 171851.6 | 235021.5 93.6 95.5 95.6
P2ER3C4 Tptpmn (tsw34) | 172292.1 235931.1 97.5 97.8 98.0
P2ER2C5 Tptpll (tsw35) 1721219 | 2361314 92.0 92.0 92.1
P2WR1C8 | Tptpll (tsw35) 171647.4 | 236232.7 94.0 94.0 941
P3R1C11 Tptpll (tsw35) 171038.7 | 236034.9 94.6 94.6 94.7
P3R8C13 Tptpln (tsw36) 170080.6 | 233935.1 98.6 98.7 98.7

Source: See Table XIlI-2.

@ The value of percolation flux for the upper-bound infiltration-flux case is less than that for the mean
infiltration-flux case at this particular location.

NOTE:  The initial (ambient) liquid-phase saturation in the host rock (prior to waste emplacement) is
obtained by applying the modified-mean infiltration-flux property set to the MSTHM.
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Table 6.3-2. Initial Capillary Pressure for the Fracture and Matrix Continuum in the Host Rock
Fracture capillary pressure Matrix capillary pressure
(Pa (Pa)

LDTH-SDT Modified-Mean Modified-Mean
submodel Mean Infiltration- | Infiltration-Flux | Mean Infiltration- | Infiltration-Flux
location Host-Rock Unit | Flux Property Set Property Set Flux Property Set Property set
P2ER4C4 | Tptpul (tsw33) 1.46 x 10° 2.28 x 10* 3.23 x 10* 4.27 x 10*
P2ER5C5 | Tptpul (tsw33) 1.46 x 10° 2.28 x 10* 451 x 10* 5.06 x 10*
P2ER6C6 | Tptpul (tsw33) 1.46 x 10° 2.27 x 10* 4.38 x 10* 5.18 x 10*
P2ERSC7 | Tptpul (tsw33) 1.45 x 10° 2.27 x 10 2.03 x 10* 3.50 x 10*
P2ER8C6 | Tptpul (tsw33) 1.45 x 10° 2.26 x 10* 4.51 x 10* 5.09 x 10*
P2ERSC5 | Tptpul (tsw33) 1.47 x 10° 2.29 x 10* 3.14 x 10* 3.34 x 10*
P2ER7C6 | Tptpul (tsw33) 1.43 x 10° 2.22 x 10* 3.46 x 10* 4.25 x 10*
P2ER7C5 | Tptpul (tsw33) 1.46 x 10° 2.28 x 10* 5.34 x 10* 543 x 10*
P2ER6C5 | Tptpul (tsw33) 147 x 10° 2.30 x 10* 4.55 x 10* 5.13 x 10*
P2ER3C4 | Tptpmn (tsw34) 2.22 x 10* 2.22 x 10* 2.32 x 10* 2.32 x 10*
P2ER2C5 | Tptpll (tsw35) 2.40 x 10* 2.40 x 10* 5.78 x 10* 5.78 x 10*
P2WR1C8 | Tptpll (tsw35) 2.44 x 10* 2.44 x 10 4.37 x 10 4.37 x 10*
P3R1C11 Tptpll (tsw35) 2.44 x 10* 2.44 x 10* 3.95 x 10* 3.95 x 10*
P3R8C13 | Tptpln (tsw36) 3.32 x 10° 3.32x 10° 1.94 x 10* 1.94 x 10*

Source: See Table XIlI-2.

NOTE:

The initial (ambient) capillary pressure for the fracture and matrix continuum in the host rock (prior to

waste emplacement) is obtained by applying the mean and the modified-mean infiltration-flux property
set to the MSTHM. Note that values are listed for the same locations given in Table 6.3-1.

Table 6.3-3. Distribution of the Host-Rock Units as Represented in SMT Submodel for the Emplaced
Repository Area (Figure 6.3-1)

GFM2000 Length of
Lithostratigraphic UZ Model Emplacement Area Percentage of

Unit Layer Unit Drift (m) (kmz) Repository Area
Tptpul tsw33 3,460 0.2803 6.0%
Tptpmn tsw34 9,260 0.7501 16.1%
Tptpll tsw35 43,160 3.4960 75.1%
Tptpln tsw36 660 0.0535 1.2%
Fault zone tswil 940 0.0761 1.6%
Total N/A 57,480 4.6559 100%
NOTE: The values of emplacement-drift length and area are as they are represented in the SMT
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submodel (Section 6.2.5). In the SMT submodel, the represented lengths of the
emplacement drifts are based on information from BSC 2003 [DIRS 161727]; the
distribution of host-rock units (with respect to the UZ model layers) is consistent with the
grid in DTN: LB03023DKMGRID.001 [DIRS 162354].
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NOTE: Note that tswfl stands for fault zone. Also shown are the five representative locations that were selected to
examine thermal-hydrologic conditions in the four primary host-rock units.

Figure 6.3-1. Distribution of the Four Primary Host-Rock Units Shown for the Repository Layout
Considered in MSTHM Calculations for the TSPA-LA Base Case

6.3.1.1 Lower-Bound, Mean, and Upper-Bound Infiltration-Flux Cases

The repository-wide averaged percolation flux for the three climate states (present-day,
monsoonal, and glacial-transition) is summarized in Table 6.3-4 for the lower-bound, mean, and
upper-bound infiltration-flux cases. Table 6.3-5 summarizes the range of percolation flux for the
present-day climate for the lower-bound, mean, and upper-bound infiltration-flux cases.
Figure 6.3-2 gives the complementary cumulative distribution function for the peak temperature
on the drift wall and on waste packages; these complementary cumulative distribution functions
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are for all waste packages over the entire repository area. Table 6.3-6 gives the coolest, median,
and hottest peak drift-wall and waste package temperatures for the three infiltration-flux cases.
The spatial extent and duration of dryout of the host rock increase with decreasing percolation
flux. Because the thermal conductivity of dry rock is less than that of wet rock, peak
temperatures increase with decreasing percolation flux. The sensitivity of peak temperature to
percolation flux is strongest at either end of the complementary cumulative distribution function
distributions. The differences between the mean and lower-bound infiltration-flux cases are
greatest for the hottest waste package locations. The differences between the mean and
upper-bound infiltration-flux cases are greatest for the coolest waste package locations. In
general, the sensitivity of peak temperature to percolation flux is stronger for the hottest waste
package locations.

Table 6.3-4. Repository-Wide Averaged Percolation Flux Summarized for Lower-Bound, Mean, and
Upper-Bound Infiltration-Flux Cases

Repository-Wide Averaged Percolation Flux (mm/yr)
Present-Day Monsoonal Glacial-Transition
Infiltration-Flux Case (0 years <t <600 years) | (600 years <t < 2,000 years) (2,000 years <t)
Lower 0.41 4.23 1.95
Mean 3.77 11.15 17.29
Upper 10.84 19.48 34.35

NOTE: These averages are based on averaging the percolation data from DTN: LB0302PTNTSW9I.001
[DIRS 162277] over the heated repository footprint represented in the SMT submodel, as described in
Appendix |.

Table 6.3-5. Range of Percolation Fluxes for the MSTHM for the Lower-Bound, Mean, and Upper-Bound
Infiltration-Flux Cases for the Present-Day Climate

Percolation flux (mm/yr)

Lower infiltration-flux case Mean infiltration-flux case Upper infiltration-flux case
Lowest value 2.8 x107° 0.24 1.12
Mean value 0.41 3.77 10.84
Highest value 2.20 13.74 36.18

DTN: LL030808623122.036.

Table 6.3-6. Peak Drift-Wall and Waste Package Temperatures for Lower-Bound, Mean, and

Upper-Bound Infiltration-Flux Cases

Peak Drift-Wall Temperature Peak Waste Package Temperature

Infiltration- (°C) (°C)

Flux Case Coolest Median Hottest Coolest Median Hottest
Lower 105.7 135.4 154.8 116.3 156.0 182.9
Mean 105.0 133.0 144.2 115.6 153.3 172.0
Upper 98.6 131.6 142.5 108.6 152.1 170.8
NOTE:  These values are based on Figure 6.3-2.
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NOTE: CCDEF is plotted for lower-bound, mean, and upper-bound infiltration-flux cases.

Figure 6.3-2. Complementary Cumulative Distribution Function (CCDF) for Peak Temperature on the
Drift Wall and Waste Packages

Figure 6.3-3, which is the contour map of peak waste package temperature for PWR waste
packages, illustrates how peak temperatures increase with distance from the repository edges.
There are two reasons for this relationship. First, the edge-cooling effect, which results from
lateral heat loss at the repository edges, is strongest for locations close to the edge of the
repository. Second, the direction of the ventilation-air flow is from the ventilation inlets located
at the repository edges in towards the ventilation outlets, which are generally located close to the
center of the repository. Table IllI-1 of Appendix I, which lists the net available
heat-generation fraction as a function of time and distance from the ventilation inlet
(DTN: MOO0304MWDALACV.000 [DIRS 164551]), shows that heat-removal -efficiency
(resulting from ventilation of emplacement drifts) decreases with distance from the ventilation
inlet. Thus, locations closer to the repository edge receive more of the ventilation cooling effect
than locations closer to the repository center. One slight variation of this trend is in Panel 5
where the ventilation inlet is on the eastern edge and the ventilation outlet is on the western edge.
Figure 6.3-3 shows that peak temperatures on the eastern side of Panel 5 (where the heat-removal
efficiency is greatest) are slightly lower than on the western side (where the heat-removal
efficiency is least).
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Peak waste-package temperature for the pwr1-2
(21-PWR AP CSNF) waste package
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NOTE:  This contour map is plotted over the repository area for the mean infiltration-flux case. The pwr1-2
(21-PWR AP CSNF) waste package is the hottest package in the sequence (Table 6.3-13).

Figure 6.3-3. Contour Map of Peak Waste Package Temperature for the pwr1-2 Waste Package
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Figure 6.3-4a and Table 6.3-7 give the complementary cumulative distribution function for the
time when boiling at the drift wall ceases for lower-bound, mean, and upper-bound
infiltration-flux cases; these complementary cumulative distribution functions are for all waste
package locations throughout the repository area. Note that at the repository horizon, which
ranges in elevation ranging from about 1038 to 1092 m, the boiling temperature is approximately
96°C. The boiling-period duration is a useful thermal-hydrologic parameter because seepage
into the drift is predicted not to occur during this period in Section 6.3.2 of Abstraction of Drift
Seepage (BSC 2004 [DIRS 169131]). As was the case for peak temperatures, the boiling-period
duration increases with decreasing percolation flux. Figure 6.3-5, which is a contour map of the
time when boiling at the drift wall ceases for a PWR CSNF waste package for the mean
infiltration-flux case, clearly shows that the boiling-period duration increases strongly with
distance from the repository edges. The sensitivity of boiling-period duration to percolation flux
is greatest for those locations with the longest boiling-period duration, which correspond to
locations furthest away from the repository edges where differences in the spatial (and temporal)
extent of rock dryout (resulting from differences in percolation flux) have more time to develop.
There is a strong relationship between boiling-period duration and the spatial (and temporal)
extent of rock dryout. Areas with low percolation flux will have a greater spatial extent of
dryout, increasing the volume of rock in which the dry (low) value of thermal conductivity
pertains, which enhances the temperature rise around the drifts. The enhanced temperature rise
around the drift has the effect of extending the duration of boiling. Areas with high percolation
flux will have a smaller spatial (and temporal) extent of rock dryout, decreasing the volume of
rock in which the dry (low) value of thermal conductivity pertains, which reduces the
temperature rise around the drifts. This reduced temperature rise around the drifts has the effect
of shortening the duration of boiling.

Figure 6.3-4b and Table 6.3-8 give the complementary cumulative distribution function for the
maximum lateral extent of the boiling-point isotherm for lower-bound, mean, and upper-bound
infiltration-flux cases. Note that the lateral extent of the boiling-point isotherm approximately
corresponds to the lateral extent of the dryout zone. As was the case for the peak temperatures
and boiling-period duration, the maximum lateral extent of boiling increases with decreasing
percolation flux. Figure 6.3-6 is a contour map of the maximum lateral extent of boiling (and
dryout) for a PWR CSNF waste package. It is apparent that the maximum lateral extent of
boiling increases with distance from the repository edges. Areas with low percolation flux will
have a greater spatial extent of dryout, increasing the volume of rock in which the dry (low)
value of thermal conductivity pertains, which enhances the temperature rise around the drifts.
This enhanced temperature rise has the effect of increasing the volume of rock dryout around the
drifts. Areas with high percolation flux will have a smaller spatial (and temporal) extent of rock
dryout, decreasing the volume of rock to which the dry (low) value of thermal conductivity
pertains, which reduces the temperature rise around the drifts. This reduced temperature rise
around the drifts has the effect of limiting the volume of rock dryout around the drifts.

It is important to note that the lateral extent of boiling is always much smaller than the half
spacing between emplacement drifts. Therefore, the majority of the host rock between
emplacement drifts always remains below the boiling point, thereby enabling condensate and
percolation flux to continuously drain between emplacement drifts.
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Table 6.3-7. Time When Boiling Ceases at the Drift Wall Summarized for Lower-Bound, Mean, and
Upper-Bound Infiltration-Flux Cases

Time when boiling at the drift wall ceases
(years)
Infiltration- 10th 30th 70th 90th
flux case Shortest | Percentile | Percentile | Median | Percentile | Percentile | Longest

Lower 130.2 349.9 630.9 859.6 1,122.5 1,453.3 1,734.6
Mean 127.2 297.5 535.8 721.0 870.6 1,006.5 1,356.0
Upper 97.7 267.7 471.6 643.7 768.6 887.2 1,162.9
NOTE: These values are based on data plotted in Figure 6.3-4a.

Table 6.3-8. Maximum Lateral

Extent

of the Boiling-Point

Isotherm (96°C)

Lower-Bound, Mean, and Upper-Bound Infiltration-Flux Cases

Summarized for

Maximum Lateral Extent of Boiling (T > 96°C)
(m)
Infiltration- 10th 30th 70th 90th
flux case Least Percentile Percentile Median Percentile Percentile Greatest
Lower 5.6 71 7.9 8.4 9.4 12.3 17.8
Mean 5.3 6.7 7.5 7.9 8.2 8.7 9.9
Upper 5.1 6.5 7.3 7.7 7.9 8.1 9.0

NOTE:

corresponds to the maximum lateral extent of dryout.
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NOTE: CCDFs are plotted for the lower-bound, mean, and upper-bound infiltration-flux cases. The maximum
lateral extent of the boiling-point isotherm, which is measured from the center of the emplacement drift,
approximately corresponds to the maximum lateral extent of the dryout zone.

Figure 6.3-4. Complementary Cumulative Distribution Functions (CCDFs) for (a) the Time When Boiling
at the Drift Wall Ceases and (b) the Maximum Lateral Extent of the Boiling-Point

Isotherm (96°C)
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Time when drift-wall boiling ceases for the pwr1-2
(21-PWR AP CSNF) waste package

Mean infiltration-flux case
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NOTE:  This contour map is plotted over the repository area for the mean infiltration-flux case. The pwr1-2
(21-PWR AP CSNF) waste package is the hottest package in the sequence (Figure 6.2-2).

Figure 6.3-5. Contour Map of the Time When Boiling at the Drift Wall Ceases for the pwr1-2
Waste Package
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Lateral extent of boiling-point isotherm for the pwr1-2
(21-PWR AP CSNF) waste package
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NOTE This contour map is plotted over the repository area for the mean infiltration-flux case. The pwr1-2
(21-PWR AP CSNF) waste package is the hottest package in the sequence (Table 6.3-13). The maximum
lateral extent of the boiling-point isotherm, which is measured from the center of the emplacement drift,
approximately corresponds to the maximum lateral extent of dryout.

Figure 6.3-6. Contour Map of the Maximum Lateral Extent of the Boiling-Point Isotherm (96°C) from the
Drift Centerline for the pwr1-2 Waste Package
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For the purpose of examining the details of thermal-hydrologic behavior in emplacement drifts,
five locations were chosen that cover all four of the host-rock units (Tables 6.3-9, 6.3-10 and
Figure 6.3-1). Four of these locations (P2ER8C6, P2WR8C8, P2WR5C10, and P3R8C13) were
chosen because their respective values of percolation flux are close to the repository-wide
averages (Table 6.3-4). The fifth location (P3R7C12) was chosen because it has close to the
longest boiling-period duration over the entire repository area; note that this location is in a
region of low percolation flux, which is a major contributing factor to its very long
boiling-period duration. Time histories of drift-wall temperature and liquid-phase saturation,
waste package temperature and relative humidity, and invert liquid-phase saturation are plotted
(Figures 6.3-7 through 6.3-11) for these five locations (Figure 6.3-1). Tables 6.3-9 and 6.3-10
summarize the relationship between percolation flux and infiltration-flux case for the five
locations and three climate states. Using Tables 6.3-9 and 6.3-10 as a guide, the influence of
percolation flux on peak temperatures is summarized in Table 6.3-11 for the five locations. The
influence of percolation flux on the duration of boiling is summarized in Table 6.3-12, which
gives the time when boiling at the drift wall ceases.

Table 6.3-9. Percolation Flux for Mean Infiltration-Flux Case for Five Locations Used to Examine
Thermal-Hydrologic Conditions in the Repository

Percolation flux for the mean infiltration-
LDTH-SDT Nevada State Coordinates flux case (mm/yr)
submodel Glacial-
location Host-rock unit Easting (m) | Northing (m) | Present-day | Monsoonal transition
P2ER8C6 Tptpul (tsw33) 171564.3 2344173 5.41 11.70 23.03
P2WR8C8 Tptpmn (tsw34) 171240.9 2343121 4.47 10.45 15.65
P2WR5C10 | Tptpll (tsw35) 170730.3 2349127 4.71 14.60 22.07
P3R7C12 Tptpll (tsw35) 170347.9 234277.5 0.86 3.43 6.32
P3R8C13 Tptpln (tsw36) 170080.6 233935.1 7.07 21.95 31.66

NOTE:  See Figure 6.3-1 for locations. The percolation flux is obtained from DTN: LBO302PTNTSW9I.001
[DIRS 162277], as discussed in Appendix | of this report.

Table 6.3-10. Percolation Flux for the Lower and Upper Infiltration-Flux Cases for Five Locations Used
to Examine Thermal-Hydrologic Conditions in the Repository

Percolation Flux for the Lower-Bound Percolation Flux for the Upper-Bound
LDTH-SDT Infiltration-Flux Case (mmlyr) Infiltration-Flux Case (mmlyr)

submodel Glacial- Glacial-
location Present-day Monsoonal transition Present-day Monsoonal transition

P2ER8C6 6.331 x 1072 3.57 1.79 7.22 14.11 34.53

P2WR8C8 2.621 x 107 3.44 1.31 7.31 12.51 2214

P2WR5C10 2.261x10°° 5.58 2.02 15.22 26.12 43.60

P3R7C12 1.081 x 107 0.91 0.12 6.76 12.82 24.28

P3R8C13 0.36 6.66 3.69 16.57 33.64 54.99

NOTE:  See Figure 6.3-1 for locations. The percolation flux is obtained from DTN: LBO302PTNTSW9I.001
[DIRS 162277], as discussed in Appendix | of this report.
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Table 6.3-11. Range of Peak Temperatures over the Three Infiltration-Flux Cases for the pwr1-2 Waste

Package for Five Locations in the Repository

LDTH-SDT Host-rock Peak Drift-Wall Temperature Peak Waste Package Temperature

submodel unit (°C) (°C)

location Lower Mean Upper Range Lower Mean Upper Range

P2ER8C6 Tptpul 138.2 135.5 135.2 3.0 165.8 163.2 163.5 23
(tsw33)

P2WR8C8 Tptpmn 127.4 123.0 122.3 5.1 154.8 150.6 150.8 4.0
(tsw34)

P2WR5C10 | Tptpll 149.3 141.5 139.6 9.7 177.8 169.4 168.2 9.6
(tsw35)

P3R7C12 Tptpll 148.9 140.0 138.7 10.2 176.6 167.3 166.5 10.1
(tsw35)

P3R8C13 Tptpin 121.4 120.5 118.8 2.6 149.2 148.2 147.4 1.8
(tsw36)

NOTE:  See Figure 6.3-1 for locations. These values are based on data plotted in Figures 6.3-7 through 6.3-11.

Table 6.3-12. Range of Time When Boiling at the Drift Wall Ceases over the Three Infiltration-Flux
Cases for the pwr1-2 Waste Package for Five Locations in the Repository

LDTH-SDT Host-rock Time When Boiling at the Drift Wall Ceases for Three Infiltration-flux cases
submodel unit (years)
location Lower Mean Upper Range Range®
P2ER8C6 Tptpul 4253 365.6 359.8 65.5 16.7%
(tsw33)
P2WR8C8 Tptpmn 298.8 221.0 213.1 85.7 33.5%
(tsw34)
P2WR5C10 Tptpll (tsw35) 1,230.7 686.1 540.4 690.3 78.0%
P3R7C12 Tptpll (tsw35) 1,592.3 1,200.1 1,030.9 561.4 42.8%
P3R8C13 Tptpln 2423 218.8 199.2 43.1 19.5%
(tsw36)
¥ The range (%) is the range (years) divided by the average time when drift-wall boiling ceases [(shortest +
longest)/2].
NOTE: See Figure 6.3-1 for locations. These values are based on data plotted in Figures 6.3-7 through 6.3-11.
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NOTE: See Figure 6.3-1 for location. The plotted thermal-hydrologic parameters are (a) drift-wall temperature,
(b) waste package temperature, (c) drift-wall liquid-phase saturation, (d) waste package relative humidity,
and (e) invert liquid-phase saturation. The pwr1-2 (21-PWR AP CSNF) waste package is the hottest
waste package in the sequence (Figure 6.2-2).

Figure 6.3-7. Thermal-Hydrologic Conditions for the pwr1-2 Waste Package Plotted for Lower-Bound,
Mean, and Upper-Bound Infiltration-Flux Cases at the P2ER8CG6 Location in the Tptpul
(tsw33) Unit

ANL-EBS-MD-000049 REV 03 6-72 July 2005



Multiscale Thermohydrologic Model

200 . - . 6-200
—_ [ (a) 1 <
o | e
= 160 | 4 S 160
u’ et
5 S ] g
g g
g 120 g 120
o @
it
3 2
= 80 8§ 80
©
:
£ 40 & 40
I 13
o L 1 L g 0
102 10° 10
g 5100
® 2
3 S 80
© £
w 3
) N -
@ £ 60
s k]
) e
S o 40
g g
-— o
3 z
g o 20
1 [ 1 0 p
E i ] ‘g i ]
= ! ] ]
(=) 0 I I 1 ; 0 I 1 I
102 10° 10° 102 10° 10*
Time (yr)
c
o
E =
i
2
g ----------- Lower infiltration-flux case
@ —— Mean infiltration-flux case
% ==== Upper infiltration-flux case
g
o
=
g
Tt
[+}] 4
> B |
= I ]
0 L L L
102 10° 10*
Time (yr) P2WR8C8-li_mi_ui

Source: See Table XIlI-1.

NOTE: See Figure 6.3-1 for location. The plotted thermal-hydrologic parameters are (a) drift-wall temperature,
(b) waste package temperature, (c) drift-wall liquid-phase saturation, (d) waste package relative humidity,
and (e) invert liquid-phase saturation. The pwr1-2 (21-PWR AP CSNF) waste package is the hottest
waste package in the sequence (Figure 6.2-2).

Figure 6.3-8. Thermal-Hydrologic Conditions for the pwr1-2 Waste Package Plotted for Lower-Bound,
Mean, and Upper-Bound Infiltration-Flux Cases at the P2WR8C8 Location in the Tptpmn
(tsw34) Unit
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NOTE: See Figure 6.3-1 for location. The plotted thermal-hydrologic parameters are (a) drift-wall temperature,
(b) waste package temperature, (c) drift-wall liquid-phase saturation, (d) waste package relative humidity,
and (e) invert liquid-phase saturation. The pwr1-2 (21-PWR AP CSNF) waste package is the hottest
waste package in the sequence (Figure 6.2-2).

Figure 6.3-9. Thermal-Hydrologic Conditions for the pwr1-2 Waste Package Plotted for Lower-Bound,
Mean, and Upper-Bound Infiltration-Flux Cases at the P2WR5C10 Location in the Tptpll
(tsw35) Unit
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NOTE: See Figure 6.3-1 for location. The plotted thermal-hydrologic parameters are (a) drift-wall temperature,
(b) waste package temperature, (c) drift-wall liquid-phase saturation, (d) waste package relative humidity,
and (e) invert liquid-phase saturation. The pwr1-2 (21-PWR AP CSNF) waste package is the hottest
waste package in the sequence (Figure 6.2-2).

Figure 6.3-10. Thermal-Hydrologic Conditions for the pwr1-2 Waste Package Plotted for Lower-Bound,
Mean, and Upper-Bound Infiltration-Flux Cases at the P3R7C12 Location in the Tptpll
(tsw35) Unit
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NOTE: See Figure 6.3-1 for location. The plotted thermal-hydrologic parameters are (a) drift-wall temperature,
(b) waste package temperature, (c) drift-wall liquid-phase saturation, (d) waste package relative humidity,
and (e) invert liquid-phase saturation. The pwr1-2 (21-PWR AP CSNF) waste package is the hottest
waste package in the sequence (Figure 6.2-2).

Figure 6.3-11. Thermal-Hydrologic Conditions for the pwr1-2 Waste Package Plotted for Lower-Bound,
Mean, and Upper-Bound Infiltration-Flux Cases at the P3R8C13 Location in the Tptpin
(tsw36) Unit

ANL-EBS-MD-000049 REV 03 6-76 July 2005



Multiscale Thermohydrologic Model

The influence of percolation flux on peak temperature is about the same for the waste package as
it is for the drift wall (Table 6.3-11). The range of peak temperatures (from lower-bound to
upper-bound infiltration-flux case) is slightly less for the waste package than it is for the drift
wall. The reason for this relationship is that the effectiveness of thermal radiation increases
slightly with temperature; consequently, the difference in peak temperature between the waste
package and drift wall decreases slightly with increasing peak drift-wall temperature. Because
the thermal conductivity of the rock is less for the lithophysal units (Tptpul and Tptpll) than it is
for the nonlithophysal units (Tptpmn and Tptpln), peak temperatures are greater in the
lithophysal units than in the nonlithophysal units.

The influence of percolation flux on the duration of boiling at the drift wall is greater for the
locations (P2WR5C10 and P3R7C12) further from the repository edges than for those closer to
the repository edges (P2ER8C6, P2WR8C8, and P3R8C13). Because location P2WR8C8
(located on the eastern edge of Panel 2W) receives some heat from the southern portion of
Panel 2E, its boiling duration is somewhat greater than it is for the other two “edge” locations
(P2ER8C6 and P3R8C13). Locations away from the repository edges have longer boiling
durations that allow more time for the differences in rock dryout between lower and higher
percolation fluxes to develop. There is a strong relationship between boiling-period duration and
the spatial (and temporal) extent of rock dryout. Areas with low percolation flux will have a
greater spatial extent of dryout, increasing the volume of rock in which the dry (low) value of
thermal conductivity pertains, which enhances the temperature rise around the drifts. The
enhanced temperature rise around the drift has the effect of extending the duration of boiling.
Areas with high percolation flux will have a smaller spatial (and temporal) extent of rock dryout,
decreasing the volume of rock in which the dry (low) value of thermal conductivity pertains,
which reduces the temperature rise around the drifts. This reduced temperature rise around the
drifts has the effect of shortening the duration of boiling.

The influence of percolation flux on dryout/rewetting is illustrated by the drift-wall and invert
liquid-phase saturation histories (Figures 6.3-7c, 6.3-7e, 6.3-8c, 6.3-8e, 6.3-9c, 6.3-9¢, 6.3-10c,
6.3-10e, 6.3-11c, and 6.3-11e). Locations P2ER8C6 and P2WRB8C8 have small differences in
dryout/rewetting between the upper-bound and mean infiltration-flux cases (Figures 6.3-7c,
6.3-7e, 6.3-8c, and 6.3-8e), while having larger differences between the lower-bound and mean
infiltration-flux cases. Location P2WR5C10 has moderate differences in dryout/rewetting
between the upper-bound and mean infiltration-flux cases (Figures 6.3-9c and 6.3-9e), while
having larger differences between the lower-bound and mean infiltration-flux cases.
Tables 6.3-9 and 6.3-10 show that location P2WR5C10 has larger differences in percolation flux
between the lower-bound, mean, and upper-bound infiltration cases than do locations P2ER8C6
and P2WRB8CS8; consequently, location P2WR5C10 shows a greater sensitivity to the
infiltration-flux case. Tables 6.3-9 and 6.3-10 show that location P3R7C12 has larger
differences in percolation flux between the lower-bound, mean, and upper-bound infiltration-flux
cases than does location P2WR5C10; thus, location P3R7C12 (Figures 6.3-10c and 6.3-10¢) has
larger differences in dryout/rewetting between the upper-bound and mean infiltration-flux cases
than does location P2WR5C10 (Figures 6.3-9c and 6.3-9¢). Location P3R7C12 has substantial
differences in dryout/rewetting between the lower-bound and mean infiltration-flux cases, with
the lower-bound infiltration-flux case remaining at low liquid-phase saturation beyond
20,000 years (Figures 6.3-10c and 6.3-10e). Location P3R8C13 has larger differences in
dryout/rewetting between the upper-bound and mean infiltration-flux cases (Figures 6.3-11c and
6.3-11e) and between the lower-bound and mean infiltration-flux cases.
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The influence of percolation flux on waste package relative humidity histories is similar to its
influence on dryout/rewetting (Figures 6.3-7d, 6.3-8d, 6.3-9d, 6.3-10d, and 6.3-11d). Locations
P2ER8C6 and P2WRS8C8 have small differences in waste package relative humidity history
between the upper-bound and mean infiltration-flux cases (Figures 6.3-7d and 6.3-8d), while
having larger differences between the lower-bound and mean infiltration-flux cases. Location
P2WR5C10 has moderate differences in waste package relative humidity history between the
upper-bound and mean infiltration-flux cases (Figure 6.3-9d), while having larger differences
between the lower-bound and mean infiltration-flux cases. Location P3R7C12 has moderate
differences in waste package relative humidity history between the upper-bound and mean
infiltration-flux cases (Figure 6.3-10d), while having substantial differences between the
lower-bound and mean infiltration-flux cases. Location P3R8C13 has small differences in waste
package relative humidity history between the upper-bound and mean infiltration-flux case
(Figure 6.3-11d); moderate differences between the lower-bound and mean infiltration-flux cases
persist for about 700 years. With the exception of location P3R7C12, differences in waste
package relative humidity history among the infiltration-flux cases generally diminish within one
to several thousand years.

6.3.1.2 Influence of Waste Package-to-Waste Package Heat-Generation Variability

This section investigates the influence of waste package-to-waste package heat-generation
variability on thermal-hydrologic conditions in the emplacement drifts. The eight different waste
packages considered in all of the MSTHM calculations (Figure 6.2-2) are summarized in
Table 6.3-13. Time histories of drift-wall temperature and liquid-phase saturation, waste
package temperature and relative humidity, and invert liquid-phase saturation are plotted
(Figures 6.3-12 through 6.3-16) for three of these waste packages (dhlw-11, bwrl-1, and pwrl-2)
for the five locations discussed in the previous section (see Figure 6.3-1 for locations). Note that
these three waste packages include the coolest and hottest in the waste package sequence
considered. The influence of waste package-to-waste package heat-generation variability on
peak temperatures is summarized in Table 6.3-14 for the five locations. The influence of waste
package-to-waste package heat-generation variability on the duration of boiling is summarized in
Table 6.3-15, which gives the time when boiling at the drift wall ceases.
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Table 6.3-13. Summary of Waste Packages Included in the MSTHM Calculations (Figure 6.2-2)

Waste
Package Initial Heat- Notes
Name in Length in | Generation | (based on MSTHM output temperatures
MSTHM Waste Package type Model (m) Rate (kW) and heat output)
pwr1-1 21-PWR AP CSNF 2.5825 5.764° Half waste package in model; coolest
1% 21-PWR AP PWR waste package in sequence, but
“average” PWR waste package with
respect to heat output
dhlw-I1 5 DHLW/DOE SNF-LONG 5.217 0.990 Coolest waste package in sequence with
5-HLW LONG the lowest heat output
pwr2-1 21-PWR AP CSNF 5.165 11.800 “Average” PWR waste package in
21-PWR AP (HOT) sequence with respect to temperatures,
but highest heat output in sequence
bwr1-1 44-BWR CSNF 5.165 7.377 Hottest BWR waste package in sequence,
44-BWR AP but “average” BWR waste package with
respect to heat output
bwr2-1 44-BWR CSNF 5.165 7.100 “Oldest” BWR waste package in sequence
44-BWR ADJUSTED
dhlw-s1 5 DHLW/DOE SNF-SHORT 3.59 2.983 Hottest DHLW waste package in
5-HLW SHORT sequence
pwr1-2 21-PWR AP CSNF 5.165 11.528 “Hottest” waste package in sequence, but
21-PWR AP average PWR waste package with respect
to heat output
bwr1-2 44-BWR CSNF 2.5825 3.689° Half waste package in model; coolest

Y2 44-BWR AP

BWR waste package in sequence, but
“average” BWR waste package with
respect to heat output

@ These values represent the heat-generation rate for a half waste package.

NOTES:

Table 6.3-14.

Waste packages included in Figures 6.3-12 through 6.3-16 are shown in bold. Names of waste package
types as they appear in BSC 2005 [DIRS 173705] are shown in italics.

Waste package lengths are based on information from BSC 2003 [DIRS 165406], Table 1. Heat
generation rates are based on information from BSC 2005 [DIRS 173705], Table 1. The heat generation
rates used in the MSTHM calculations are based on the first 25,000 years of entries in Table 1 of
BSC 2005 [DIRS 173705]. Heat generation values for 20,050 years, which corresponds to the end of the
MSTHM simulations, are linearly interpolated between the values for 20,000 years and 25,000 years from
Table 1 of BSC 2005 [DIRS 173705].

Generation for the Mean

the Repository

Range of Peak Temperatures from Variability in Waste Package-to-Waste Package Heat
Infiltration-Flux Case, Summarized for Five Locations in

LDTH-SDT
Submodel
Location

Host-Rock Unit

Peak Drift-Wall Temperature (°C)

Peak Waste Package

Temperature (°C)

Lowest

Highest

Range

Lowest

Highest

Range

P2ER8C6

Tptpul (tsw33)

122.3

135.5

13.2

132.0

163.2

31.2

P2WR8C8

Tptpmn (tsw34)

109.7

123.0

13.3

118.9

150.6

31.7

P2WR5C10

Tptpll (tsw35)

126.8

140.8

14.0

136.7

168.8

321

P3R7C12

Tptpll (tsw35)

126.8

140.0

13.2

136.3

167.3

31.0

P3R8C13

Tptpln (tsw36)

106.6

120.2

13.6

116.1

148.2

32.1

NOTE:
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Table 6.3-15. Range of Time When Boiling at the Drift Wall Ceases (Resulting from Variability in Waste
Package-to-Waste Package Heat Generation) for the Mean Infiltration-Flux Case,
Summarized for Five Locations in the Repository

LDTH-SDT Time When Boiling at the Drift Wall Ceases
Submodel | Host-Rock Unit (years)

Location Shortest | Longest Range Range®
P2ER8C6 Tptpul (tsw33) 284.2 364.8 80.6 24.8%
P2WRSC8 | Tptomn (tsw34) 166.1 242.8 76.7 37.5%
P2WR5C10 Tptpll (tsw35) 340.7 623.0 282.3 58.6%
P3R7C12 Tptpll (tsw35) 1,072.3 1,200.1 127.8 11.3%
P3R8C13 Tptpln (tsw36) 140.4 195.2 54.8 32.7%

? The range (%) is the range (years) divided by the average time when drift-wall
boiling ceases [(shortest + longest)/2].

NOTE: See Figure 6.3-1 for locations.

The influence of waste package-to-waste package heat-generation variability on peak drift-wall
temperatures is virtually the same for all five locations (Table 6.3-14); similarly, the influence of
heat-generation variability on peak waste package temperatures is virtually the same for all five
locations. The range of peak drift-wall temperatures is less than the range of peak waste package
temperatures. Thermal radiation in the drift is an efficient heat-transfer mechanism for limiting
the extent of temperature variability along the axis of the drift. The influence of heat-generation
variability on boiling duration varies among the five locations (Table 6.3-15). The greatest
degree of boiling-duration variability is at location P2WR5C10, while location P3R7C12 has the
least degree of boiling-duration variability.

The influence of heat-generation variability on dryout/rewetting is illustrated by the drift-wall
and invert liquid-phase saturation histories (Figures 6.3-12c, 6.3-12¢, 6.3-13c, 6.3-13e, 6.3-14c,
6.3-14e, 6.3-15c, 6.3-15e, 6.3-16c, and 6.3-16e). Dryout/rewetting at locations P2ER8CS6,
P2WR8C8, and P3R8C13 (Figures 6.3-12c 6.3-12¢, 6.3-13c, 6.3-13e, 6.3-16c, and 6.3-16¢),
which are close to the repository edges, exhibit more sensitivity to heat-generation variability
than at locations P2WR5C10 and P3R7C12 (Figures 6.3-14c, 6.3-14e, 6.3-15c, and 6.3-15e),
which are farther away from the repository edges. Note that location P3R7C12 has by far the
least degree of dryout/rewetting variability. For all locations, the invert exhibits less
dryout/rewetting variability than the drift wall.
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NOTE: See Figure 6.3-1 for location. The plotted thermal-hydrologic parameters are (a) drift-wall temperature,
(b) waste package temperature, (c) drift-wall liquid-phase saturation, (d) waste package relative humidity,
and (e) invert liquid-phase saturation. These waste packages bracket the entire range of temperature at
this location.

Figure 6.3-12. Thermal-Hydrologic Conditions for the Mean Infiltration-Flux Case Plotted for a Range of
Waste Packages at the P2ER8C6 Location in the Tptpul (tsw33) Unit
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Source: See Table XIlI-1.

NOTE: WP = waste package. See Figure 6.3-1 for location. The plotted thermal-hydrologic parameters are
(a) drift-wall temperature, (b) waste package temperature, (c) drift-wall liquid-phase saturation, (d) waste
package relative humidity, and (e) invert liquid-phase saturation. These waste packages bracket the entire
range of temperature at this location.

Figure 6.3-13. Thermal-Hydrologic Conditions for the Mean Infiltration-Flux Case Plotted for a Range of
Waste Packages at the P2WR8CS8 Location in the Tptpmn (tsw34) Unit
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NOTE: WP = waste package. See Figure 6.3-1 for location. The plotted thermal-hydrologic parameters are
(a) drift-wall temperature, (b) waste package temperature, (c) drift-wall liquid-phase saturation, (d) waste
package relative humidity, and (e) invert liquid-phase saturation. These waste packages bracket the entire
range of temperature at this location.

Figure 6.3-14. Thermal-Hydrologic Conditions for the Mean Infiltration-Flux Case Plotted for a Range of
Waste Packages at the P2WR5C10 Location in the Tptpll (tsw35) Unit
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NOTE: WP = waste package. See Figure 6.3-1 for location. The plotted thermal-hydrologic parameters are
(a) drift-wall temperature, (b) waste package temperature, (c) drift-wall liquid-phase saturation, (d) waste
package relative humidity, and (e) invert liquid-phase saturation. These waste packages bracket the entire
range of temperature at this location.

Figure 6.3-15. Thermal-Hydrologic Conditions for the Mean Infiltration-Flux Case Plotted for a Range of
Waste Packages at the P3R7C12 Location in the Tptpll (tsw35) Unit
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NOTE: WP = waste package. See Figure 6.3-1 for location. The plotted thermal-hydrologic parameters are
(a) drift-wall temperature, (b) waste package temperature, (c) drift-wall liquid-phase saturation, (d) waste
package relative humidity, and (e) invert liquid-phase saturation. These waste packages bracket the entire
range of temperature at this location.

Figure 6.3-16. Thermal-Hydrologic Conditions for the Mean Infiltration-Flux Case Plotted for a Range of
Waste Packages at the P3R8C13 Location in the Tptpln (tsw36) Unit
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The influence of heat-generation variability on waste package relative humidity variability is
similar to the influence on dryout/rewetting. Because the relative humidity at the drift wall
depends on the liquid-phase saturation and temperature, the variability of drift-wall relative
humidity is similar to that of drift-wall liquid-phase saturation. Relative humidity at a given
waste package depends on two factors. The first is the adjacent drift-wall relative humidity. The
second factor is the temperature difference between the waste package and adjoining drift-wall
surface; relative humidity reduction (relative to the adjacent drift wall) depends on this
temperature difference (Section 6.1.4). Waste packages with higher heat-generation rates result
in a greater relative humidity reduction, for longer times, than those with lower heat-generation
rates. The large difference in heat-generation rate between the coolest and hottest waste
packages results in a large difference in the respective relative humidity histories.

From a heat-transfer perspective, the drip shield functions like a thermal-radiation shield
(between the waste package and the drift wall) that causes the waste package to be hotter than it
would without the presence of the drip shield. The increased temperature difference between the
waste package and the drift wall reduces the relative humidity on the waste package. For waste
packages with higher heat-generation rates (i.e., the pwrl-2 waste package in Figure 6.3-16), the
influence of the thermal-radiation shield on waste package temperature and relative humidity is
much greater than it is for waste packages with lower heat-generation rates (i.e., the dhlw-I1
waste package in Figure 6.3-16). This effect is exhibited by comparing the range in drift-wall
temperatures  (Figure 6.3-16a) with the range in waste package temperatures
(Figure 6.3-16b). The larger range in waste package temperatures, compared to the
corresponding range in drift-wall temperatures, results in a wide range in waste package relative
humidities (Figure 6.3-16d).

6.3.1.3  Alternative MSTHM with Vertically Extended LDTH/SDT Submodels

The standard MSTHM utilizes LDTH and SDT submodels that have a constant-temperature
boundary at the water table. To test an alternative approach, MSTHM calculations were
conducted with vertically extended LDTH and SDT submodels. In these submodels, the lower
boundary of the LDTH and SDT submodels is set 1,000 m below the water table (as is done in
the SMT submodel). A series of initialization runs are conducted with the SDT submodel where
the lower boundary temperature is iteratively adjusted until the temperature at the water table is
equal to that of the SDT submodel with the lower boundary at the water table. The vertically
extended SDT submodel is then run with the appropriate heat-generation-rate-versus-time table
and the temperature at the water table is saved as output. The water-table temperature history is
then applied as the lower boundary temperature (at the water table) in the corresponding LDTH
submodel.  Applying the SDT submodel water-table temperature history to the lower
(water-table) boundary of the LDTH submodel is equivalent to having extended the LDTH
submodel 1,000 m below the water table. This alternative MSTHM approach, with vertically
extended LDTH and SDT submodels, was applied to four of the five locations (Figure 6.3-1)
discussed in previous sections. The alternative MSTHM approach is compared to the standard
MSTHM approach in Figures 6.3-17 through 6.3-20. Overall, the two approaches predict nearly
the same thermal-hydrologic conditions at the four locations. The small differences between the
two approaches occur only at later time (e.g., Figures 6.3-19a, 6.3-19b, 6.3-20a, 6.3-20Db,
6.3-20c, and 6.3-20e). At early time, the two approaches predict virtually identical
thermal-hydrologic conditions. Peak temperatures (Table 6.3-16) are exactly the same for the
two approaches and the duration of boiling (Table 6.3-17) is nearly the same for the two
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approaches. Waste package relative humidity is virtually the same for all time (Figures 6.3-17d,

6.3-18d, 6.3-19d, and 6.3-20d).
percolation-flux cases described in Sections 6.3.2.1 and 6.3.2.3.

The alternative MSTHM approach is applied to the low

Table 6.3-16. Peak Temperatures in an Alternative MSTHM with Vertically Extended LDTH and SDT
Submodels, as Compared with Standard MSTHM Results, for the pwr1-2 at Four
Locations in the Repository
Peak Drift-Wall Temperature Peak Waste Package Temperature
LDTH-SDT (°C) (°C)
Submodel Host-Rock | Standard | Alternative Standard | Alternative
Location Unit MSTHM MSTHM Difference MSTHM MSTHM Difference
P2ER8C6 Tptpul 135.5 135.5 0.0 163.2 163.2 0.0
(tsw33)
P2WRB8C8 Tptpmn 123.0 123.0 0.0 150.6 150.6 0.0
(tsw34)
P2WR5C10 | Tptpll 140.8 140.8 0.0 168.8 168.8 0.0
(tsw35)
P3R8C13 Tptpln 120.2 120.2 0.0 148.2 148.2 0.0
(tsw36)
NOTE:  See Figure 6.3-1 for locations. These values are based on data plotted in Figures 6.3-17

through 6.3-20.

Table 6.3-17. Time When Boiling at the Drift Wall Ceases in an Alternative MSTHM with Vertically
Extended LDTH and SDT Submodels, as Compared to the Standard MSTHM Results, for
the pwr1-2 at Four Locations in the Repository

Time When Boiling at the Drift Wall Ceases

LDTH-SDT (years)

Submodel Standard | Alternative

Location | Host-Rock Unit | MSTHM MSTHM Difference | Range®
P2ER8C6 Tptpul (tsw33) 364.8 364.9 0.1 0.027%
P2WR8C8 Tptpmn (tsw34) 242.8 242.6 -0.2 0.082%
P2WR5C10 | Tptpll (tsw35) 623.0 622.0 -1.0 0.161%
P3R8C13 Tptpin (tsw36) 195.2 195.1 -0.1 0.051%

@ The range (%) is the range (years) divided by the average time when drift-wall
boiling ceases [(shortest + longest)/2].

NOTE:

Figures 6.3-17 through 6.3-20.

ANL-EBS-MD-000049 REV 03

6-87

See Figure 6.3-1 for locations. These values are based on data plotted in

July 2005



Multiscale Thermohydrologic Model

200 T T T ‘-“200 T T T
[&] ]
_ L (a) 1 =« L(b) B
S | o ]
‘-q-; 160 - 1 =2 160
g 120 £ 120
E- 2
4}
< 80 g 80
© C
: g
?é' 40 .9".. 40
o R 1 @ L 4
0 I 1 1 g [) [L——— i PP | i PR |
102 103 104 10?2 103 104
g 1.0 T T @100 T T
I 1 2z
3 08 4 T 80
© 1 S
” ] 2
q} L
@ 0.6 1 £ eo0
s [ 1l &
2 o4 1 5
S 041 1 o
g1 18
= | I
(1] - .
$ 0.2 I ] 3. 20
= i ] ‘g i ]
= I
[ 0 L ! 1 g 0 ! 1 |
102 10° 104 102 10° 104
Time (yr)
c
5=
S
2
8 —— Standard LDTH/SDT submodels
o06p 7 A | - — LDTH/SDT submodels w/ SZ
P
2
©
'S
g
=
Q
> n .
£ I
0 aal 1 1
102 10° 10*
Time (yr) P2ER8C6-mi-mkt_cmp_sz

Source: See Table XIlI-1.

NOTE: SZ = saturated zone. See Figure 6.3-1 for location. The plotted thermal-hydrologic parameters are
(a) drift-wall temperature, (b) waste package temperature, (c) drift-wall liquid-phase saturation, (d) waste
package relative humidity, and (e) invert liquid-phase saturation. The standard MSTHM calculation is
compared with an alternative MSTHM calculation in which the LDTH and SDT submodels are vertically
extended to include the upper 1 km of the saturated zone.

Figure 6.3-17. Thermal-Hydrologic Conditions for the Mean Infiltration-Flux Case Plotted for the pwr1-2
Waste Package at the P2ER8C6 Location in the Tptpul (tsw33) Unit
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Source: See Table XIlI-1.

NOTE: SZ = saturated zone. See Figure 6.3-1 for location. The plotted thermal-hydrologic parameters are
(a) drift-wall temperature, (b) waste package temperature, (c) drift-wall liquid-phase saturation, (d) waste
package relative humidity, and (e) invert liquid-phase saturation. The standard MSTHM calculation is
compared with an alternative MSTHM calculation in which the LDTH and SDT submodels are vertically
extended to include the upper 1 km of the saturated zone.

Figure 6.3-18. Thermal-Hydrologic Conditions for the Mean Infiltration-Flux Case Plotted for the pwr1-2
Waste Package at the P2WRB8C8 Location in the Tptpmn (tsw34) Unit
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Source: See Table XIlI-1.

NOTE: SZ = saturated zone. See Figure 6.3-1 for location. The plotted thermal-hydrologic parameters are
(a) drift-wall temperature, (b) waste package temperature, (c) drift-wall liquid-phase saturation, (d) waste
package relative humidity, and (e) invert liquid-phase saturation. The standard MSTHM calculation is
compared with an alternative MSTHM calculation in which the LDTH and SDT submodels are vertically
extended to include the upper 1 km of the saturated zone.

Figure 6.3-19. Thermal-Hydrologic Conditions for the Mean Infiltration-Flux Case Plotted for the pwr1-2
Waste Package at the P2ZWR5C10 Location in the Tptpll (tsw35) Unit
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Source: See Table XIlI-1.

NOTE: SZ = saturated zone. See Figure 6.3-1 for location). The plotted thermal-hydrologic parameters are
(a) drift-wall temperature, (b) waste package temperature, (c) drift-wall liquid-phase saturation, (d) waste
package relative humidity, and (e) invert liquid-phase saturation. The standard MSTHM calculation is
compared with an alternative MSTHM calculation in which the LDTH and SDT submodels are vertically
extended to include the upper 1 km of the saturated zone.

Figure 6.3-20. Thermal-Hydrologic Conditions for the Mean Infiltration-Flux Case Plotted for a Range of
Waste Packages at the P3R8C13 Location in the Tptpln (tsw36) Unit
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6.3.2 Parameter-Uncertainty Sensitivity Analyses

For MSTHM predictions of thermal-hydrologic conditions within the emplacement drifts and in
the adjoining host rock, the key uncertainty parameters (Table 6.3-18) fall into three categories:
(1) thermal properties, (2) hydrologic properties, and (3) percolation flux. For thermal and
hydrologic properties, the primary focus is the properties of the host rock and of the materials
within the emplacement drifts and the ambient percolation flux at the repository horizon.

The primary thermal properties are heat capacity and thermal conductivity. From past analyses,
it is known that host-rock heat capacity has an insignificant effect on the thermal-hydrologic
response in the drifts and adjacent host rock. This is corroborated by Section 5.3.1.4.10 of FY 01
Supplemental Science and Performance Analyses, Volume 1: Scientific Bases and Analyses
(BSC 2001 [DIRS 155950]). Similarly, the insensitivity to invert thermal conductivity, within its
range of uncertainty, is corroborated by Section 5.3.1.4.10 of that report. Note that the host-rock
thermal conductivity was found to be a significant parameter (BSC 2001 [DIRS 155950],
Section 5.3.1.4.8); consequently, it is addressed in Sections 6.3.2.2 and 6.3.2.3 of this report.

The primary hydrologic property of interest is the bulk permeability of the host rock, which is
primarily affected by the permeability of the fracture network. A sensitivity study of host-rock
bulk permeability (BSC 2001 [DIRS 155950], Section 5.3.1.4.7) found the influence to be
primarily confined to temperature. Host-rock bulk permeability was found to modestly influence
peak temperatures and boiling-period duration. In Section 6.3.9 of this report, temperature and
relative humidity were found to be insensitive to a range of host-rock bulk permeability. The
influence of coupled thermal-hydrologic-mechanical coupling on permeability is investigated for
the Tptpmn (tsw34) and Tptpll (tsw35) host-rock units in Drift Scale THM Model (BSC 2004
[DIRS 169864]). There it was found that thermal stresses alter the host-rock permeability in the
vertical and horizontal directions. However, these thermal-stress-induced changes in host-rock
permeability were concluded to have a small influence on dryout and rewetting (BSC 2004
[DIRS 169864], Section 8.1). Because the effect of host-rock bulk permeability on temperature
and relative humidity is insignificant, compared to that of host-rock thermal conductivity
uncertainty (which is addressed in Sections 6.3.2.2 and 6.3.2.3), it is unnecessary to further
investigate the influence of bulk-permeability uncertainty in this report.

Percolation-flux uncertainty at the repository horizon can result from at least two sources. The
first source is the uncertainty concerning the magnitude of infiltration flux, which is addressed
by way of lower-bound, mean, and upper-bound infiltration flux cases in Section 6.3.1.1.

The second source of percolation-flux uncertainty concerns the possibility of flow focusing in
the UZ model layers between the base of the PTn sequence of units and the repository horizon.
The liquid-phase flux distribution applied at the upper boundary of the LDTH submodels of the
MSTHM is the percolation-flux distribution (from the base of the PTn unit into the top of the
TSw sequence of units) calculated by UZ Flow Models and Submodels (BSC 2004
[DIRS 169861]). Flow focusing is the term used to denote the potential concentration of
percolation flux from the large-scale average distribution of percolation flux, as simulated by the
relatively coarsely gridded three-dimensional UZ flow model, to the drift scale, as simulated by
the MSTHM and by Drifi-Scale Coupled Processes (DST and TH Seepage) Models (BSC 2004
[DIRS 170338]). The impact of flow focusing of ambient percolation flux at the repository
horizon is addressed in Sections 6.3.2.1 and 6.3.2.3.
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Table 6.3-18. Potentially Important Parameters to Thermal-Hydrologic Conditions in Emplacement Drifts,
Listed for Consideration in the Parameter-Uncertainty Sensitivity Analysis.

Previous Parameter- Importance to In-drift Parameter-Uncertainty
Uncertainty Sensitivity Thermal-Hydrologic Sensitivity Analyses in
Parameter Analyses Conditions This Report
Host-rock heat BSC 2001 [DIRS 155950], Insignificant None
Capacity (which Section 5.3.1.4.10
includes influence
of specific heat
and bulk density)
Host-rock thermal | BSC 2001 [DIRS 155950], Important Sections 6.3.2.2 and
conductivity Section 5.3.1.4.8 6.3.2.3
Invert thermal BSC 2001 [DIRS 155950], Insignificant None
conductivity Section 5.3.1.4.10
Host-rock bulk BSC 2001 [DIRS 155950], Minor influence on temperature, None
permeability Section 5.3.1.4.7 small compared to that of host
rock thermal conductivity
uncertainty (Sections 6.3.2.2 and
6.3.2.3)
Percolation flux BSC 2001 [DIRS 158204], Important Sections 6.3.1.1, 6.3.2.1,
Sections 6.11 and 6.12 and 6.3.2.3

6.3.2.1 Percolation-Flux Uncertainty at the Repository Horizon, Including the Influence

of Flow Focusing

Between the base of the PTn unit and the repository horizon, ambient percolation flux is assumed
to be vertically downward with neither lateral diversion nor flow focusing caused by layering or
heterogeneity in the hydrologic-property distributions. Section 6.2.1.4 of Drift-Scale Coupled
Processes (DST and TH Seepage) Models (BSC 2004 [DIRS 170338]) discusses the need to
address the potential for flow focusing of percolation flux in the hydrogeologic units above the
repository horizon. Flow focusing is the term used to denote the potential concentration of
percolation flux from the large-scale distribution of percolation flux, as simulated by the
relatively coarsely gridded three-dimensional UZ flow model, to the drift scale, as simulated by
the MSTHM and by Drifi-Scale Coupled Processes (DST and TH Seepage) Models (BSC 2004
[DIRS 170338]). Stochastic modeling analyses discussed in Section 4.3.2 of FY 01
Supplemental Science and Performance Analyses, Volume 1: Scientific Bases and Analyses
(BSC 2001 [DIRS 155950]), using a two-dimensional, finely gridded vertical cross section of the
unsaturated zone, resulted in maximum flow-focusing factors between 5 and 6. In
Section 6.2.2.2.4 of Drift-Scale Coupled Processes (DST and TH Seepage) Models (BSC 2004
[DIRS 170338]) flow-focusing factors of 5 and 10 were considered in the sensitivity study to
percolation flux, resulting in percolation fluxes of 30, 80, and 125 mm/yr for the present-day,
monsoonal, and glacial-transition climate states, respectively.

Table 6.3-19 summarizes the percolation fluxes for the low and high percolation-flux cases
considered in this study. To better discern the influence of the local host-rock unit on
thermal-hydrologic behavior, it was decided to use the same value of present-day percolation
flux (25 mm/yr) for the high percolation-flux case at all four locations, thus resulting in an
effective flow focusing factor of close to 5 at all locations. To obtain the monsoonal and
glacial-transition high percolation-flux values at a given location (Table 6.3-19), the
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corresponding percolation flux values in Table 6.3-9 are multiplied by the corresponding factor.
Note that the present-day, monsoonal, and glacial-transition high percolation-flux values are
similar to those used in Section 6.2.2.2.4 of Drift-Scale Coupled Processes (DST and TH
Seepage) Models (BSC 2004 [DIRS 170338]) for the case with a factor of 5 (that case used
percolation flux values of 30, 80, and 125 mm/yr for the three climate states, respectively).

The low percolation-flux case in Table 6.3-19 corresponds to the possibility of a region of the
repository experiencing “flow defocusing,” which is the opposite of “flow focusing.” Thus, for
flow focusing to be able to occur in one region of the repository, it is necessary for adjoining
regions to receive less percolation flux than would have occurred without flow focusing. To
discern the influence of the local host-rock unit on thermal-hydrologic behavior, it was decided
to apply the same value (0.025 mm/yr) to all four locations. Because the low percolation-flux
cases are meant to correspond to regions that are, in effect, shielded from significant percolation
flux, regardless of the magnitude of repository-wide percolation flux, it was decided to use the
same small value of percolation flux for all (three) climate states. Thus, this “defocusing” effect
persists during all (three) climate states. It is noted that the low percolation-flux cases
considered in this section correspond to persistently small flux values, thereby allowing the
dryout and temperature effects of low percolation flux to develop. Note that values of
present-day percolation flux vary by a factor of 1,000 between the low and high
percolation-flux cases.

Table 6.3-19. Percolation Flux for the Low, Mean, and High Percolation-Flux Cases Summarized for
Four Locations Used to Examine Thermal-Hydrologic Conditions in the Repository

Percolation Flux for the Low
Percolation-Flux (defocused flow) Percolation Flux for the High Percolation-Flux
Case (mm/yr) (focused flow) Case (mm/yr)
LDTH-SDT Effective
Submodel Present- Glacial- Present- Glacial- Focus
Location Day Monsoonal | Transition Day Monsoonal® | Transition® Factor®
P2ER8C6 0.025 0.025 0.025 25.00 54.04 106.3 4.62
P2WRS8C8 0.025 0.025 0.025 25.00 58.41 87.47 5.59
P2WR5C10 0.025 0.025 0.025 25.00 77.49 117.18 5.31
P3R8C13 0.025 0.025 0.025 25.00 77.57 111.89 3.54

@ The monsoonal and glacial-transition percolation flux values for the high percolation-flux case are obtained by
multiplying the corresponding percolation flux values in Table 6.3-9 by the effective focus factor for that location.

® The effective focus factor is obtained by dividing 25.00 mm/yr by the present-day percolation flux listed for the
given location in Table 6.3-9.

NOTE:  See Figure 6.2-2 for locations. Values for the mean percolation-flux case are given in Table 6.3-9.

The influence of percolation-flux uncertainty on thermal-hydrologic behavior at four locations |
(P2ER8C6, P2WR8C8, P2WR5C10, and P3R8C13) in the repository (see Figure 6.3-1 for
locations) is shown in time histories of drift-wall temperature and liquid-phase saturation, waste
package temperature and relative humidity, and invert liquid-phase saturation (Figures 6.3-21
through 6.3-24) for a 21-PWR AP CSNF waste package. Percolation-flux uncertainty is seen to
have a small influence on peak drift-wall temperature (Table 6.3-20) and on peak waste package
temperature (Table 6.3-21). Peak drift-wall temperatures only vary by 3.7 to 5.2 percent and
peak waste package temperatures only vary by 2.9 to 4.3 percent for a 1,000-fold range of
percolation flux. Compared to its influence on peak temperatures, percolation-flux uncertainty
has a much stronger influence on the duration of boiling (Table 6.3-22). The sensitivity of
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boiling-period duration to percolation-flux uncertainty is greatest for those locations with the
longest boiling-period duration, which correspond to locations near the center of the repository
where the extent of rock dryout has more time to develop. Thus locations P2ER8C6 and
P3R8C13, which are at the repository edges have the smallest sensitivity to percolation-flux
uncertainty, while location P2WR5C10, which is close to the center of the repository, has the
greatest sensitivity.

Percolation-flux uncertainty has a strong influence on dryout/rewetting behavior, as shown in the
drift-wall and invert liquid-phase saturation histories (Figures 6.3-21c, 6.3-21e, 6.3.22c, 6.3.22¢,
6.3-23c, 6.3-23e, 6.3-24c, and 6.3-24¢). Similarly, it also has a strong influence on the waste
package relative humidity histories (Figures 6.3-21d, 6.3-22d, 6.3-23d, and 6.3-24d). Because
the relative humidity at the drift wall depends on the liquid-phase saturation (as well as on
temperature) at the drift wall, the variability of drift-wall relative humidity is similar to that of
drift-wall liquid-phase saturation. Relative humidity on a given waste package depends on
relative humidity at the adjacent drift wall. The large differences in drift-wall liquid-phase
saturation histories (between the low and high percolation-flux cases) result in large differences
in waste package relative humidity histories between the flux cases.

Table 6.3-20. Range of Peak Drift-Wall Temperatures for the pwr1-2 Waste Package (Resulting from
Percolation-Flux Uncertainty) Summarized for Four Locations in the Repository

Peak Drift-Wall Temperature (°C)
LDTH-SDT Low Mean High
Submodel Host-Rock Percolation Percolation Percolation Low to High | Low to High
Location Unit Flux Flux Flux Range Range®

P2ER8C6 Tptpul (tsw33) 138.9 135.5 131.9 7.0 5.2%
P2WR8C8 | Tptpmn (tsw34) 124.5 123.0 119.4 5.1 4.2%
P2WR5C10 | Tptpll (tsw35) 1441 140.8 137.2 6.9 4.9%
P3R8C13 Tptpln (tsw36) 121.9 120.2 1175 4.4 3.7%

? The range (%) is the range (°C) divided by the peak drift-wall temperature [(low + high)/2].

NOTE:  See Figure 6.3-1 for locations. The pwr1-2 (21-PWR AP CSNF) waste package is the hottest waste
package in the sequence (Figure 6.2-2). These values are based on data plotted in Figures 6.3-21
through 6.3-29.

Table 6.3-21. Range of Peak Waste Package Temperatures for the pwr1-2 Waste Package (Resulting
from Percolation-Flux Uncertainty) Summarized for Four Locations in the Repository

Peak Waste Package Temperature (°C)
LDTH-SDT Low Mean High
Submodel Host-Rock Percolation Percolation Percolation Low to High | Low to High
Location Unit Flux Flux Flux Range Range®

P2ER8C6 Tptpul (tsw33) 166.5 163.2 159.5 7.0 4.3%
P2WR8C8 | Tptpmn (tsw34) 151.7 150.6 147.4 43 2.9%
P2WR5C10 | Tptpll (tsw35) 172.4 168.8 165.4 7.0 4.1%
P3R8C13 Tptpln (tsw36) 149.9 148.2 145.9 4.0 2.7%

? The range (%) is the range (°C) divided by the peak drift-wall temperature [(low + high)/2].

NOTE:  See Figure 6.3-1 for locations. The pwr1-2 (21-PWR AP CSNF) waste package is the hottest waste
package in the sequence (Figure 6.2-2). These values are based on data plotted in Figures 6.3-21
through 6.3-29.
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Table 6.3-22. Range of Time When Boiling at the Drift Wall Ceases for the pwr1-2 Waste Package
(Resulting from Percolation-Flux Uncertainty) Summarized for Four Locations in the

Repository
Time When Boiling at the Drift Wall Ceases (years)

LDTH-SDT Low Mean High

Submodel Host-Rock Percolation Percolation Percolation Low to High | Low to High

Location Unit Flux Flux Flux Range Range®
P2ER8C6 Tptpul (tsw33) 438.1 364.8 313.3 124.8 33.2%
P2WR8C8 | Tptpmn (tsw34) 286.1 242.8 197.7 88.4 36.5%
P2WR5C10 | Tptpll (tsw35) 896.9 623.0 385.4 484.5 75.6%
P3R8C13 Tptpln (tsw36) 2242 195.2 175.2 49.0 24.5%

 The range (%) is the range (years) divided by the average time when drift-wall boiling ceases [(shortest +
longest)/2].

NOTE:  See Figure 6.3-1 for locations. The pwr1-2 (21-PWR AP CSNF) waste package is the hottest waste
package in the sequence (Figure 6.2-2). These values are based on data plotted in Figures 6.3-21
through 6.3-29.
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and (e) invert liquid-phase saturation. The pwr1-2 (21-PWR AP CSNF) waste package is the hottest

waste package in the sequence (Figure 6.2-2).

Figure 6.3-21.
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NOTE: See Figure 6.3-1 for location. The plotted thermal-hydrologic parameters are (a) drift-wall temperature,
(b) waste package temperature, (c) drift-wall liquid-phase saturation, (d) waste package relative humidity,
and (e) invert liquid-phase saturation. The pwr1-2 (21-PWR AP CSNF) waste package is the hottest
waste package in the sequence (Figure 6.2-2).

Figure 6.3-22. Thermal-Hydrologic Conditions for the pwr1-2 Waste Package Plotted for the Low, Mean,
and High Percolation-Flux Cases at the P2WR8C8 Location in the Tptpmn (tsw34) Unit
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NOTE: See Figure 6.3-1 for location. The plotted thermal-hydrologic parameters are (a) drift-wall temperature,
(b) waste package temperature, (c) drift-wall liquid-phase saturation, (d) waste package relative humidity,
and (e) invert liquid-phase saturation. The pwr1-2 (21-PWR AP CSNF) waste package is the hottest
waste package in the sequence (Figure 6.2-2).

Figure 6.3-23. Thermal-Hydrologic Conditions for the pwr1-2 Waste Package Plotted for the Low, Mean,
and High Percolation-Flux Cases at the P2WR5C10 Location in the Tptpll (tsw35) Unit
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Source: See Table XIlI-1.

NOTE: See Figure 6.3-1 for location. The plotted thermal-hydrologic parameters are (a) drift-wall temperature,
(b) waste package temperature, (c) drift-wall liquid-phase saturation, (d) waste package relative humidity,
and (e) invert liquid-phase saturation. The pwr1-2 (21-PWR AP CSNF) waste package is the hottest
waste package in the sequence (Figure 6.2-2).

Figure 6.3-24. Thermal-Hydrologic Conditions for the pwr1-2 Waste Package Plotted for the Low, Mean,
and High Percolation-Flux Cases at the P3R8C13 Location in the Tptpin (tsw36) Unit
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6.3.2.2 Host-Rock Thermal Conductivity Uncertainty

The sensitivity of thermal-hydrologic behavior to host-rock thermal conductivity uncertainty is
addressed for ranges that extend approximately +1 standard deviation about the mean value
(Table 6.3-23). The thermal conductivity data from Table 7-10 of DTN: SN0404T0503102.011
[DIRS 169129] (File: ReadMeSummary.doc) are used to determine the ranges for the wet and
dry thermal conductivity values for the four host-rock units. Note that the mean values of K, of
the Tptpul (tsw33) wunit are slightly different from those in Table 7-10 of
DTN: SN0404T0503102.011 [DIRS 169129] (File: ReadMeSummary.doc). To be consistent
with the other thermal-hydrologic models, such as those in Drifi-Scale Coupled Processes (DST
and TH Seepage) Models (BSC 2004 [DIRS 170338]), Ki, for the Tptpul (tsw33) unit is
computed as a straight arithmetic average of Ky, for the Tptpul from Table 7-10 of
DTN: SN0404T0503102.011 [DIRS 169129] (File: ReadMeSummary.doc) and the Ky, of the
Tptrl from DTN: SN0303T0503102.008 [DIRS 162401] (row 66). This averaging for the
Tptpul (tsw33) unit is also applied to the other thermal properties to be consistent with
Drift-Scale Coupled Processes (DST and TH Seepage) Models (BSC 2004 [DIRS 170338]),
which computes the thermal properties (including Ki,) of the Tptpul (tsw33) unit to be the
average of the thermal properties of the Tptpul from Table 7-10 of DTN: SN0404T0503102.011
[DIRS 169129] (File: ReadMeSummary.doc) and the thermal properties of the Tptrl unit from
DTN: SN0303T0503102.008 [DIRS 162401] (row 66).

For all locations, host-rock thermal conductivity uncertainty has a strong influence on peak
temperatures (Table 6.3-25) and on boiling duration (Table 6.3-26), with the influence being
stronger for locations closer to the repository center. Thus, the P2WR5C10 location, which is
located close to the center of the repository, has the widest range (114.3 percent) of the time
when boiling at the drift wall ceases. Locations P2ZER8C6 and P3R8C13, which are at the edge
of the repository, have somewhat smaller ranges (65.2 percent and 75.4 percent, respectively) of
the time when boiling ceases at the drift wall.

Host-rock thermal conductivity uncertainty has a strong influence on dryout/rewetting behavior
for the first 1,000 to 2,000 years, as shown in the drift-wall and invert liquid-phase saturation
histories (Figures 6.3-25c, 6.3-25e, 6.3.26¢, 6.3.26e, 6.3-27c, 6.3-27¢, 6.3-28c, and 6.3-28e).
Similarly, host-rock thermal conductivity uncertainty also has a strong influence on the waste
package relative humidity histories for the first one- to two-thousand years (Figures 6.3-21d,
6.3-22d, 6.3-23d, and 6.3-24d).
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Table 6.3-23. Wet and Dry Thermal Conductivity Values Used in the Host-Rock Thermal Conductivity

Uncertainty Study
Host-Rock Dry Thermal Conductivity (W/m°C) | Wet Thermal Conductivity (W/m °C)
Unit Low Mean High Low Mean High
Tptpul (tsw33) 0.9842 1.24 1.4958 1.5405 1.79 2.0395
Tptpmn (tsw34) 1.1544 1.42 1.6856 1.8188 2.07 2.3212
Tptpll (tsw35) 1.0286 1.28 1.5314 1.6415 1.89 2.1385
Tptpin (tsw36) 1.2056 1.49 1.7744 1.8624 2.13 2.3976

NOTE: Low, mean, and high thermal conductivity cases are considered for ranges that extend
approximately +1 standard deviation about the mean value. With the exception of the
mean values of Ky, for the Tptpul (tsw33) unit, these values are taken from Table 7-10 of
DTN: SN0404T0503102.011 [DIRS 169129] (File: ReadMeSummary.doc). The mean |
values of Ky, for the Tptpul (tsw33) unit are a straight arithmetic averages of the mean
Kih values for the Tptpul from Table 7-10 of DTN: SN0404T0503102.011 [DIRS 169129]
(File: ReadMeSummary.doc) and the mean K, of the Tptrl from |
DTN: SN0303T0503102.008 [DIRS 162401] (row 66). Also note that Table 1V-3a in
Appendix IV lists K, for the Tptpul unit from Table 7-10 of DTN: SN0404T0503102.011
[DIRS 169129] (File: ReadMeSummary.doc) and K, for the Tptrl unit from |
DTN: SN0303T0503102.008 [DIRS 162401]. The standard deviations for the Tptpul
(tsw33) in Table 7-10 of DTN: SN0404T0503102.011 [DIRS 169129] (File:
ReadMeSummary.doc) are divided by the corresponding mean K, values to obtain the |
percentage differences for plus and minus one standard deviation. These percentages
are then applied to the arithmetic-averaged mean Ky, for the Tptpul (tsw33) unit to obtain
the plus and minus one-standard-deviation values of K, for the Tptpul (tsw33) unit.

Table 6.3-24. Range of Peak Drift-Wall Temperatures for the pwr1-2 Waste Package (Resulting from
Thermal Conductivity Uncertainty) Summarized for Four Locations in the Repository

LDTH-SDT Peak Drift-Wall Temperature (°C)

Submodel Low Thermal | Mean Thermal | High Thermal | Low to High | Low to High
Location Host-Rock Unit | Conductivity | Conductivity | Conductivity Range Range®

P2ER8C6 Tptpul (tsw33) 153.3 135.5 123.2 30.1 21.8%

P2WR8C8 Tptpmn (tsw34) 136.5 123.0 113.8 22.7 18.1%

P2WR5C10 | Tptpll (tsw35) 158.9 140.8 127.4 315 22.0%

P3R8C13 Tptpln (tsw36) 132.7 120.2 110.8 21.9 18.0%

@ The range (%) is the range (°C) divided by the peak drift-wall temperature [(low + high)/2].

NOTE: See Figure 6.3-1 for locations. The pwr1-2 (21-PWR AP CSNF) waste package is the hottest waste
package in the sequence (Figure 6.2-2). Low, mean, and high thermal conductivity cases are considered
for a range of plus and minus one standard deviation about the mean value. These values are based on
data plotted in Figures 6.3-25 through 6.3-28.
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Table 6.3-25. Range of Peak Waste Package Temperatures for the pwr1-2 Waste Package (Resulting
from Thermal Conductivity Uncertainty) Summarized for Four Locations in the Repository

Peak Waste Package Temperature (°C)
LDTH-SDT Mean High
Submodel Host-Rock Low Thermal Thermal Thermal Low to High | Low to High
Location Unit Conductivity | Conductivity | Conductivity Range Range®
P2ER8C6 Tptpul 181.2 163.2 151.4 29.8 17.9%
(tsw33)
P2WR8C8 Tptpmn 163.8 150.6 141.9 21.9 14.3%
(tsw34)
P2WR5C10 Tptpll (tsw35) 187.2 168.8 155.8 314 18.3%
P3R8C13 Tptpin 160.6 148.2 139.2 214 14.3%
(tsw36)

 The range (%) is the range (°C) divided by the peak drift-wall temperature [(low + high)/2].

NOTE:

See Figure 6.3-1 for locations. The pwr1-2 (21-PWR AP CSNF) waste package is the hottest waste

package in the sequence (Figure 6.2-2). Low, mean, and high thermal conductivity cases are
considered for a range of plus and minus one standard deviation about the mean value. These values
are based on data plotted in Figures 6.3-25 through 6.3-28.

Table 6.3-26. Range of Time When Boiling at the Drift Wall Ceases for the pwr1-2 Waste Package
(Resulting from Host-Rock Thermal Conductivity Uncertainty) Summarized for Four
Locations in the Repository

Time When Boiling at the Drift Wall Ceases
(years)
LDTH-SDT Mean High
Submodel Host-Rock Low Thermal Thermal Thermal Low to High | Low to High
Location Unit Conductivity | Conductivity | Conductivity Range Range®
P2ER8C6 Tptpul 508.9 364.8 258.9 250.0 65.2%
(tsw33)
P2WR8C8 Tptpmn 412.8 242.8 163.8 249.0 86.4%
(tsw34)
P2WR5C10 Tptpll (tsw35) 963.8 623.0 263.0 700.8 114.3%
P3R8C13 Tptpin 309.0 195.2 139.8 169.2 75.4%
(tsw36)

 The range (%) is the range (years) divided by the average time when drift-wall boiling ceases [(shortest +

longest)/2].
NOTE:

See Figure 6.3-1 for locations. The pwr1-2 (21-PWR AP CSNF) waste package is the hottest waste

package in the sequence (Figure 6.2-2). Low, mean, and high thermal conductivity cases are
considered for a range of plus and minus one standard deviation about the mean value. These values
are based on data plotted in Figures 6.3-25 through 6.3-28.
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Source: See Table XIlI-1.

NOTE: See Figure 6.3-1 for location. Low, mean, and high thermal conductivity cases are considered for a range
of plus and minus one standard deviation about the mean value. The plotted thermal-hydrologic
parameters are (a) drift-wall temperature, (b) waste package temperature, (c) drift-wall liquid-phase
saturation, (d) waste package relative humidity, and (e) invert liquid-phase saturation. The pwr1-2
(21-PWR AP CSNF) waste package is the hottest waste package in the sequence (Figure 6.2-2).

Figure 6.3-25. Thermal-Hydrologic Conditions for the pwr1-2 Waste Package Plotted for the Mean
Infiltration-Flux Case at the P2ER8C6 Location in the Tptpul (tsw33) Unit
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Source: See Table XIlI-1.

NOTE: See Figure 6.3-1 for location. Low, mean, and high thermal conductivity cases are considered range of
plus and minus one standard deviation about the mean value. The plotted thermal-hydrologic parameters
are (a) drift-wall temperature, (b) waste package temperature, (c) drift-wall liquid-phase saturation, (d)
waste package relative humidity, and (e) invert liquid-phase saturation. The pwr1-2 (21-PWR AP CSNF)
waste package is the hottest waste package in the sequence (Figure 6.2-2).

Figure 6.3-26. Thermal-Hydrologic Conditions for the pwr1-2 Waste Package Plotted for the Mean
Infiltration-Flux Case at the P2WRB8C8 Location in the Tptpmn (tsw34) Unit
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NOTE:

See Figure 6.3-1 for location. Low, mean, and high thermal conductivity cases are considered for a range
of plus and minus one standard deviation about the mean value. The plotted thermal-hydrologic
parameters are (a) drift-wall temperature, (b) waste package temperature, (c) drift-wall liquid-phase
saturation, (d) waste package relative humidity, and (e) invert liquid-phase saturation. The pwr1-2
(21-PWR AP CSNF) waste package is the hottest waste package in the sequence (Figure 6.2-2).

Figure 6.3-27. Thermal-Hydrologic Conditions for the pwr1-2 Waste Package Plotted for the Mean

Infiltration-Flux Case at the P2WR5C10 Location in the Tptpll (tsw35) Unit
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Source: See Table XIlI-1.

NOTE: See Figure 6.3-1 for location. Low, mean, and high thermal conductivity cases are considered for a range
of plus and minus one standard deviation about the mean value. The plotted thermal-hydrologic
parameters are (a) drift-wall temperature, (b) waste package temperature, (c) drift-wall liquid-phase
saturation, (d) waste package relative humidity, and (e) invert liquid-phase saturation. The pwr1-2
(21-PWR AP CSNF) waste package is the hottest waste package in the sequence (Figure 6.2-2).

Figure 6.3-28. Thermal-Hydrologic Conditions for the pwr1-2 Waste Package Plotted for the Mean
Infiltration-Flux Case at the P3R8C13 Location in the Tptpln (tsw36) Unit
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6.3.2.3 Combined Influence of Percolation Flux and Host-Rock Thermal Conductivity
Uncertainty, Including the Influence of Flow Focusing

In this section, the combined influence of percolation-flux uncertainty and host-rock thermal
conductivity uncertainty on thermal-hydrologic behavior at four locations (P2ER8CS6,
P2WR8C8, P2WR5C10, and P3R8C13) in the repository (Figure 6.3-1) is shown in time
histories of drift-wall temperature and liquid-phase saturation, waste package temperature and
relative humidity, and invert liquid-phase saturation (Figures 6.3-29 through 6.3-32) for a
21-PWR AP CSNF waste package. Three cases are considered: (1) low percolation flux and
low host-rock thermal conductivity, (2) mean percolation flux and mean host rock thermal
conductivity, and (3) high percolation flux and high host-rock thermal conductivity. The values
of present-day, monsoonal, and glacial-transition percolation flux values for the low and high
percolation-flux cases are summarized in Table 6.3-19; the mean percolation flux values are
summarized in Table 6.3-9. The values of dry and wet host-rock thermal conductivity for the
low, mean, and high thermal conductivity cases are summarized in Table 6.3-23. Note that the
values of percolation flux for these cases are the same as those considered in Section 6.3.2.1 and
that the values of host-rock thermal conductivity are the same as those considered in
Section 6.3.2.2. Low percolation flux and low host-rock thermal conductivity both result in
higher peak temperatures and longer boiling durations. High percolation flux and high host-rock
thermal conductivity both result in lower peak temperatures and shorter boiling durations. The
range of peak drift-wall and waste package temperatures that result from the two extreme
combinations of percolation flux and thermal conductivity are summarized in Tables 6.3-27 and
6.3-28, respectively; the range of the time when boiling on the drift wall ceases is summarized in
Table 6.3-29.

Table 6.3-27. Range of Peak Drift-Wall Temperatures for the pwr1-2 Waste Package (Resulting from a
Combination of Percolation Flux Que. and Thermal Conductivity Ky Uncertainty)
Summarized for Four Locations in the Repository

LDTH-SDT Peak Drift-Wall Temperature (°C)

Submodel Host-Rock Low Qperc | Mean Qperc | High Qperc | Low to High | Low to High
Location Unit Low Kth Mean Kn High K¢h Range Range®

P2ER8C6 Tptpul (tsw33) 156.9 135.5 120.4 36.5 26.3%

P2WR8C8 | Tptpmn (tsw34) 138.0 123.0 1114 26.6 21.3%

P2WR5C10 | Tptpll (tsw35) 162.8 140.8 124.5 38.3 26.7%

P3R8C13 Tptpln (tsw36) 136.1 120.2 108.8 27.3 22.3%

@ The range (%) is the range (°C) divided by the peak drift-wall temperature [(low + high)/2].

NOTE:  See Figure 6.3-1 for locations. The pwr1-2 (21-PWR AP CSNF) waste package is the
hottest waste package in the sequence (Figure 6.2-2). Low, mean, and high thermal
conductivity cases are considered for a range of plus and minus one standard deviation
about the mean.
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Table 6.3-28. Range of Peak Waste Package Temperatures for the pwr1-2 Waste Package (Resulting
from a Combination of Percolation Flux Qperc and Thermal Conductivity Ky, Uncertainty)
Summarized for Four Locations in the Repository

LDTH-SDT Peak Waste Package Temperature (°C)

Submodel Host-Rock Low Qperc | Mean Qperc | High Qperc | Low to High | Low to High
Location Unit Low Kin Mean Kin High K Range Range®

P2ER8C6 Tptpul (tsw33) 185.1 163.2 148.7 36.4 21.8%

P2WR8C8 | Tptpmn (tsw34) 165.4 150.6 139.5 25.9 17.0%

P2WR5C10 | Tptpll (tsw35) 191.0 168.8 152.7 38.3 22.3%

P3R8C13 Tptpln (tsw36) 163.9 148.2 137.3 26.6 17.7%

? The range (%) is the range (°C) divided by the peak drift-wall temperature [(low + high)/2].

NOTE: See Figure 6.3-1 for locations. The pwr1-2 (21-PWR AP CSNF) waste package is the hottest
waste package in the sequence (Figure 6.2-2). Low, mean, and high thermal conductivity
cases are considered for a range of plus and minus one standard deviation about the mean.

Table 6.3-29. Range of Time When Boiling at the Drift Wall Ceases for the pwr1-2 Waste Package
(Resulting from a Combination of Percolation Flux Qe and Thermal Conductivity Ky,
Uncertainty) Summarized for Four Locations in the Repository

LDTH-SDT Time When Boiling at the Drift Wall Ceases (years)
Submodel Low Qperc | Mean Qperc | High Qperc | Low to High | Low to High
Location Host-Rock Unit Low Kin Mean Ky, High K Range Range*
P2ER8C6 Tptpul (tsw33) 615.5 364.8 2225 393.0 93.8%
P2WR8C8 Tptpmn (tsw34) 514.1 242.8 144.7 369.4 112.1%
P2WR5C10 | Tptpll (tsw35) 1,415.8 623.0 207.4 1,208.4 148.9%
P3R8C13 Tptpln (tsw36) 377.2 195.2 129.8 2474 97.6%

@ The range (%) is the range (years) divided by the average time when drift-wall boiling ceases [(shortest
+ longest)/2].

NOTE:  See Figure 6.3-1 for location. The pwr1-2 (21-PWR AP CSNF) waste package is the hottest
waste package in the sequence (Figure 6.2-2). Low, mean, and high thermal conductivity
cases are considered for a range of plus and minus one standard deviation about the mean.
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NOTE:  See Figure 6.3-1 for location. These cases are: (1) low percolation flux and low thermal conductivity, (2)
mean percolation flux and mean thermal conductivity, and (3) high percolation flux and high thermal
conductivity, where the thermal conductivity is varied by plus and minus one standard deviation about the
mean. The plotted thermal-hydrologic parameters are (a) drift-wall temperature, (b) waste package
temperature, (c) drift-wall liquid-phase saturation, (d) waste package relative humidity, and (e) invert
liquid-phase saturation. The pwr1-2 (21-PWR AP CSNF) waste package is the hottest waste package in
the sequence (Figure 6.2-2).

Figure 6.3-29. Thermal-Hydrologic Conditions for the pwr1-2 Waste Package Plotted for Three Cases at
the P2ER8CS6 Location in the Tptpul (tsw33) Unit
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See Figure 6.3-1 for location. These cases are: (1) low percolation flux and low thermal conductivity,

(2) mean percolation flux and mean thermal conductivity, and (3) high percolation flux and high thermal

conductivity, where the thermal conductivity is varied by plus and minus one standard deviation about the

mean. The plotted thermal-hydrologic parameters are (a) drift-wall temperature, (b) waste package
temperature, (c) drift-wall liquid-phase saturation, (d) waste package relative humidity, and (e) invert
liquid-phase saturation. The pwr1-2 (21-PWR AP CSNF) waste package is the hottest waste package in

the sequence (Figure 6.2-2).

Figure 6.3-30. Thermal-Hydrologic Conditions for the pwr1-2 Waste Package Plotted for Three Cases at

the P2WR8CS8 Location in the Tptpmn (tsw34) Unit
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Source: See Table XIlI-1.

NOTE: See Figure 6.3-1 for location. These cases are: (1) low percolation flux and low thermal conductivity,
(2) mean percolation flux and mean thermal conductivity, and (3) high percolation flux and high thermal
conductivity, where the thermal conductivity is varied by plus and minus one standard deviation about the
mean. The plotted thermal-hydrologic parameters are (a) drift-wall temperature, (b) waste package
temperature, (c) drift-wall liquid-phase saturation, (d) waste package relative humidity, and (e) invert
liquid-phase saturation. The pwr1-2 (21-PWR AP CSNF) waste package is the hottest waste package in
the sequence (Figure 6.2-2).

Figure 6.3-31. Thermal-Hydrologic Conditions for the pwr1-2 Waste Package Plotted for Three Cases at
the P2WR5C10 Location in the Tptpll (tsw35) Unit
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Source: See Table XIlI-1.

NOTE: See Figure 6.3-1 for location. These cases are: (1) low percolation flux and low thermal conductivity, (2)
mean percolation flux and mean thermal conductivity, and (3) high percolation flux and high thermal
conductivity, where the thermal conductivity is varied by plus and minus one standard deviation about the
mean. The plotted thermal-hydrologic parameters are (a) drift-wall temperature, (b) waste package
temperature, (c) drift-wall liquid-phase saturation, (d) waste package relative humidity, and (e) invert
liquid-phase saturation. The pwr1-2 (21-PWR AP CSNF) waste package is the hottest waste package in
the sequence (Figure 6.2-2).

Figure 6.3-32. Thermal-Hydrologic Conditions for the pwr1-2 Waste Package Plotted for Three Cases at
the P3R8C13 Location in the Tptpln (tsw36) Unit
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An important question to ask is whether the combined influence of percolation-flux uncertainty
and host-rock thermal conductivity on peak temperatures is simply the sum of the individual
contributions to peak-temperature uncertainty. Table 6.3-30 compares the ranges of peak
temperatures resulting from (1) percolation-flux uncertainty, (2) host-rock thermal conductivity
uncertainty, and (3) a combination of percolation flux and host-rock thermal conductivity
uncertainty; Table 6.3-31 makes the same comparison for peak waste package temperatures.
Adding the range of peak temperatures resulting from percolation-flux uncertainty to those from
host-rock thermal conductivity uncertainty, the results are nearly identical to the range of peak
temperatures resulting from the combination of percolation-flux uncertainty and host-rock
thermal conductivity. Taking location P2ZWR5C10 in Table 6.3-30 as an example: adding the
peak-temperature range resulting from percolation-flux uncertainty (6.9°C) to that resulting from
host-rock thermal conductivity uncertainty (31.5°C) yields a total of 38.4°C, which is close to the
peak-temperature ra