
- - - - - %0.

DOC.20041 118.0006

QA: QA

ANL-WIS-PA-000001 REV 01

November 2004

EBS Radionuclide Transport Abstraction

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-AC28-01 RW121 01



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-WIS-PA-00000I REV 01 November 2004



QA: QA

EBS Radionuclide Transport Abstraction

ANL-WIS-PA-000001 REV 01

November 2004



ANt-WIS-PA-00000I REV 01 November 2004



OCRWM MODEL SIGNATURE PAGEICHANGE HisTORY
iTd:alPages, 2.Jt

;2. Type of Mathernaticl kModel

o lP,-ocess Model ] Abstrscdon Model D System?.ode!

fOescnbe Intended Use cf Model

I lrh astraction fotr nlow and Lnn.sprt of rait'.iclidesn the E-TiC -S r 13>rricr Svytcin (IM1S). \i1l Ic incoperatod inm'o dth
'i !dsir I c for TSPA-LA.

' . Tete

,1EBS Ridicnu-lidk hmsuspuxd Alwtwfion

4. Dl (nl-duir_9 'Rev. No.. i appliciabe) -

AN1-iWlSA-UOO.X~l R~EV 0J1'

IS Tmo! ADdendioas S. No. of Pages in Eacht Apperdbx {lU I is Gir

; ine(;) ;_ A-S:B-2 -lG:D- -.IS- 1_ i -40;G-. l2.t 1-S.

1 Pin~ed N2:ne Signtre D24 1

17. OQrci.Saor I D. schmircr

8. Independent Tecnniml I
Revieer. 1Rab NIc"'var

9. Checier tc&shua .Stcin(l td) VSt .gl • z4 K -il Jl

;10. QER j Danl Svelstkad I ,vC7 ,-
1il. Respo0rsble Manalger.Lead I. Kathyrt KnowlIs

1j2. Responsible Mz.-.aaer J Ernet L lardin' | *" _- i( / 4
13. Remarn-'
rEni~ revison odesss ThR-0 ~, ich is nowv CR IS. and TE;R4)203S. i)OS ich i; now CR 143.

= - pAor;xtratlo Mn napement comments and addrcssc an errordMunacn-d in CR 39M).

__ Chance Hist-cry

14. RevisionNo. i. S. Deipi o of 1l-.ange

RL-VO .1n twl 3 issuc.i

R _ _. _CN 0Z I Changed fuI_ Z t i cndcn diniusih ooffcicon liqud sa"t=nn and prosiMv.

R OV. IC-i nr Modified EBS flow and transpfrt arbswazrin to inchude mn ES idesign wNithotl bad-CINM
mindifred tch:rn n cch.cal c sporik of dip shld t rcfv dri sli'd
desitn and Tockfl irvses.

RI.CoEpe rmisiort. Rcv iionms t=t oo cxltnivc to use cwhce lines. Modificflwx
splittins: modcol,-inorpomdrig, e.xpmen1 dat addd&nwldci validaticn. Addcd in-
qIpzckqgc =~a riasi t6 d diffus ior ;nodcil , tiith *lidation. Modified invcnI diffusion

j prop x stnmodel aud added daia quati tion arxi vaidalion. hC~d g-Lni
Lmathenatical descrip;iaofEBf S r= ipo. Expi6ded trarncn: ofcolloiaicilitatcd
t Updated YURP AccTpmtancc Cr~tczi and F s list. Moiild i pfhivays
and kw rid imansptbstrtcmms. Added eptuathre vooctlzll Inpodel:;, ltircL

iduiIctns= tnveJ;. Add.d DiKS numbcrs to rf cmrc$nL sAdd¢< s um~ Of bieir
capabilit'. Add isusion of inl:er an mode asncr~int. . ded list of
* cornclchtnr. Added aPPCnDctS decribin sprendslkects used to &d-c(Tp and %alidaitLIiobdcls. .Added outpth TNl. Alddd sorpti~sn in the invert Revis-. and w pmpandod
discrctization of EBSRT Abstrection .Added UZ input pjrtnetcr.s Tor EiS-U7.

I . boundry condition modet . Addrcssd an t=or documented in CR 39S0.



EBS Radionuclide Transport Abstraction

INTENTIONALLY LEFT BLANK

ANL-WIS-PA-000001 REV 01 iv November 2004



EBS Radionuclide Transport Abstraction

CONTENTS

Page

ACRONYMS AND ABBREVIATIONS ........................................................... xvii

1. PURPOSE.............................................................................................................................. 1-1

2. QUALITY ASSURANCE ........................................................... 2-1

3. USE OF SOFTWARE ........................................................... 3-1
3.1 MICROSOFT EXCEL ........................................................... 3-1
3.2 GOLDSIM ........................................................... 3-1

4. INPUTS ............................................................. 4-1
4.1 DIRECT INPUT ............................................................ 4-1

4.1.1 Data ........................................................... 4-1
4.1.2 Parameters and Other Technical Information ................................................ 4-6
4.1.3 Design Information ........................................................... 4-17

4.2 CRITERIA ............................................................ 4-20
4.2.1 Yucca Mountain Review Plan Criteria .4-20

4.2.1.1 Applicable Acceptance Criteria from Section 2.2.1.3.3,
"Quantity and Chemistry of Water Contacting Engineered
Barriers and Waste Forms" .4-20

4.2.1.2 Applicable Acceptance Criteria from Section 2.2.1.3.4,
"Radionuclide Release Rates and Solubility Limits" .4-24

4.3 CODES, STANDARDS, AND REGULATIONS . ..................................................... 4-28

5. ASSUMPTIONS ........................................................... 5-1
5.1 ALL SEEPAGE FALLS ONTO DRIP SHIELD/WASTE PACKAGE ....................... 5-1
5.2 EVAPORATION FROM A DRIP SHIELD DOES NOT OCCUR ............................. 5-1
5.3 EVAPORATION FROM A WASTE PACKAGE DOES NOT OCCUR .................... 5-2
5.4 PRODUCTION OR CONSUMPTION OF WATER BY CHEMICAL

REACTIONS DOES NOT OCCUR ........................................................... 5-2
5.5 THIN WATER FILMS ALWAYS EXIST BELOW I OO°C .................... .................... 5-3
5.6 ALL CORROSION PRODUCTS ARE HEMATITE (FE203) ................. ................... 5-4
5.7 NO CORROSION PRODUCTS EXIST IN THE INVERT ......................................... 5-5

6. MODEL DISCUSSION . ........................................................... 6-1
6.1 MODELING OBJECTIVE ........................................................... 6-1

6.1.1 Engineered Barrier System Components ................................... 6-1
6.1.2 Scenario Classes for TSPA-LA ........................................................... 6-2

6.2 FEATURES, EVENTS, AND PROCESSES INCLUDED IN THE MODEL ..... 6-4
6.3 BASE CASE CONCEPTUAL MODEL ........................................................... 6-5

6.3.1 Introduction and Overview .......................... ................................. 6-5
6.3.1.1 EBS Flow Abstraction ........................................................... 6-5
6.3.1.2 EBS Transport Abstraction ........................................................... 6-9

ANL-WIS-PA-00000I REV 01 v November 2004



EBS Radionuclide Transport Abstraction

CONTENTS (Continued)

Page

6.3.2 Water Flux through the Drip Shield (F2) ................................................. 6-11
6.3.2.1 Water Movement into and through a Drift (F. and F3) ................. 6-11

6.3.2.1.1 Seepage Flux (FI)........................................................ 6-12
6.3.2.1.2 Diversion around the Drip Shield (F3) ........................ 6-12

6.3.2.2 Drip Shield Effectiveness ..................................... 6-12
6.3.2.3 Drip Shield Breaching ..................................... 6-13
6.3.2.4 Water Flux through and around a Breached Drip Shield (F2

and F3) ............... ...................... 6-14
6.3.3 Water Flux through the Waste Package (F4) ............................................... 6-18

6.3.3.1 Breaching of the Waste Package ................................................. 6-18
6.3.3.1.1 Waste Package Design ................................................ 6-18
6.3.3.1.2 Types of Openings ................................................. 6-19
6.3.3.1.3 Impact of Heat Generation Inside Waste Package ...... 6-22

6.3.3.2 Water Flux through and around the Breached Waste Package
(F4 and Fs) .................................................. 6-22

6.3.3.3 Condensation on the Drip Shield . ................................. 6-25
6.3.3.4 Flux into and through the Invert (F6 and F7) . ........................ 6-25

6.3.4 Transport through the EBS . . ............................... 6-25
6.3.4.1 Invert Diffusion Submodel ...................................... 6-27

6.3.4.1.1 Modification of Diffusion Coefficient for Porosity
and Saturation of the Invert ......................................... 6-27

6.3.4.1.2 Modification for Temperature ..................................... 6-33
6.3.4.1.3 Modification for Concentrated Aqueous Solutions .... 6-34

6.3.4.2 Retardation in the Engineered Barrier System .............................. 6-35
6.3.4.2.1 Conceptual Model for the In-Drift Environment ........ 6-36
6.3.4.2.2 Sorption Parameters for the Invert .............................. 6-39
6.3.4.2.3 Sorption Parameters for the Waste Package ............... 6-40
6.3.4.2.4 Sorption Parameters for Corrosion Products in the

Invert .................................. 6-46
6.3.4.3 In-Package Diffusion Submodel for Commercial Spent

Nuclear Fuel Waste Packages . 6-47
6.3.4.4 Colloidal Transport . 6-48
6.3.4.5 Transport through Stress Corrosion Cracks . 6-50

6.4 CONSIDERATION OF ALTERNATIVE CONCEPTUAL MODELS . .. 6-51
6.4.1 Bathtub Model for the Waste Package .................................... 6-53
6.4.2 Limited Water Vapor Diffusion Rate into Waste Package . .................... 6-53
6.4.3 Limited Oxygen Diffusion Rate into Waste Package . ........................ 6-54
6.4.4 Dual-Continuum Invert .. ..................................... 6-54
6.4.5 Alternative Invert Diffusion Coefficient Models . ........................... 6-54

6.5 MODEL FORMULATION FOR BASE CASE MODEL . .. 6-55
6.5.1 Mathematical Description of Base Case Conceptual Model . . 6-55

6.5.1.1 EBS Flow Model . 6-55
6.5.1.1.1 Water Flux through a Breached Drip Shield ............... 6-57

ANL-WIS-PA-00000I REV 01 vi November 2004



EBS Radionuclide Transport Abstraction

CONTENTS (Continued)

Page

6.5.1.1.2 Breached Drip Shield Experiments ............................. 6-59
6.5.1.1.3 Water Flux through a Breached Waste Package ......... 6-77

6.5.1.2 EBS Transport Model .......................................... 6-79
6.5.1.2.1 Mathematical Description of In-Package

Diffusion Submodel for Commercial Spent
Nuclear Fuel Waste Packages ..................................... 6-94

6.5.1.3 Nomenclature ............................................... 6-120
6.5.2 Base Case Model Inputs . . ................................ 6-134

6.5.2.1 Invert Diffusion Coefficient ................................................ 6-139
6.5.2.2 Sorption Distribution Coefficients for Calculating In-Package

Retardation ................................................ 6-139
6.5.2.3 Sorption Distribution Coefficients for Calculating Invert

Sorption ................................................. 6-140
6.5.2.4 In-Package Diffusion Submodel . ................................ 6-140
6.5.2.5 EBS-UZ Boundary Condition Implementation in TSPA-LA ...... 6-141

6.5.2.5.1 Matrix and Fracture Percolation Fluxes .................... 6-142
6.5.2.5.2 Fracture Frequency .......................... 6-142
6.5.2.5.3 Fracture Fraction .......................... 6-142
6.5.2.5.4 Fracture Flow-Focusing Factor .......................... 6-142
6.5.2.5.5 Matrix Porosity .......................... 6-142
6.5.2.5.6 Fracture Saturation .......................... 6-142
6.5.2.5.7 Fracture Residual Saturation .......................... 6-143
6.5.2.5.8 Matrix Relative Permeability .......................... 6-143

6.5.3 Summary of Computational Model . .............................................. 6-143
6.5.3.1 Waste Form and Waste Package Diffusion Properties ................ 6-144

6.5.3.1.1 CSNF Waste Packages Properties ............................. 6-144
6.5.3.1.2 Codisposal Waste Packages Properties ..................... 6-146

6.5.3.2 Calculation of Corrosion Products Mass and Saturation .............. 6-148
6.5.3.3 Invert Domain Properties ...................................... 6-150
6.5.3.4 Irreversible Sorption onto Iron Oxyhydroxide Colloids and

Stationary Corrosion Products ..................................... 6-153
6.5.3.5 Discretization and Development of Computational Model for

TSPA-LA .. .................................... 6-154
6.5.3.6 EBS-UZ Boundary Condition Implementation in TSPA-LA ...... 6-162

6.6 MODEL FORMULATION FOR ALTERNATIVE CONCEPTUAL MODELS.... 6-167
6.6.1 Bathtub Flow Model . . .................................. 6-167

6.6.1.1 Primary Case .. ................................. 6-168
6.6.1.1.1 Dissolution-Rate-Limited Radionuclide ................... 6-168
6.6.1.1.2 Solubility-Limited Radionuclide ............................... 6-170

6.6.1.2 Secondary Cases ................................... 6-171
6.6.1.2.1 Change in Inflow Rate ................................... 6-171
6.6.1.2.2 Change in Inflow Chemistry ................................... 6-173
6.6.1.2.3 Change in Patch Geometry ................................... 6-176

6.6.1.3 Summary .. ................................. 6-177

ANL-WIS-PA-OOOOOI REV 0N Vii November 2004



EBS Radionuclide Transport Abstraction

CONTENTS (Continued)

Page

6.6.2 Limited Water Vapor Diffusion Rate into Waste Package .................... 6-178
6.6.3 Limited Oxygen Diffusion Rate into Waste Package . ....................... 6-185
6.6.4 Dual-Continuum Invert .............................................. 6-187

6.6.4.1 Invert Dual Continuum Interface Transfer ................................... 6-192
6.6.4.2 Discretization of Dual-Continuum Invert Alternative

Computational Model ............................................... 6-194
6.6.4.3 Dual-Continuum EBS-UZ Boundary Condition .......................... 6-201
6.6.4.4 Verification of Dual Invert/Dual UZ Diffusive Flux

Bifurcation ............................................... 6-201
6.6.5 Alternative Invert Diffusion Coefficient Models . .......................... 6-204

6.6.5.1 Alternative Single-Continuum Invert Diffusion Coefficient
Model .............................................. 6-204

6.6.5.2 Alternative Dual-Continuum Invert Diffusion Coefficient
Model .............................................. 6-208

6.7 DESCRIPTION OF BARRIER CAPABILITY .. 6-211
6.7.1 Analyses of Engineered Barrier Capability . . 6-211
6.7.2 Summary of Natural and Engineered Barrier Capability . . 6-212

7. VALIDATION . .. 7-1
7.1 EBS FLOW MODEL . . . 7-5

7.1.1 Flux Splitting Submodel .............................................. 7-6
7.1.1.1 Drip Shield Flux Splitting Submodel ............................................. 7-7
7.1.1.2 Waste Package Flux Splitting Submodel ....................................... 7-13

7.1.2 Results of Independent Model Validation Technical Review of the
EBS Flow Model .............................................. 7-18

7.2 EBS TRANSPORT MODEL .. . 7-18
7.2.1 In-Package Diffusion Submodel ......................................... 7-19

7.2.1.1 Comparison with Electric Power Research Institute2 0 .............2 . 7-21
7.2.1.2 Comparison with Lee et al. 1996 .............................................. 7-23

7.2.2 Invert Diffusion Submodel ............................................. 7-25
7.2.2.1 Self-Diffusion Coefficient of Water .............................................. 7-25
7.2.2.2 Modification for Porosity and Saturation ....................................... 7-29

7.2.3 Results of Independent Model Validation Technical Review of the
EBS Flow and Transport Models ........................................ 7-32

7.3 EBS-UZ INTERFACE SUBMODEL .. . 7-39
7.3.1 Validation of EBS-UZ Boundary Condition Implementation in

TSPA-LA .. 7-39
7.3.1.1 Description of Fracture-Matrix Partitioning Model . 7-40
7.3.1.2 Comparison of Results from Fracture-Matrix Partitioning

Model with Results from the Modified EBS RTAbstraction . 7-41
7.3.1.3 Applicability of EBS-UZ Interface Submodel in TSPA-LA in

Comparison with Fracture-Matrix Partitioning Model . 7-43
7.3.2 Results of Independent Model Validation Technical Review of the

EBS-UZ Interface Submodel .. 7-45

ANL-WIS-PA-OOOOOI REV 01 viii November 2004



EBS Radionuclide Transport Abstraction

CONTENTS (Continued)

Page

7.4 VALIDATION SUMMARY ...................................................... 7-49

8. CONCLUSIONS.................................................................................................................... 8-1
8.1 CONCEPTUAL MODEL SUMMARY ................................ ......................... 8-1
8.2 MODEL OUTPUTS ......................................................... 8-6
8.3 EVALUATION OF YUCCA MOUNTAIN REVIEW PLAN CRITERIA ............... 8-18
8.4 RESTRICTIONS FOR SUBSEQUENT USE ......................................................... 8-31

9. INPUTS AND REFERENCES ......................................................... 9-1
9.1 DOCUMENTS CITED ......................................................... 9-1
9.2 CODES, STANDARDS, REGULATIONS, AND PROCEDURES .......................... 9-14
9.3 SOURCE DATA, LISTED BY DATA TRACKING NUMBER (DTN) .................. 9-15
9.4 OUTPUT DATA, LISTED BY DATA TRACKING NUMBER (DTN) .................. 9-18
9.5 SOFTWARE CODES ......................................................... 9-18

APPENDIX A -

APPENDIX B -

APPENDIX C -

APPENDIX D -

APPENDIX E -

APPENDIX F -

APPENDIX G -

APPENDIX H -
APPENDIX I -

MICROSOFT EXCEL SPREADSHEET "MASSES OF
MATERIALS"................................................................................................ A-i
IMPLEMENTATION OF RADIONUCLIDE SORPTION ONTO
COLLOIDAL AND STATIONARY PHASES WITH FINITE
DIFFERENCE SOLUTION ........................................... B-I
MICROSOFT EXCEL SPREADSHEET "FLUX SPLIT DRIP
SHIELD MODEL" . ........................................... C-I
MICROSOFT EXCEL SPREADSHEET "FLUX SPLIT WASTE
PACKAGE MODEL" ........................................... D-I
MICROSOFT EXCEL SPREADSHEET "FLUX SPLITTING
VALIDATION" ........................................... E-I
MICROSOFT EXCEL SPREADSHEETS
"TRANSPORTCALCALLCOLLOIDS,"
"FLUX OUT RATIO.XLS," AND "TIME TOCONV.XLS" .................... F-I
MICROSOFT EXCEL SPREADSHEET "INVERT DIFFUSION
COEFFICIENT' ........................................... G-1
QUALIFICATION OF DIFFUSION COEFFICIENT DATA ..................... H-I
COMPARISON OF OUTPUT DTNS ........................................... I-I

ANL-WIS-PA-000001 REV 01 ix November 2004



EBS Radionuclide Transport Abstraction

INTENTIONALLY LEFT BLANK

ANL-WIS-PA-O0000I REV 01 x November 2004



EBS Radionuclide Transport Abstraction

FIGURES

Page

4.1-1. Dimensions of Drip Shield Mock-Up Used in Breached Drip Shield
Experiments on Smooth Drip Shield Surface ....................................................... 4-5

6.1-1 Schematic Diagram of a Typical Emplacement Drift and the Major Components
of the EBS .6-2

6.3-1 Schematic of the Potential Flow Pathways in the EBS .6-6
6.3-2 Illustration of Spreading for Rivulet Flow on the Drip Shield (Curvature not

Shown) .6-16
6.3-3 Schematic of the Dimensions for an Ellipsoidal Crack .6-20
6.34 Uncertainty in the Statistical Fit for the Diffusion Coefficient .6-33
6.5-1 Geometry and Nomenclature for a Centrally Located Breach with f > x tan a . 6-62
6.5-2 Geometry and Nomenclature for a Centrally Located Breach with t <x tan a . 6-66
6.5-3 Geometry and Nomenclature for an End-Located Breach with -t > x tan a .6-68
6.5-4 Comparison of Adsorption Isotherms for Water Vapor on Fe2O3, NiO, and ZrO2 .... 6-97
6.5-5 Computational Grid in the EBS-UZ Interface Submodel .6-164
6.6-1 Schematic of the Bathtub Geometry for the Waste Package .6-168
6.6-2 Schematic of the Potential Flow Pathways in the EBS .6-189
6.6-3 Computational Grid in the EBS-UZ Interface Submodel (Dual-Continuum

Invert) .6-202
6.6-4 Relative Error of Mass-in-Place for Microsoft Excel Approximate Solution . 6-205
6.6-5 Comparison of Microsoft Excel and GoldSim Flux Bifurcation Solutions .6-205
6.6-6 Range of the Bulk Diffusion Coefficients for Crushed Tuff .6-207

7.1-1 Splash Radius Dependence on Number of Drips for Rough Drip Shield Tests. 7-9
7.2-1 Adsorption Isotherms for Water Vapor on c*- Fe2O3 .................................................. 7-21
7.2-2 Limiting Diffusion Coefficients for Anions and Simple (Non-Complexed)

Cations .7-27
7.2-3. Comparison of EBS Radionuclide Transport Abstraction Invert Diffusion

Submodel (Equation 7.2.2.2-1) with Measured Diffusion Coefficients for Tuff . 7-30
7.3-1 Fracture-Matrix Partitioning for No Seepage Case .7-44

ANL-WIS-PA-OOOOOI REV 01 xi November 2004



EBS Radionuclide Transport Abstraction

INTENTIONALLY LEFT BLANK

ANL-WIS-PA-00000I REV 01 xii November 2004



EBS Radionuclide Transport Abstraction

TABLES

Page

4.1-1 Input Data for EBS RTAbstraction ........................................................ 4-1
4.1-2 Atlas Breached Drip Shield Experiments on Smooth Drip Shield Surface -

Dripping on Crown - Flow into Breaches ................................... ..................... 4-2
4.1-3. Atlas Breached Drip Shield Experiments on Smooth Drip Shield Surface -

Dripping on Crown - Rivulet Spread Data - 330 from Crown ................... ................. 4-3
4.1-4. Atlas Breached Drip Shield Experiments on Smooth Drip Shield Surface-

Dripping on Crown - Splash Radius Tests ....................................................... 4-3
4.1-5. Atlas Breached Drip Shield Experiments on Smooth Drip Shield Surface -

Dripping at Off-Crown Locations - Flow into Breaches ............................................. 4-4
4.1-6. Atlas Breached Drip Shield Experiments on Smooth Drip Shield Surface -

Dripping off Crown - Rivulet Spread Data - 330 from Crown and at Transition ........ 4-5
4.1-7 Parameters for EBS RTAbstraction (Established Fact) ................................................ 4-6
4.1-8 Parameters for EBS RTAbstraction (Project Sources) ................................................. 4-7
4.1-9 Parameters for EBS RTAbstraction (Various Sources) ................................................ 4-8
4.1-10 Elemental Composition (Weight Percent) of Waste Package Materials .................... 4-11
4.1-11. Sorption Distribution Coefficient (Kd) Ranges on Iron Oxide in Unsaturated

Zone Units; All Distributions Are Uniform Except as Noted .................................... 4-12
4.1-12. Sorption Distribution Coefficient (Kd) Ranges on Devitrified Tuff for

Unsaturated Zone Units ....................................................... 4-13
4.1-13. Correlations for Sampling Sorption Distribution Coefficient (Kd) Probability

Distributions for Devitrified Tuff ....................................................... 4-13
4.1-14. Diffusion Coefficient for Granular Materials for Volumetric Moisture Content

Between 1.5 Percent and 66.3 Percent ............................ 4-14
4.1-15 Design Information for EBS Components ............................ 4-17
4.1-16 Component Dimensions in a 21-PWR (Absorber Plate) Waste Package ................... 4-18
4.1-17 Masses and Numbers of Components in Waste Packages .......................................... 4-19

6.2-1 Included FEPs for This Report ....................................................... 6-4
6.3-1 Summary of Parameters for EBS Flow Pathways ....................................................... 6-8
6.3-2 Summary of Transport Modes and Parameters for the EBS Transport Pathways ...... 6-10
6.3-3. Calculated Gap Width for a Range of Residual Stresses at 4001F

(Approximately 200'C) in a 21-PWR Container ....................................................... 6-21
6.3-4 Estimated Masses of Steels and Iron Content in Waste Packages and Equivalent

Masses (kg) of Iron Corrosion Products (Fe2O3) for Use in Modeling
Retardation in the Waste Package ....................................................... 6-39

6.3-5 Influences Over Radionuclide Sorption in Soils ....................................................... 6-43
6.3-6. Summary of Partition Coefficient (Kd) Ranges and Distributions for Retardation

in the Waste Package Corrosion Products ....................................................... 6-45
6.3-7. Sorption Distribution Coefficient (Kd) Values and Interval Probabilities Used

for Reversible Radionuclide Sorption on Colloids in TSPA-LA Calculations .......... 6-50
6.4-1 Alternative Conceptual Models Considered ....................................................... 6-51

ANL-WIS-PA-O00001 REV 01 Xiii November 2004



EBS Radionuclide Transport Abstraction

TABLES (Continued)
Page

6.5-1. Dimensions Used in the Analysis of Breached Drip Shield Experiments, Based
on Dimensions Shown in Figure 4.1-1 ....................................................... 6-71

6.5-2. Comparison of Experimental Breach Inflow Fractions with Model Calculations
from Appendix C ....................................................... 6-72

6.5-3. Additional Comparisons of Experimental Breach Inflow Fractions with Model
Calculations from Appendix C ....................................................... 6-74

6.5-4. Water Collected in Drip Shield Experiment Q(film); Drip Location: Patch 4, 8
cm Right of Center, Crown ....................................................... 6-75

6.5-5 Adsorption of Water on ZrO2 at 251C, Outgassed at 5001C .................................... 6-100
6.5-6 Specific Surface Area of Fe2O3................................................................................ 6-102
6.5-7 Specific Surface Area of Various Waste Package Corrosion Products .................... 6-103
6.5-8 Characteristics of a 21 -PWR Waste Package ....................................................... 6-104
6.5-9 Elemental Composition of Each Waste Package Material in a 21-PWR ................. 6-108
6.5-10. Values of Effective Water Saturation and Diffusion Coefficient Normalized to

the Diffusion Coefficient in Water for Waste Package Surface Areas and
Relative Humidities (RH) Using Equation 6.5.1.2.1-24 ........................................... 6-115

6.5-11 . Summary and Comparison of Cross-Sectional Areas for Diffusion for Various
Configurations at a Relative Humidity of 95 Percent ............................................... 6-119

6.5-12 Nomenclature ....................................................... 6-120
6.5-13 Sampled Model Inputs Used in the EBS Radionuclide Transport Abstraction ........ 6-135
6.6-1. Summary of Release Delays Resulting from Limitations on Diffusion of Water

Vapor Through Stress Corrosion Cracks ....................................................... 6-183
6.6-2. Summary of Transport Modes and Parameters for the EBS Transport Pathways

with Dual-Continuum Invert ....................................................... 6-190
6.6-3 Parameters Developed for Crushed Tuff ....................................................... 6-207
6.64 Tuff Matrix Properties for TSw3S and TSw36 ....................................................... 6-210
6.7-1 Summary of Barrier and Performance Functions for a Yucca Mountain

Repository ................................................... 6-212

7.1-1 Atlas Breached Drip Shield Experiments on Rough Drip Shield Surface -
Dripping on Crown - Splash Radius Tests .................................................... 7-8

7.1-2. Atlas Breached Drip Shield Experiments on Rough Drip Shield Surface -
Dripping on Crown - Rivulet Spread Data - 330 from Crown .................................... 7-9

7.1-3. Atlas Breached Drip Shield Experiments on Rough Drip Shield Surface -
Dripping on Crown - Flow into Breaches ................................................... 7-10

7.14. Atlas Breached Drip Shield Experiments on Rough Drip Shield Surface -

Dripping on Crown - Fraction of Dripping That Flowed into Breaches and
Rivulet Spread Angle ................................................... 7-10

7.1-5 Range of Estimates for F/!VD ................................................... 7-11
7.1-6 Comparison off Sp, Statistics for Smooth and Rough Drip Shield Surfaces ............... 7-12
7.1-7 Summary offs andfvD Values ................................................... 7-12
7.1-8. Atlas Breached Drip Shield Experiments on Rough Drip Shield Surface -

Dripping off Crown - Rivulet Spread Data ................................................... 7-14

ANL-WIS-PA-000001 REV 01 xiv November 2004



EBS Radionuclide Transport Abstraction

TABLES (Continued)
Page

7.1-9. Atlas Breached Drip Shield Experiments on Rough Drip Shield Surface -
Dripping off Crown - Splash Radius Tests ....................................................... 7-15

7.1-10. Atlas Breached Drip Shield Experiments on Rough Drip Shield Surface -

Dripping off Crown - Flow into Breaches ....................................................... 7-16
7.1-11 Comparison offp, Statistics for Smooth and Rough Drip Shield Surfaces ............... 7-17
7.1-12 Summary offivp andfnv Values ........................................................ 7-17
7.2-1. Compilation of Diffusion Coefficients for Yttrium, Technetium, Molecular

Iodine, and Lanthanide and Actinide Species ....................................................... 7-27
7.2-2 Diffusion Coefficient of Crushed Tuff Invert Materials ............................................. 7-30

8.1-1. Summary of EBS Flow Abstraction ....................................................... 8-3
8.1-2 Summary of EBS Transport Abstraction ....................................................... 8-5
8.2-1 Parameters for EBS Transport Abstraction ....................................................... 8-7
8.2-2. Summary of Sorption Distribution Coefficient (Kd) Ranges and Distributions

for Sorption on Waste Package Corrosion Products ................................................... 8-10
8.2-3. Sampled Model Inputs Used in the EBS Radionuclide Transport Abstraction ......... 8-11
8.2-4 Fixed Model Inputs Used in the EBS Radionuclide Transport Abstraction ............... 8-13
8.2-5 Calculated Model Inputs Used in the EBS Radionuclide Transport Abstraction ....... 8-15
8.2-6 Invert Diffusion Coefficient Alternative Conceptual Model Parameters ................... 8-17
8.2-7. Calculated Model Inputs Used in the EBS Radionuclide Transport Abstraction Invert

Diffusion Coefficient Alternative Conceptual Model .................................................... 8-17

ANL-WIS-PA-000001 REV 01 xv November 2004



EBS Radionuclide Transport Abstraction

INTENTIONALLY LEFT BLANK

ANL-WIS-PA-000001 REV 01 xvi November 2004



EBS Radionuclide Transport Abstraction

ASTM

BSC
BWR

CDSP
CP
CSNF

DOE
DSNF

EBS
EPA
EPRI

FEP
FHH

HLW

IED

LA
LA-ICP-MS

NRC

RH

SNF
SR

TSPA
TWP

UZ

WE

YMP

ACRONYMS AND ABBREVIATIONS

American Society for Testing and Materials

Bechtel SAIC Company LLC
boiling water reactor

codisposal
corrosion products
commercial spent nuclear fuel

U.S. Department of Energy
defense spent nuclear fuel

engineered barrier system
U.S. Environmental Protection Agency
Electric Power Research Institute

features, events, and processes
Frenkel-Halsey-Hill adsorption isotherm equation

high-level radioactive waste

information exchange drawing

license application
laser ablation coupled with inductively coupled plasma-mass spectrometry

U.S. Nuclear Regulatory Commission

relative humidity

spent nuclear fuel
Site Recommendation

total system performance assessment
technical work plan

unsaturated zone

Westinghouse Electric

Yucca Mountain Project

ANL-WIS-PA-000001 REV 01 xvii November 2004



EBS Radionuclide Transport Abstraction

INTENTIONALLY LEFT BLANK

ANL-WIS-PA-000001 REV 01 xviii November 2004



EBS Radionuclide Transport Abstraction

1. PURPOSE

The purpose of this analysis model report is to develop and analyze the engineered barrier
system (EBS) radionuclide transport abstraction model, consistent with Level I and Level II
model validation, as identified in Technical Work Plan for: Near-Field Environment and
Transport: Engineered Barrier System: Radionuclide Transport Abstraction Model Report
Integration (BSC 2004 [DIRS 170775]). The EBS radionuclide transport abstraction (or EBSRT
Abstraction) is the conceptual model used in the total system performance assessment for the
license application (TSPA-LA) to determine the rate of radionuclide releases from the EBS to the
unsaturated zone (UZ).

The EBSRTAbstraction conceptual model consists of two main components-a flow model and
a transport model. Both models are developed mathematically from first principles in order to
show explicitly what assumptions, simplifications, and approximations are incorporated into the
models used in the TSPA-LA.

The flow model defines the pathways for water flow in the EBS and specifies how the flow rate
is computed in each pathway. The input to this model is the seepage flux into a drift. The
seepage flux is potentially split by the drip shield, with some (or all) of the flux being diverted by
the drip shield and some passing through breaches in the drip shield that might result from
corrosion or seismic damage. The flux through drip shield breaches is potentially split by the
waste package, with some (or all) of the flux being diverted by the waste package and some
passing through waste package breaches that might result from corrosion or seismic damage.
The flow model is validated in an independent model validation technical review. The drip
shield and waste package flux splitting algorithms are developed and validated using
experimental data.

The transport model considers advective transport and diffusive transport from a breached waste
package. Advective transport occurs when radionuclides that are dissolved or sorbed onto
colloids or both are carried from the waste package by the portion of the seepage flux that passes
through waste package breaches. Diffusive transport occurs as a result of a gradient in
radionuclide concentration and may take place while advective transport is also occurring, as
well as when no advective transport is occurring. Diffusive transport is addressed in detail
because it is the sole means of transport when there is no flow through a waste package, which is
postulated to predominate during the regulatory compliance period in the nominal and seismic
cases. The advective transport rate, when it occurs, is generally greater than the diffusive
transport rate. Colloid-facilitated advective and diffusive transport is also modeled and is
presented in detail in Appendix B of this model report.

Additional submodels and model parameters developed in this model report include:

* Diffusion inside a waste package-The time-dependent quantity of corrosion products
inside a breached waste package is estimated; this enables the surface area available for
adsorption of water to be approximated, which in turn gives the water saturation through
which diffusion of radionuclides may occur.

* Sorption onto stationary corrosion products in a breached waste package.

ANL-WIS-PA-000001 REV 01 1-1 November 2004



EBS Radionuclide Transport Abstraction

* Diffusion in the invert, accounting for the dependence of diffusion on porosity,
saturation, and temperature.

* Sorption in the invert.

* EBS-UZ interface submodel-implementation in the TSPA-LA includes this submodel to
provide a realistic concentration boundary condition.

Parameter uncertainty associated with each model and submodel is discussed. The transport
model and the EBS-UZ interface submodel are validated using corroborative data and models as
well as an independent model validation technical review.

Alternative conceptual models considered include:

* A "bathtub" flow model in which water must fill a breached waste package before any
can flow out, as opposed to the flow-through model that is used.

* Models that show the effect of limitations on diffusion of water vapor and oxygen into a
breached waste package and consequential delays in releases of radionuclides.

* A dual-continuum invert flow and transport submodel.

* Alternative invert diffusion coefficient submodels.

Output from the EBS RTAbstraction includes:

* The flow model-the algorithms for computing the flow in each flow path within the
EBS, with parameter values or sources for those parameters used in the model.

* The transport model-a model for advective and diffusive transport, specifying the
computational procedure for both commercial spent nuclear fuel (CSNF) and codisposal
waste packages in both seep and no-seep environments, with parameter values or sources
for those parameters used in the model.

* Ranges and distributions for parameters that are uncertain and are sampled in the
TSPA-LA implementation of the EBS RTAbstraction.

The scope of this abstraction and report is limited to flow and transport processes. Specifically,
this report provides the algorithms that are implemented in TSPA-LA for transporting
radionuclides using the flow geometry and radionuclide concentrations determined by other
elements of the TSPA-LA model. The EBS RT Abstraction also identifies the important
processes that are evaluated with process-level or component-level using analytical or numerical
solutions.

This model report was prepared to comply with the U.S. Nuclear Regulatory Commission (NRC)
rule for high-level radioactive waste (HLW), 10 CFR Part 63 [DIRS 158535], which requires the
U.S. Department of Energy (DOE) to conduct a performance assessment to demonstrate
compliance with postclosure performance objectives. The results from this conceptual model
allow Bechtel SAIC Company LLC (BSC) to address portions of the acceptance criteria
presented in Yucca Mountain Reviews Plan, Final Report (NRC 2003 [DIRS 163274]).

ANL-WIS-PA-000001 REV 01 1-2 November 2004



EBS Radionuclide Transport Abstraction

The following reports provide input to the EBS RTAbstraction:

* ProbabilityAnalysis of Corrosion Ratesfor Waste Package Materials

* Multiscale Thermohydrologic Model

* Unsaturated Zone and Saturated Zone Transport Properties (UOI OO)

* Thermal Conductivity of the Potential Repository Horizon

* Calibrated Properties Model

* UZ Flow Models and Submodels

* Radionuclide Transport Models UnderAmbient Conditions

* Analysis of Hydrologic Properties Data

* Drift-Scale Radionuclide Transport.

The following documents use output from the EBS RTAbstraction as direct input:

* In-Package ChemistryAbstraction

* Total System Performance Assessment (TSPA) Model/Analysis for the License
Application.
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2. QUALITY ASSURANCE

Development of this model report and the supporting analyses have been determined to be
subject to the Office of Civilian Radioactive Waste Management quality assurance program
(BSC 2004 [DIRS 170775], Section 8). Approved quality assurance procedures identified in
Section 4 of the technical work plan have been used to conduct and document the activities
described in this model report. Section 8 of the technical work plan also identifies the methods
used to control the electronic management of data during the analysis and documentation
activities.

This model report provides models for evaluating the performance of the engineered barrier
system, including the drip shields, waste packages, and invert, which are classified in the Q-List
(BSC 2004 [DIRS 168361]) 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 Part 63 [DIRS 158535]. The report contributes to the analysis
data used to support performance assessment; the conclusions do not directly impact engineered
features important to safety, as defined in AP-2.22Q. This report was prepared in accordance
with AP-Sl. I OQ, Models.
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3. USE OF SOFTWARE

3.1 MICROSOFT EXCEL

Microsoft Excel 2002 "Add Trendline" capability was used to perform a statistical analysis of
diffusion coefficient values reported in Section 6.3.4.1.1. Microsoft Excel 2002 was also used to
analyze experimental data used to develop and validate the drip shield and waste package flux
splitting submodels (Sections 6.5.1.1.2.4, 6.5.1.1.3, and 7.1.1). A calculation of the potential
mass of corrosion products in fully degraded waste packages, summarized in Table 6.3-4, is
described in Appendix A. A sample calculation to demonstrate the solution procedure used in
the colloid transport model, described in Appendix B, was also carried out using Microsoft
Excel 2002. A complete description of the formulas, inputs, and outputs used in the Microsoft
Excel analysis of the drip shield experimental data is provided in Appendices C (the drip shield
flux splitting submodel), D (the waste package flux splitting submodel), and E (validation of the
flux splitting submodels). The formulas, inputs, and outputs used in Microsoft Excel to perform
the sample colloid transport calculation are presented in Appendix F, and the invert diffusion
properties model analysis is described in Appendix G.

3.2 GOLDSIM

GoldSim V8.01 Service Pack I (STN: 10344-8.01 SPI-00) (Golder Associates 2003
[DIRS 166572]) is run on Microsoft Windows 2000 on Dell workstation with Intel Xeon
processor and was developed to perform dynamic, probabilistic simulations. GoldSim V8.01
was used in accordance with LP-SI.IIQ-BSC, Softvare Management. GoldSim calculations
were done in support of validation of models developed in the EBS RT Abstraction (see
Section 7.3.1). GoldSim calculations were also run to verify an alternative model
implementation in Section 6.6.4.4. GoldSim V8.01 is used in these validation calculations
because it is used in the TSPA-LA model. This softwvare was used within the range of validation
and was obtained from Configuration Management.
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4. INPUTS

4.1 DIRECT INPUT

4.1.1 Data

Inputs in this section are used as direct input data for the models and analyses presented in
Section 6. Tables 4.1-1 through 4.1-6 and Figure 4.1-1 summarize the relevant input data and
the sources for these values. Data in this section are presented as found in the source documents;
unit conversions and manipulation of data are not done in this section, but are performed as
needed in Section 6.

Data uncertainty is addressed in Section 6. In particular, corrosion rates of carbon and stainless
steels are listed in Table 6.5-13 as model input with ranges and distributions determined from the
data in Table 4.1-1. The breached drip shield experimental test data in Tables 4.1-2
through 4.1-6 and Figure 4.1-1 are evaluated in Section 6.5.1, resulting in uncertain model input
parameters listed in Table 6.5-13.

Table 4.1-1. Input Data for EBS RTAbstraction

Value
Model Input Rate (lim ye') ECDF Source

Rate of corrosion of A 516 and A 27 carbon 65.77 0.042 DTN: MO0409SPAACRWP.000
steels in simulated dilute well J-13 water at 66.75 0.083 [DIRS 172059]; Spreadsheet
600C, long term (> 1 yr); ECDF 69.84 0.125 'ECDF metals2.xls'; Worksheet

70.00 0.167 'A516-Carbon Steel', Columns
71.25 0.208 B & C, Rows 5-30
72.21 0.250
72.64 0.292
72.87 0.333
72.89 0.375
73.47 0.417
74.29 0.458
74.51 0.500
74.60 0.542
75.41 0.583
77.31 0.625
79.29 0.667
80.00 0.708
80.87 0.750
83.26 0.792
83.66 0.833
83.74 0.875
85.68 0.917
90.97 0.958

106.93 1.000
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Table 4.1-1. Input Data for EBS RTAbstraction (Continued)

Value
Model Input Rate (pm yr') ECDF Source

Rate of corrosion of 316L stainless steel in 0.037 0.063 DTN:
fresh water at 50-1000C; ECDF 0.1016 0.125 MO0409SPAACRWP.000

0.109 0.188 [DIRS 172059]; Spreadsheet
0.1524 0.250 'ECDF metals2.xis;
0.154 0.313 Worksheet'316 ss',
0.1778 0.375 Columns L & M, Rows 5-15
0.2032 0.438
0.2286 0.563
0.254 0.750
0.2794 0.813
0.51 1.000

ECDF= empirical cumulative distribution function

Table 4.1-2. Atlas Breached Drip Shield Experiments on Smooth Drip Shield Surface - Dripping on
Crown - Flow into Breaches

Water Input Mass (g) Breach Water Collection Mass (g)
Where

Water Was
Drip Location Tare Final Collected Initial Final

Single Patch Q(fiIn )Tests (DTN: MO0207EBSATBWP.023 [DIRS 1634021)
8 cm right of Patch 4 centerline -50.32 -228.52 B14 107.60 129.62
Patch 5 centerline -12.66 -176.40 B5 109.40 130.52
4 cm leftof Patch 5 centerline -210.48 -344.27 65 109.18 118.28
Patch 4 centerline 52.77 -135.86 B4 107.57 129.82

Multiple Patch Tests (DTN: M00207EBSAT WP.024 [DIRS _634011_

27 cm right of drip shield center -0.51 -276.65 85 109.10 113.59
27 cm left of drip shield center 710.10 433.27 B4 107.77 110.40
81 cm left of drip shield center 755.52 529.3 B4 107.18 110.63
81 cm right of drip shield center 768.79 547.67 B5 107.99 111.53

Bounding Flow Rate Tests (DTN: MO0207EBSATBWP.025 [DIRS 163403])
54 cm left of drip shield center 853.83 516.11 B4 107.35 153.76
54 cm left of drip shield center 769.21 680.32 B4 107.73 115.61
27 cm left of drip shield center 857.57 524.88 64 107.22 110.57
27 cm left of drip shield center 872.20 771.25 B4 107.00 107.65
27 cm right of drip shield center 907.84 529.11 65 109.81 112.26
27 cm right of drip shield center* 782.29 644.57 65 109.55 114.00
*Drip location shown incorrectly as 7 cm in DTN: MO0207EBSATBWP.025 [DIRS 163403]; correct value of 27 cm
obtained from Howard 2002 [DIRS 161522], p. 33.

ECDF= empirical cumulative distribution function
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Table 4.1-3. Atlas Breached Drip Shield Experiments on Smooth Drip Shield Surface - Dripping on
Crown - Rivulet Spread Data - 330 from Crown

Relevant
Drip Location Left (cm) Right (cm) Patch

Single Patch Q(film) Tests (DTN: MO0207EBSATBWP.023 (DIRS 1634021)
8 cm right of Patch 4 centerline 15.0 28.5 4
Patch 5 centerline 28.0 0 5
4 cm left of Patch 5 centerline Not recorded 21 5
Patch 4 centerline 11.0 26.5 4

Multiple Patch Tests (DTN: MO0207EBSATBWP.024 [DIR 1634011)
27 cm right of drip shield center 13.0 29.0 5
27 cm left of drip shield center 21.0 21.5 4
81 cm left of drip shield center 17.0 23.5 4
81 cm right of drip shield center 20.0 18.0 5

Bounding Flow Rate Tests (DTN: MO0207EBSATBWP.025 IDIRS 163403])
54 cm left of drip shield center (High Flow Rate) 22.0 32.0 4
54 cm left of drip shield center (Low Flow Rate) 10.5 30.0 4
27 cm left of drip shield center (High Flow Rate) 24 19 4
27 cm left of drip shield center (Low Flow Rate) 10.0 8.0 4
27 cm right of drip shield center (High Flow Rate) 24.0 16.5 5
27 cm right of drip shield center (Low Flow Rate)* 20.0 13.5 5
Drip location shown incorrectly as 7 cm in DTN: MO0207EBSATBWP.025 [DIRS 163403]; correct value of 27 cm
obtained from Howard 2002 [DIRS 161522], p. 33.

Table 4.1-4. Atlas Breached Drip Shield Experiments on Smooth Drip Shield Surface
Crown - Splash Radius Tests

- Dripping on

No. Drips | Splash Radius (cm) | Comments
Left I Right

SpI sh Radius Test #1 (DTN: MO0207EBSATBWP.022 [DIRS 163400])
1 1.6 1.6 Measured at outer fringe
2 26.5 18.4 Measured outer fringe
5 37.5 18.4 Measured outer fringe

13 37.5 27.8 Measured outer fringe
21 37.5 31.5 Measured outer fringe
27 52.8 35.0 Measured outer fringe
38 59.9 54.2 Measured outer fringe
49 25.0 29.0 Measured inner cluster
49 72.0 63.2 Measured outer fringe
60 40.0 40.0 Measured inner cluster
60 72.5 54.2 Measured outer fringe
90 48.0 43.0 Measured inner cluster

Single Patch Q(film) Tes (DTN: MO0207EBSATBWP.023 [DIRS 1634021)
54.5 Patch 5, center, crown

_ _ 82 Patch 4, center, crown
_ _ 86 Patch 4, 8 cm right of center, crown

NOTE: - indicates no measurements were made.
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Table 4.1-5. Atlas Breached Drip Shield Experiments on Smooth Drip Shield Surface - Dripping at
Off-Crown Locations - Flow into Breaches

Water Input Mass (g) Breach Water Collection Mass (g)
Where WaterI

Was
Drip Location Tare Final Collected Initial Final

Single Patch Q(splash Tests (DTN: MO0207EBSATBWP.023 1CIRS 163402 )
P5, 17.5 cm left of center, 330 529.45 439.68 B5 108.57 108.86
P4, center, 330 685.41 548.20 B4 106.86 216.70
P4,17.5 cm right of center, 330 670.30 538.88 B4 106.75 115.71
P4,17.5 cm right of center, 16.5° 667.12 516.36 84 106.80 108.59
P4, centerline, 16.50 669.72 529.82 84 106.98 191.33
P5, 17.5cmleft of center, 16.5' 661.50 474.00 85 109.13 111.79
P6, 35.5 cm left of center, 16.50 661.82 519.54 B4 107.31 108.90
P5, centerline, 16.50 676.13 551.39 B5 108.60 199.16
P6,36.5 cm left of center, between 660.40 531.13 84 107.60 113.69
crown and 16.50 . -40 _531_13 13__107_60 113_69

Single Patch Q(film) Tests (DT N:M0207EBATBWP.023 lDI RS 1634021)

P4, 8 cm right of center, 16.50 -0.90 -173.28 84 107.16 199.69
P2,15 cm right of center, 16.5' 36.10 -141.12 85 109.40 109.79
P5,4 cm left of center, 16.50 -37.20 -210.37 85 117.40 301.94
P4, 8 cm right of center, 33' 53.74 -83.70 84 114.89 222.27

Bounding Flow Rate Tests (DTN: MO0207EBSATBWP.025 i-DIRS 1634031)

54 cm left of drip shield center, 16.50 850.06 496.63 B4 107.44 277.21
54 cm left of drip shield center, 16.5' 822.71 715.70 84 107.71 192.26
27 cm left of drip shield center, 16.50 768.00 646.24 B5 109.21 109.79
27 cm left of drip shield center, 16.5' 868.59 498.18 84 107.27 110.65
27 cm right of drip shield center, 16.5' 862.08 522.34 85 109.33 113.57
27 cm right of drip shield center, 16.5' 808.93 713.52 B5 109.30 110.41
27 cm left of drip shield center, 33' 907.89 540.78 84 107.17 108.13
27 cm right of drip shield center, 33' 835.68 518.08 85 109.94 113.52
54 cm left of drip shield center, 33' 890.39 561.54 B4 107.28 294.13
54 cm left of drip shield center, 33' 685.39 584.26 B4 107.32 190.42
27 cm left of drip shield center, 33' -1.99 -98.20 B4 109.88 111.06
27 cm right of drip shield center, 33' -121.69 -217.44 B5 110.83 110.96
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Table 4.1-6. Atlas Breached Drip Shield Experiments on Smooth Drip Shield Surface - Dripping off
Crown - Rivulet Spread Data - 330 from Crown and at Transition

At 33° At Transition
Drop Location Right (cm) I Left (cm) Right (cm) I Left (cm)

Q(film) Single Patch Tests (DTN: MO0207EBSATBWP.023 IDIRS 1634021)
P4, 8 cm right of center, 16.50 5.5 3.5 13.5 N/A
P2, center. 16.50_ 7.5 4.5 19.5 22.0
P2,15cm right of center, 16.5' 11.5 9.0 18.0 15.0
P5,4 cm left of center, 16.50 8.5 8.5 N/A N/A

Bounding Flow Rate Tests (DTN: MO0207EBSATBWP.025 [DIRS 163403])

54 cm left of drip shield center, 16.50 31.0 46.0 35.0 46.0
54 cm left of drip shield center, 16.5' 8.5 10.0 19.0 27.0
27 cm left of drip shield center, 16.50 6.0 8.0 17.0 16.0
27 cm left of drip shield center, 16.5' 18.0 24.0 22.0 19.0
27 cm right of drip shield center, 16.5' 13.0 27.0 14.0 23.0
27 cm right of drip shield center, 16.5' 12.0 17.0 16.0 19.0
27 cm left of drip shield center, 33' N/AN/A 11.0 17.0
27 cm right of drip shield center, 33' N/A N/A 15.0 17.0
54 cm left of drip shield center, 33' N/A N/A 17.0 17.0
27 cm left of drip shield center, 33' N/A N/A 9.0 9.5
27 cm right of drip shield center, 33' N/A N/A 8.5 10.0

NOTE: N/A indicates that rivulet spread measurements at drop location are not applicable to this analysis.

1.27 mn
DIp Sh(i.17 el) EndV

Drip Shield End View

2.70 m
(8.8a 0) I

b ,_._ ... l

I
Drip Shield Side View o228DRFig 1.0

(Unfolded to Flat Drip Shield Surface)
Source: Howard 2002 [DIRS 161516], p. 14.

NOTE: Figure modified from reference by labeling patches (1-6).

Figure 4.1-1. Dimensions of Drip Shield Mock-Up Used in Breached Drip Shield Experiments on Smooth
Drip Shield Surface
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4.1.2 Parameters and Other Technical Information

Parameters in Tables 4.1-7 through 4.1-14 are used as inputs for the analyses in Section 6.
Uncertainty in certain parameters is discussed in Section 6. Specifically, sorption distribution
coefficients (Kd values) in Tables 4.1-11 and 4.1-12 are evaluated in Section 6.3.4.2 in
determining ranges and distributions for use in modeling retardation in the waste package;
Tables 6.3-6 and 6.5-13 list the Kdvalues and their associated uncertainty.

Parameters in Table 4.1-7 are from American Society for Testing and Materials (ASTM) codes
and from various editions of the CRC Handbook of Chemistry and Physics (Weast 1985
[DIRS 111561]). Input parameters in Table 4.1-8 were developed on the Yucca Mountain
Project (YMP). Input parameters in Table 4.1-9 are from various outside sources, such as
journals and text books. A description of each parameter is given following Table 4.1-9,
together with the justification for its use. These inputs thus are considered qualified for their
intended use within this report.

Table 4.1-7. Parameters for EBS RTAbstraction (Established Fact)

Model Input Value Source
Avogadro's number, NA 6.0221419947 x 1023 mor1  Lide 2002 [DIRS 160832]. p. 1-7
Water density: at 250C 997.0449 kg m3  Weast 1985 [DIRS 111561], p. F-5

at 500C 988.0363 kg m3
Water viscosity at 250C 0.890 mPa-s Lide 2000 [DIRS 162229], p.6-180
Density of hematite (a-Fe 2O3) 5240 kg m4 Weast 1985 [DIRS 111561], p. B-104
Density of A 516 carbon steel 7850 kg m-3 ASTM A 20/A20M-99a

[DIRS 1475781

Density of 6061 aluminum 2700 kg m3 ASTM G 1-90 [DIRS 103515], p. 7,
Table XI

Molecularweight of water (H20) 0.01801528 kg mol- Lide 2002 [DIRS 1608321, p. 6-4
Molecular weight of hematite (Fe2O3) 0.15969 kg mort  Weast 1985 [DIRS 111561], p. B-104
Atomic weight of iron (Fe) 0.055847 kg morl Weast 1985 [DIRS 1115611, p. B-102
Atomic weight of molybdenum (Mo) 0.09594 kg mor1  Weast 1985 [DIRS 1115611, p. B-116
Atomic weight of chromium (Cr) 0.051996 kg morl Weast 1985 [DIRS 1115611, p. B-88
Atomic weight of nickel (Ni) 0.05869 kg mar Weast 1985 [DIRS 1115611, p. B-118
Atomic weight of aluminum (Al) 0.02698154 kg mor1  Weast 1985 [DIRS 1115611, p. B-68
NOTE: Dependence of viscosity on temperature, T(0 C),20C0 I T O 100C, reference temperature = 20'C

(Weast and Astle 1981 [DIRS 100833], p. F-42):

Iog91 (; )= 1.3272(20 -T)- 0.00I053(T - 20)
1j72, T+105
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Table 4.1-8. Parameters for EBS RTAbstraction (Project Sources)

Model Input Value Source

Density of Stainless Steel Type 8000 kg m4  DTN: M00003RIB00076.000 [DIRS
316 1530441

Modulus of elasticity for Alloy 22 196 Gpa DTN: M00107TC239753.000 [DIRS
at 2040C 169973]

Size of patches in Breached Drip 0.27 m x 0.27 m Howard 2002 [DIRS 161516], p. 13
Shield Experiments drip shield
mockup

Outer lid surface hoop stress 385.0522 MPa BSC 2004 [DIRS 172203], Table 6-9

Porosity of TSw35 tuff rock 0.131 m3 pore vol. DTN: LB0207REVUZPRP.002 [DIRS
matrix mq bulk vol. 159672]; Spreadsheet

'Matrix Props.xis', Row 20, Column C

Porosity of crushed tuff invert 0.45 m3 pore vol. BSC 2004 [DIRS 169565], Appendix X
ballast m73 bulk vol.

Unsaturated zone fracture Mean = 3.16 m71  BSC 2004 [DIRS 170040], Appendix A,
frequency for TSW35 Std Dev = 2.63 m ' Table A-1

Log-normal

Unsaturated zone fracture Range: 0-1 BSC 2004 [DIRS 170040], Appendix D,
porosity for TSw35 Distribution: Beta Table D-1

Mean = 9.6 x 103
Std Dev = 2.82 x 10_3

Unsaturated zone matrix porosity Range: 0- 1 BSC 2004 [DIRS 170040], Appendix D,
forTSw35 Distribution: Beta Table D-1

Mean = 0.131
Std Dev = 0.031

Unsaturated zone fracture Uniform sampling from 433 DTN: LB0307FMRADTRN.001 [DIRS
saturation locations for each infiltration case 165451], Folder U0230 exceljfiles.zip,

Spreadsheet 'Flow and Saturation Data
from UZ Flow Model.xls, Column D

Unsaturated zone fracture Uniform sampling from 433 DTN: LB0307FMRADTRN.001 [DIRS
residual saturation locations 165451], Folder U0230_exceljfiles.zip,

Spreadsheet 'Fracture Residual
Saturation.xis', Column E

Unsaturated zone fracture Uniform sampling from 433 DTN: LB0307FMRADTRN.001 [DIRS
percolation flux locations for each Infiltration case 165451], Folder U0230_excelfiles.zip,

Spreadsheet 'Flow and Saturation Data
from UZ Flow Model.xIs', Column C

Unsaturated zone fracture 9.68 m2 m-3 DTN: LB0205REVUZPRP.001 [DIRS
interface area 159525]; Spreadsheet

'FRACTURE PROPERTY.xls,' Row
20, Column R

Unsaturated zone active fracture Low = 0.476 DTN: LB03013DSSCP31.001 [DIRS
parameter for TSw35 for all three Mean = 0.569 162379]; (BSC 2004 [DIRS 169861].
infiltration cases High = 0.570 Table A-1, A-2, and A-3)
Unsaturated zone fracture 1.5 x 104 m DTN: LB0205REVUZPRP.001 [DIRS
aperture 159525]; Spreadsheet

'FRACTUREPROPERTY.xis,' Row
20, Column L

Unsaturated zone fracture Function of matrix water content BSC 2004 [DIRS 170040],
diffusion coefficient and effective permeability; same as Equation 6-52

matrix diffusion coefficient
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Table 4.1-8. Parameters for EBS RTAbstraction (Project Sources) (Continued)

Model Input Value Source
Unsaturated zone matrix Uniform sampling from 433 DTN: LB0307FMRADTRN.001 [DIRS
saturation locations for each Infiltration case 165451], Folder U0230 excel files.zip,

Spreadsheet 'Flow and Saturation Data
from UZ Flow Model.xIs, Column G

Unsaturated zone matrix Uniform sampling from 433 DTN: LB0307FMRADTRN.001 [DIRS
percolation flux locations for each Infiltration case 165451], Folder U0230 excel files.zip.

Spreadsheet 'Flow and Saturation Data
from UZ Flow Model.xis', Column F

Unsaturated zone matrix Function of matrix water content BSC 2004 [DIRS 170040],
diffusion coefficient and effective permeability Equation 6-52
Unsaturated zone matrix Function of matrix permeability and BSC 2004 [DIRS 170040],
effective permeability relative permeability Equation 6-57
Unsaturated zone matrix Low = 2.33 x 10.1' m2  DTNs: LB0208UZDSCPLI.002 [DIRS
permeability for TSw35 for all Mean = 4.48 x 10.18 m2  161788]; LB0208UZDSCPMI.002
three infiltration cases High = 8.55 x 10.18 m2  [DIRS 161243]; and

LB0302UZDSCPUI.002 [DIRS 161787];
BSC 2004 [DIRS 1700401, Table 4-6

Unsaturated zone matrix relative Uniform sampling from 433 DTN: LB0307FMRADTRN.001 [DIRS
permeability locations for each Infiltration case 165451], Folder U0230 excel files.zip,

Spreadsheet 'Flow and Saturation Data
from UZ Flow Model.xls, Column H

Unsaturated zone dry matrix 1.9793 g cm4  DTN: SN0404T0503102.011 [DIRS
density for TSw35 (stratigraphic 169129], File 'ReadMe.doc, Table 7-10
unit Tptpll)
Unsaturated zone fracture Uniform sampling from 433 DTN: LB0307FMRADTRN.001 [DIRS
percolation flow-focusing factor locations for each infiltration case 165451], Folder U0230_excel files.zip,

Spreadsheet 'Fracture Flux and Water
Content with Flow Focusing ri.xIs',
Column D

UZ = unsaturated zone

Table 4.1-9. Parameters for EBS RTAbstraction (Various Sources)

Model Input Value Source
Self-diffusion coefficient of water at 250C 2.299 x 10-9 m 2

s'e Mills 1973 [DIRS 133392], Table IlIl
Parameter kin FHHwatervapor 1.1 (dimensionless) Jurinak 1964 [DIRS 154381], p.486
adsorption isotherm for Fe2O3

Parameters in FHH watervapor 2.45 (dimensionless) Jurinak 1964 [DIRS 154381], p.486
adsorption isotherm for Fe2O3

Water molecule cross-sectional area, A, 10.6 A2  McCafferty and Zettlemoyer 1970 [DIRS
1543821, p. 454

Cementation factor (exponent on porosity 1.3 (dimensionless) Bear 1988 [DIRS 101379], p. 116
in Archie's law)
Saturation exponent in Archie's law 2 (dimensionless) Bear 1988 lDIRS 101379], p. 116
Specific surface area of natural hematite 1.8 ir 2 g9 Langmuir 1997 [DIRS 100051], Table 10.2
(Fe2O3) (natural hematite)
Specific surface area of hematite (Fe2O3) 21.4 m2 

29' Briand et al. 2001 [DIRS 1616171, Table 4
Density of Neutronit A 978 steel 7760 kg m3 KOgler 1996 [DIRS 1077601, p. 17
Fuel rod outside diameter (WE 17 x 17) 0.374 in. DOE 1992 [DIRS 102588], Volume 1, p. 2A-

30
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Table 4.1-9. Parameters for EBS RTAbstraction (Various Sources) (Continued)

Model Input Value Source
Fuel rod length (WE 17 x 17) 151.560 in. DOE 1992 [DIRS 102588], Volume 1, p. 2A-30
Fuel rods per assembly (WE 17 x 17) 264 DOE 1992 [DIRS 102588], Volume 1, p. 2A-30
FHH = Frenkel-Halsey-Hill adsorption isotherm equation; WE = Westinghouse Electric; DOE = U.S. Department of
Energy

Fuel rod dimensions-The fuel rod dimensions for assembly Westinghouse Electric
(WE) 17 x 17 are given in Characteristics of Potential Repository Wastes (DOE 1992
[DIRS 102588]). This four-volume report is the definitive compilation of the characteristics of
potential repository wastes. The concerns raised by Deficiency Report VAMO-98-D-132 (DOE
1998 [DIRS 123628] regarding inconsistencies between data reported in Characteristics of
Potential Repository Wastes (DOE 1992 [DIRS 102588] and its data sources do not impact the
data used in this analysis with regard to the WE 17 x 17 fuel rods; thus, these data are considered
reliable and are justified as suitable for intended use in this analysis. The WE 17 x 17 fuel
assembly is used as the representative fuel assembly because; (1) Westinghouse fuel assemblies
comprise a large fraction (about 21 percent) of all fuel assemblies, (2) the 17 x 17 configuration
comprises about 34 percent of discharged fuel assemblies (Faruque 1993 [DIRS 170706]), and
(3) 21-pressurized water reactor (PWR) waste packages that will contain the WE 17 x 17 fuel
assemblies are the most common type of waste package, nominally comprising 4299 of the
11,184 waste packages planned for the repository (BSC 2004 [DIRS 169472], Table 11).

The fuel rod length is reported in Characteristics of Potential Repository Wastes (DOE 1992
[DIRS 102588], Volume 1, p. 2A-30) as ranging from 151.560 in. to 151.635 in. Because no
distribution for length is given in the reference (which would give some guidance on selecting a
single representative value for length) and because the range is small (less than 0.05 percent
variation from minimum to maximum), the minimum length is used as representative of the
range.

NVater molecule cross-sectional area-The cross-sectional area of the water molecule is taken
from the paper "Adsorption of Water Vapour on Alpha-Fe2O3" (McCafferty and Zettlemoyer
1970 [DIRS 154382]). The paper was published in Discussions of the Faraday Society, a
publication started in 1947 and continuing to this day as the Faraday Discussions under the
sponsorship of the Royal Society of Chemistry. The Royal Society of Chemistry is the largest
organization in Europe for advancing the chemical sciences and is supported by a network of
45,000 members worldwide. The McCafferty and Zettlemoyer paper is directly relevant to the
Yucca Mountain repository because hematite (Fe2O3) will be the predominant form of iron oxide
in a degrading waste package, and hematite will comprise the bulk of the corrosion products in
the waste package.

The value of 10.6 A2 per molecule reported by McCafferty and Zettlemoyer (1970
[DIRS 154382], p. 454) is corroborated by Holmes et al. (1974 [DIRS 154379], p. 368), who
also use a value of 10.6 A2 for the cross-sectional area of a water molecule. Jurinak (1964
[DIRS 154381]) assumes a cross-sectional area of 10.8 A2 for a water molecule. Gregg and Sing
(1982 [DIRS 153010], p. 188) state that a "close-packed" monolayer of water corresponds to a
figure of 10.5 A2 for the cross-sectional area of a water molecule.
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Self-diffusion coefficient of water at 250C-The value for the self-diffusion coefficient of water
at 251C is 2.299 x 109 m2 s' and comes from the paper "Self-diffusion in Normal and Heavy
Water in the Range 1-45°" (Mills 1973 [DIRS 133392]) in the Journal of Physical Chemistry.
The Journal of Physical Chemistry has been published since 1896. Articles are reviewed by
experts in the field, so this coefficient can be considered reliable.

Parameter k in Frenkel-Halsey-Hill adsorption isotherm equation (FHH) water vapor
adsorption isotherm for Fe2O3-The value of the parameter k in the FHH water vapor
adsorption isotherm for Fe2O3 is 1.1 and comes from the paper, "Interaction of Water with Iron
and Titanium Oxide Surfaces: Goethite, Hematite, and Anatase" (Jurinak 1964 [DIRS 154381])
in the Journal of Colloid Science. The Journal of Colloid Science, now the Journal of Colloid
and Interface Science, has been published since 1947 and is a refereed journal; therefore, the
data in the articles can be considered reliable.

Parameter s in FHH water vapor adsorption isotherm for Fe2O3-The value of the parameter
s in the FHH water vapor adsorption isotherm for Fe2O3 is 2.45 and comes from the paper
"Interaction of Water with Iron and Titanium Oxide Surfaces: Goethite, Hematite, and Anatase"
(Jurinak 1964 [DIRS 154381]) in the Journal of Colloid Science. The Journal of Colloid
Science, now the Journal of Colloid and Interface Science, has been published since 1947 and is
a refereed journal; therefore, the data in the paper can be considered reliable.

Cementation factor (exponent on porosity in Archie's law)-The value of 1.3 for the porosity
exponent in Archie's law for unconsolidated sand is taken from the book Dynamics of Fluids in
Porous Media (Bear 1988 [DIRS 101379], p. 116). The value 1.3 is corroborated by the
Handbook of Well Log Analysis for Oil and Gas Formation Evaluation (Pirson 1963
[DIRS 11 1477]).

Saturation exponent in Archie's law-The value 2.0 for the saturation exponent in Archie's law
for unconsolidated sand is taken from the book Dynamics of Fluids in Porous Media (Bear 1988
[DIRS 101379], p. 116). The value 2.0 is corroborated by Electrical Methods in Geophysical
Prospecting, Volume 10 of International Series in Electromagnetic Waves (Keller and
Frischknecht 1966 [DIRS 111470]).

Density of Neutronit A 978 steel-The density of Neutronit A 978 steel is 7,760 kg m-3 (at 200C)
from Bohler Bleche GmbH (K~gler 1996 [DIRS 107760]). Bohler Bleche is producer of plate
steel products and is an outgrowth of the steel company Schoeller-Bleckmann AG founded in
1924. The company is a world-wide exporter of steel products and has a state-of-the-art research
and development program to improve the material properties of steels. The company's expertise
with steels makes the density value for Neutronit A 978 steel reliable.

Specific surface area of hematite-The specific surface area (surface area per unit mass) of
hematite depends on several factors, including the source of the sample (whether natural or
artificial), preparation of the sample, and the measurement technique. Because in the EBS RT
Abstraction the specific surface area of hematite represents that of corrosion products, which will
form under a wide range of conditions, this is a sample parameter in TSPA-LA. The values of
specific surface area of hematite in Table 4.1-9 establish lower and upper bounds of the range to
be sampled. The lower bound value, for natural hematite, is provided by Langmuir (1997
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[DIRS 100051]), a widely used textbook on aqueous geochemistry by a reputable, extensively
published author and environmental chemistry researcher. The upper bound value is provided by
a study of catalytic behavior of metal oxides (Briand et al. 2001 [DIRS 161617]) published in the
Journal of Catalysis, a reputable refereed journal. Further discussion and corroboration of the
range of specific surface area of hematite is provided in Section 6.5.1.2.1.3.

Table 4.1-10. Elemental Composition (Weight Percent) of Waste Package Materals

Element 316 Stainless Steel' A 516 Carbon Steelb Neutronit A 978c Aluminum 6061d
Fe Balance Balance Balance 0.7
Mo 3.00 _ 2.2 -
Cr 18.00 _ 18.5 0.35
Ni 14.00 _ 13.0 -

Al - - Remainder
Co - _ 0.20 _

Mn 2.00 1.30 - 0.15
C 0.08 0.26 0.04 -

P 0.045 0.035 - -

S 0.030 0.035 _ -

Si 0.75 0.8
N 0.16 _ _

Cu - - 0.4
Mg- 1.2
Zn- - 0.25
T- - - 0.15

Residuals _ 0.15
NOTES: *-? indicates that the alloy chemical composition specification does not include this element.

Compositions listed are the maximum specified for each element in the data source. 'Balance' and
'Remainder' are specified in the data source for the principal component of the alloy.

5DTN: M00003RIB00076.000 [DIRS 153044].
bDTN: M00107TC240032.000 [DIRS 169970].
cKOgler 1991 [DIRS 155761], p. 15 (vendor-supplied data).
dASM 1979 [DIRS 154085], p. 115.

The data in Table 4.1-11, from DTN: LA0003AM831341.001 ([DIRS 148751], SEP table
S00191_002), were developed in the analysis report Unsaturated Zone and Saturated Zone
Transport Properties (UOJOO) (BSC 2001 [DIRS 160828], Section 6.4.2). This document has
been cancelled because some of the output data, specifically, the transport properties of tuff,
have been revised and updated in more recent YMP reports. However, the ranges and
distributions of sorption distribution coefficients on iron oxide have not been revised, and they
demonstrate the properties of interest for the analysis of sorption parameters for the waste
package corrosion products, as discussed in Section 6.3.4.2.3. Corroborating data are available,
and the values in Table 4.1-11 are compared with these data in Section 6.3.4.2.3 and Table 6.3-6.
Accordingly, these factors justify these product output of the cancelled document as qualified
input data suitable for application to modeling retardation in iron corrosion products in the EBS
RTAbstraction.
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Table 4.1-11 includes ranges and distributions of Kdvalues from DTN: LA0003AM831341.001
([DIRS 148751], SEP table S00191 002) for 10 radionuclides for sorption onto "iron oxide,"
which is the "Rock type" specified in the reference, for unsaturated zone units.

In DTN: LA0003AM831341.001 [DIRS 148751], the Kd value for iodine and technetium is
listed as zero for "all rock types" for unsaturated zone units; ?Kd values for sorption onto "iron
oxide" are not listed. In DTN: LA0003AM831341.001 ([DIRS 148751] SEP table
S00191 001), the Kd value for iodine in saturated zone units is listed as ranging from 0.32 to
0.63 ml gl with a uniform distribution for rock type "alluvium." reporting the same SEP table,
the Kd value for technetium in saturated zone units is listed as ranging from 0.27 to 0.62 ml g"
with a uniform distribution for rock type "alluvium." The data for iodine and technetium in
saturated zone units for rock type "alluvium" are suitable for modeling retardation in corrosion
products because they provide evidence that some small degree of sorption of these elements is
possible onto unspecified mineral assemblages, yet the uncertainty is small because the
maximum Kd values are small.

Input values for sorption distribution coefficient (Kd) ranges on devitrified tuff for unsaturated
zone units are listed in Table 4.1-12. These data are used for calculating retardation in the invert.
The data are appropriate for this use because the crushed tuff to be used in the invert is the same
material that is mined from the drifts when the repository is constructed. The repository will be
located primarily in the TSw35 horizon in which the host rock is devitrified tuff. These sorption
distribution coefficient data are correlated using the correlation matrix in Table 4.1-13.

Diffusion coefficient data for granular materials are listed in Table 4.1-14. These data are used
to develop an effective diffusion coefficient for the invert in Section 6.3.4.1.1. The data are
qualified for use in this report in Appendix H.

Table 4.1-11. Sorption Distribution Coefficient (Kd) Ranges on Iron Oxide in Unsaturated Zone Units; All
Distributions Are Uniform Except as Noted

Element Minimum Kd (ml g1) Maximum Kd (ml g4I)
Actinium 1,000 5,000
Americium 1,000 5,000
Carbon 10 100
Cesium * 0 300

Neptunium 500 1,000
Plutonium 1,000 5,000
Protactinium 500 1,000
Radium a 0 500
Strontium b 0 20
Thorium 1,000 5.000
Uranium 100 1,000
Source: DTN: LA0003AM831341.001 ([DIRS 148751] SEP table

S00191_002).

NOTES: E(x) = expected value of the distribution; COV = coefficient of
variance = o(x)IE(x); c(x) = standard deviation of the distribution.

a Distribution type: Beta; E(x) = 30; COV = 1.0.
b Distribution type: Beta; E(x) = 10; COV = 0.25.
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Table 4.1-12. Sorption Distribution Coefficient (K1 ) Ranges on Devitrified Tuff for Unsaturated Zone Units

Speclesa Distribution Type Coefficients Describing Distributionb
U Cumulative (0, 0) (0.2, 0.5) (4., 1.0)
Np Cumulative (0, 0) (0.5, 0.5) (6., 1.0)
Pu Cumulative (10., 0) (70., 0.5) (200., 1.0)

Range = 1,000 - 10,000 ml g9
Am Truncated Normal Mean = 5,500 ml g9

Std. Dev. = 1500 ml g'1
Range = 1,000 - 10,000 ml g9

Pa Truncated Normal Mean = 5,500 ml g9-
Std. Dev. = 1,500 ml g1

Cs Uniform 1 - 15 ml g1

Sr Uniform 10 - 70 ml g1
Ra Uniform 100- 1,000 ml g"
Th Uniform 1,000- 10,000 ml g9'

DTN: LA0408AM831341.001 [DIRS 171584].
b For cumulative distribution: (Kd value, ml g1; probability) and for uniform distribution: Kd range.

Table 4.1-13. Correlations for Sampling Sorption Distribution Coefficient (Ko) Probability
Distributions for Devitrified TufO

Element Am Cs Np Pa Pu Ra Sr Th IU
Am 100 - - _ - - _

Cs 0 100 - _ _ _ _ _ _

Np 25 0 100 - - _

Pa 75 0 0 100 _ _ _ _

Pu 10 0 10 0 100

Ra 0 100 0 0 0 100 -

Sr 0 25 50 0 0 25 100 _

Th 0 0 50 0 0 0 75 100 _
U 0 0 0 0 0 0 0 0 100

DTN: LA031 1AM831341.001 [DIRS 167015].
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Table 4.1-14. Diffusion Coefficient for Granular Materials for Volumetric Moisture Content Between
1.5 Percent and 66.3 Percent

Volurnetric Moisture Content Diffusion Coefficient
Sample (%) (cm2 s'1)

1 1.50 1.39 x 10 8

2 1.70 6.60 x 10'9

3 1.90 8.60 x 10 9

4 2.17 2.77 x 10'

5 2.20 3.63 x 108

6 2.29 1.09 x 10
7 2.50 2.50 x le

8 3.10 3.30 x 104

9 3.14 3.06 x 104

10 3.20 1.35 x 10o-
11 3.27 2.79 x 10l

12 3.33 6.35 x 10-8
13 3.34 2.60 x 10-8
14 3.57 3.37 x 104

15 3.70 3.70 x 104

16 3.70 6.60 x 108

17 4.00 5.22 x 1048

18 4.20 5.94 x 108
19 4.60 6.21 x 108
20 4.90 7.20 x 108

21 5.10 1.32 x 10 7

22 5.30 2.40 x lQ4

23 5.40 7.60 x 10l

24 5.51 7.68 x 10-

25 5.83 1.23 x 10'
7

26 5.90 9.30 x 10-8

27 6.00 8.92 x 108
28 6.30 1.06 x 10'
29 6.90 6.00 x 108
30 6.93 1.50 x 10'7

31 7.30 1.60 x 10'7

32 7.40 2.50 x 10'7

33 7.60 2.60 x 10-7

34 7.60 1.10 x 10'7

35 7.60 2.69 x 10'7

36 7.70 1.10 x 10 7

37 8.00 1.98 x 10-7

38 8.10 1.70 x 10'
7

39 8.32 4.10 x 10'
7

40 8.35 2.15 x 10'
7

41 8.60 3.20 x 10'7

42 8.80 2.30 x 10'7
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Table 4.1-14. Diffusion Coefficient for Granular Materials for Volumetric Moisture Content Between
1.5 Percent and 66.3 Percent (Continued)

Volumetric Moisture Content Diffusion Coefficient
Sample (%) (cm 2 s-1)

43 9.24 2.55 x 10'7
44 9.24 2.55 x 10'
45 9.56 3.00 x 10'
46 9.64 3.07 x 10'7

47 9.75 3.20 x 10-7
48 10.1 3.51 x 10-7
49 10.1 3.62 x 10'7

50 10.2 3.54 x 10'7

51 10.2 3.30 x 10'
7

52 10.3 3.34 x 107
53 10.3 2.10 x 10'

7

54 10.4 3.40 x 10'7
55 10.9 3.62 x 10-'
56 11.1 3.72 x 10'

7

57 11.1 4.22 x 10'
7

58 11.1 4.27 x 10-7

59 11.2 4.19 x 107

60 11.2 5.48 x 10'7

61 11.4 4.27 x 10-7

62 11.4 4.12 x 10'
7

63 11.6 5.40 x 10'7

64 11.7 2.60 x 107

65 11.8 4.80 x 10-
7

66 12.0 2.40 x 10'7

67 12.0 4.47 x 10'7

68 12.2 4.09 x 10'7
69 12.3 5.05 x 10'7

70 12.3 4.40 x 10-7

71 12.3 3.60 x 10'
7

72 12.3 4.50 x 107

73 12.5 2.90 x 10'7

74 12.7 4.37 x 107

75 12.7 4.90 x 10'7

76 12.7 5.32 x 10'7

77 13.1 4.77 x 10'7

78 13.9 5.39 x 107
79 13.9 7.80 x 107
80 14.1 5.12 x 10-7

81 14.2 5.52 x 10'
7

82 14.4 4.50 x 10'
7

83 .14.4 5.20 x 10-
7

84 14.4 4.50 x 10-
7
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Table 4.1-14. Diffusion Coefficient for Granular Materials for Volumetric Moisture Content Between
1.5 Percent and 66.3 Percent (Continued)

Volumetric Moisture Content Diffusion Coefficient
Sample (N) (cm2 s 1)

85 14.6 6.82 x 107
86 14.7 9.00 x 10-7

87 14.8 6.54 x 10-7
88 16.0 1.47 x 104

89 16.1 6.82 x 107
90 16.5 5.45 x 107
91 16.7 6.60 x 107
92 17.0 1.20 x 104

93 17.1 8.20 x 10-7
94 17.3 1.76 x 104

95 17.5 1.10 x 104

96 18.8 1.60 x 10
97 18.9 8.19 x 107

98 19.4 9.89 x 107

99* 20.4 4.19 x 106
100 20.8 3.58 x 104
101 21.0 2.34 x 104

102 21.5 1.23 x 104

103 21.6 1.29 x 104

104 23.1 2.40 x 104

105 23.1 1.90 x 104

106 24.0 2.90 x 104

107* 25.3 5.82 x 10 4

108 25.4 2.50 x 104

109* 25.7 9.26 x 104

110 28.2 3.50 x 104

111 28.5 1.00 x 104

112 30.9 1.51 x 104

113* 31.7 1.23 x 105

114 32.3 4.60 x 106
115* 33.8 1.34 x 105
116^ 35.8 1.57 x 105
117 38.5 4.33 x 104

118* 39.3 1.36 x 105

119* 39.5 1.13 x 10'5

120 40.0 6.90 x 106

121 42.0 5.80 x 10 4
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Table 4.1-14. Diffusion Coefficient for Granular Materials for Volumetric Moisture Content Between
1.5 Percent and 66.3 Percent (Continued)

Volumetric Moisture Content Diffusion Coefficient
Sample (%) (cm 2 .4)

122 42.5 3.22 x 104

123* 43.4 1.02 x 10 5
124 49.0 6.09 x 104

125 66.3 1.83 x 10-5
NOTE: All values are from Conca and Wright 1992 [DIRS 100436], Figure 2,

except for those indicated by an asterisk, which are from Conca et al.
1993 [DIRS 170709], Figure 2.

4.1.3 Design Information

Some of the information necessary for the model presented in this document consists of
parameters and other descriptions based on the license application (LA) conceptual design of the
repository. Included are dimensions, material amounts and properties, and physical
configuration of the drifts and their contents, listed in Tables 4.1-15 through 4.1-17. For
TSPA-LA analyses, this information was obtained from information exchange drawings (IEDs)
and design drawings cited on IEDs.

In Table 4.1-17, the component materials in a 21-PWR waste package are obtained from Design
and Engineering, 21-PWYR Waste Package Configuration (BSC 2004 [DIRS 167394]), which is
the design version preceding the current version (BSC 2004 [DIRS 170710]). Justification for
using the previous design data and the impact on TSPA-LA calculations is provided in Section
6.3.4.2.3, where the impact is shown to be negligible.

In Table 4.1-17, the masses and numbers of components in a 5 DHLW/DOE - Short waste
package are obtained from Revision 00B of D&E/PA/C IED Typical Waste Package
Components Assembly (BSC 2004 [DIRS 167207]), which is the version of the information
exchange drawing (IED) preceding Revision OOC (BSC 2004 [DIRS 169472]), used for the
21-PWVR waste packages. Minor changes in component masses were made in the
5 DHLW/DOE - Short waste package from Revision 00B to Revision OOC, whereas no changes
were made for the other waste package types. The impacts of the changes in component masses
in the 5 DHLW/DOE - Short waste package are analyzed in Section 6.3.4.2.3 and are shown to
be negligible.

Table 4.1-15. Design Information for EBS Components

Model Input Value Source

Diameter of the drift 5.5 m BSC 2004 IDIRS 1695031

Length 6f drip shield 5805 mm BSC 2004 [DIRS 1692201, Table I
Maximum depth of invert 2 ft 10 in BSC 2004 IDIRS 169503]

21-PWR (Absorber Plate) Waste Package Characteristics

Outer barrier outside diameter 1637 mm BSC 2004 [DIRS 166953], Section B-B
Maximum outside diameter around trunnion collars 1718.3 mm BSC 2004 [DIRS 1669531
Outer barrier inside diameter 1597 mm BSC 2004 [DIRS 166953], Section B-B
Inner vessel inside diameter 1485.9 mm BSC 2004 [DIRS 1669531, Section B-B
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Table 4.1-15. Design Information for EBS Components (Continued)

Model Input Value Source
Total outside length 5024.4mm BSC 2004 [DIRS 166953], Section A-A
Inner vessel cavity length 4584.7 mm BSC 2004 [DIRS 166953], Section A-A
Outer barrier thickness 20 mm BSC 2004 [DIRS 1694721, Table 1
Middle lid thickness 12.7 mm BSC 2004 [DIRS 1673941, Detail A
Middle lid to outer lid gap 30.16 mm BSC 2004 [DIRS 169472], Detail A
Outer lid thickness 25.4 mm BSC 2004 [DIRS 1694721, Details A and B
Inner vessel bottom lid thickness 50.8 mm BSC 2004 [DIRS 1694721, Detail B
Inner vessel top lid thickness 50.8 mm BSC 2004 [DIRS 169472], Detail A
Top lid lifting device thickness 25.4 mm BSC 2004 [DIRS 1694721, Detail C
Bottom skirt length 101.6 mm BSC 2004 [DIRS 1694721, Detail B

5 DHLWIDOE SNF - Short Waste Package Characteristics
Nominal diameter 2126.0 mm BSC 2004 [DIRS 1694721, Table 1
Nominal length 3452.8 mm BSC 2004 [DIRS 1694721, Table 1
Outer barrier thickness 25.4 mm BSC 2004 [DIRS 1694721, Table 1
Outer barrier outside diameter 2044.7 mm BSC 2004 [DIRS 1669461, Section B-B
Outer barrier inside diameter 1993.9 mm BSC 2004 [DIRS 166946], Section B-B
Total length 3452.8 mm BSC 2004 [DIRS 1669461, Section A-A
DHLW=defense high-level (radioactive) waste, SNF=spent nuclear fuel

Table 4.1-16. Component Dimensions in a 21-PWR (Absorber Plate) Waste Package

Component Dimensions
Basket Side Guide 3/8 in. thickness
Basket Side Guide Stiffener 3/8 in. thickness
Basket End Side Guide 3/8 in. thickness
Basket End Guide Stiffener 3/8 in. thickness
Basket Comer Guide 318 in. thickness
Basket Comer Guide Stiffener 3/8 in. thickness
Fuel Basket A-Plate 7 mm thickness
Fuel Basket B-Plate 7 mm thickness
Fuel Basket C-Plate 7 mm thickness
Fuel Basket D-Plate % in. thickness
Fuel Basket E-Plate % in. thickness
Basket Tube 180 In. length;

9.12 in. interior dimension;
3/16 in. thickness

Sources: Thickness: BSC 2004 [DIRS 169472], Table 2.
Basket Tube Length: BSC 2004 [DIRS 1669531, Section A-A.
Basket Tube Interior Dimension: BSC 2004 [DIRS 166953].
Section B-B.
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Table 4.1-17. Masses and Numbers of Components in Waste Packages

21-PWR (Absorber Plate)
(BSC 2004 [DIRS 167394 , material table; BSC 2004 [DIRS 169472], Table 2)

Material Component Mass (kg) Number
Carbon Steel Type A Basket - Side Guide 24.9 16
516 Basket- Side Guide Stiffener 0.615 32

Basket- End Side Guide 32.7 32
Basket End Side Guide Stiffener 1.38 64
Basket Comer Guide 40.1 16
Basket Corner Guide Stiffener 2.07 32
Fuel Basket Tube 159 21

Neutronit A 978 Fuel Basket A - Plate 86.8 8
Fuel Basket B - Plate 86.8 8
Fuel Basket C - Plate 45.8 16

Al 6061 Fuel Basket D - Plate 27.4 8
Fuel Basket E - Plate 27.4 8

Stainless Steel Type 316 Inner Vessel w/o Guides 9.920 1
Inner Lid w/ LLF 739 1
Interface Ring 35.6 1
Spread Ring 25.3 1
Total 316 Welds 81.0

Alloy 22 OCB with trunnion sleeves 5,730 1
Middle Lid w/ LLF 226 1
Outer Lid w/ LLF 445 1
Total Alloy 22 Welds 51.8 _

6 DHLWIDOE - Short
(BSC 2004 PDIRS 166947], material table; BSC 2004 EDIRS 167207], Table 6)

Material Component Mass (kg) Number
Carbon Steel Type Divider Plate Assembly 3,720 1
A516
Stainless Steel Type 316 InnerVessel 8,860 1

Inner Lid w/ LLF 1,170 1
Interface Ring 44.6 1
Spread Ring 31.9 1
Total 316 Welds 102

Alloy 22 OCB with trunnion sleeves 6,540 1
Middle Lid wI LLF 350 1
Outer Lid w/ LLF 693 1
Total Alloy 22 Welds 64.2

NOTE: - Indicates number of welds is not specified in source IED.

BWR = boiling water reactor, DHLW = defense high-level (radioactive) waste, IED = information exchange
drawing, LLF = lid lifting feature, PWR = pressurized water reactor, DOE = U.S. Department of Energy
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4.2 CRITERIA

This report was prepared to comply with 10 CFR Part 63 [DIRS 158535]. Relevant requirements
for performance assessment from Section 114 of that document are: "Any performance
assessment used to demonstrate compliance with Sec. 113(b) shall: (a) Include data related to
the geology, hydrology, and geochemistry ... used to define parameters and conceptual models
used in the assessment. (b) Account for uncertainties and variabilities in parameter values and
provide the technical basis for parameter ranges, probability distributions, or bounding values
used in the performance assessment. ... (g) Provide the technical basis for models used in the
performance assessment such as comparisons made with outputs of detailed process-level
models .... "

Programmatic requirements for this document are listed in Technical Mork Plan for: Near-Field
Environment and Transport: Engineered Barrier System: Radionuclide Transport Abstraction
Model Report Integration (BSC 2004 [DIRS 170775]). This technical work plan (TWP)
specifies that this document and all analyses described herein must adhere to the requirements of
AP-SIII.IOQ, Models, and to the requirements mentioned in the Project Requirements Document
(Canori and Leitner 2003 [DIRS 166275]). This TWP also specifies that Yucca Mountain
Review Plan, Final Report (NRC 2003 [DIRS 163274]) acceptance criteria must be addressed.

4.2.1 Yucca Mountain Review Plan Criteria

The acceptance criteria that concern flow and transport related to the EBS are presented in
Section 2.2.1.3 of the Yucca Mountain Review Plan, Final Report (NRC 2003 [DIRS 163274]).
Of the 14 model abstraction sections in the review plan, Sections 2.2.1.3.3 and 2.2.1.3.4 are
applicable to this abstraction. The pertinent acceptance criteria from those two sections are listed
in Sections 4.2.1.1 and 4.2.1.2, respectively.

4.2.1.1 Applicable Acceptance Criteria from Section 2.2.1.3.3, "Quantity and Chemistry
of Water Contacting Engineered Barriers and Waste Forms"

The following acceptance criteria, listed in Section 2.2.1.3.3.3 of Yucca Mountain Review Plan,
Final Report (NRC 2003 [DIRS 163274]), apply to this abstraction. These acceptance criteria
are based on meeting the requirements of 10 CFR 63.114(a)-(c) and (e)-(g) [DIRS 158535],
relating to the quantity and chemistry of water contacting engineered barriers and waste forms
model abstraction.

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

ANL-WIS-PA-OO0001 REV 01 4-20 November 2004



EBS Radionuclide Transport Abstraction

engineered barriers and waste forms are consistent with the abstractions of
"Degradation of Engineered Barriers" (NRC 2003 [DIRS 163274], Section 2.2.1.3.1);
"Mechanical Disruption of Engineered Barriers" (NRC 2003 [DIRS 163274],
Section 2.2.1.3.2); "Radionuclide Release Rates and Solubility Limits"
(Section 2.2.1.3.4); "Climate and Infiltration" (NRC 2003 [DIRS 163274],
Section 2.2.1.3.5); and "Flow Paths in the Unsaturated Zone" (NRC 2003
[DIRS 163274], 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.

(6) The expected ranges of environmental conditions within the waste package
emplacement drifts, inside of 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
water (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.

(7) 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.
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(8) 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.

(9) 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.

Acceptance Criterion 2-Data Are Sufficient for Model Justification.

(1) 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.

(2) 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-hydrologic-mechanical-chemical coupled processes, that affect
seepage and flow and the engineered barrier chemical environment.

(4) Sufficient information to formulate the conceptual approach(es) for analyzing water
contact with the drip shield, engineered barriers, and waste forms is provided.

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
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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. The U.S. Department of
Energy may constrain these uncertainties using sensitivity analyses or conservative
limits. For example, the U.S. Department of Energy demonstrates how parameters
used to describe flow through the engineered barrier system bound the effects of
backfill and excavation-induced changes.

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.

(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.
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Acceptance Criterion S-Model Abstraction Output Is Supported by Objective
Comparisons.

(1) The models implemented in this total system performance assessment abstraction
provide results consistent with output from detailed process-level models and/or
empirical observations (laboratory and field testings and/or natural analogs).

(2) Abstracted models for coupled thermal-hydrologic-mechanical-chemical effects on
seepage and flow and the engineered barrier chemical environment, as well as on the
chemical environment for radionuclide release, are based on the same assumptions and
approximations demonstrated to be appropriate for process-level models or closely
analogous natural or experimental systems. For example, abstractions of processes,
such as thermally induced changes in hydrological properties, or estimated diversion
of percolation away from the drifts, are adequately justified by comparison to results
of process-level modeling, that are consistent with direct observations and field
studies.

(3) Accepted and well-documented procedures are used to construct and test the numerical
models that simulate coupled thermal-hydrologic-mechanical-chemical effects on
seepage and flow, engineered barrier chemical environment, and the chemical
environment for radionuclide release. Analytical and numerical models are
appropriately supported. Abstracted model results are compared with different
mathematical models, to judge robustness of results.

4.2.1.2 Applicable Acceptance Criteria from Section 2.2.1.3.4, "Radionuclide Release
Rates and Solubility Limits"

The following acceptance criteria, listed in Section 2.2.1.3.4.3 of Yucca Mountain Review Plan,
Final Report (NRC 2003 [DIRS 163274]), apply to this abstraction. These acceptance criteria
are based on meeting the relevant requirements of 10CFR63.114(a)-(c) and (e)-(g)
[DIRS 158535], as they relate to the radionuclide release rates and solubility limits model
abstraction.

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 radionuclide release rates and solubility limits abstraction
process.

(2) The abstraction of radionuclide release rates 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 this model abstraction are
consistent with the abstractions of "Degradation of Engineered Barriers" (NRC 2003
[DIRS 163274], Section 2.2.1.3.1); "Mechanical Disruption of Engineered Barriers"
(NRC 2003 [DIRS 163274], Section 2.2.1.3.2); "Quantity and Chemistry of Water
Contacting Engineered Barriers and Waste Forms" (NRC 2003 [DIRS 163274],
Section 2.2.1.3.3); "Climate and Infiltration" (NRC 2003 [DIRS 163274],
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Section 2.2.1.3.5); and "Flow Paths in the Unsaturated Zone" (NRC 2003
[DIRS 163274], Section 2.2.1.3.6). The descriptions and technical bases provide
transparent and traceable support for the abstraction of radionuclide release rates.

(3) The abstraction of radionuclide release rates provides sufficient, consistent design
information on waste packages and engineered barrier systems. For example,
inventory calculations and selected radionuclides are based on the detailed information
provided on the distribution (both spatially and by compositional phase) of the
radionuclide inventory, within the various types of high-level radioactive waste.

(4) The U.S. Department of Energy reasonably accounts for the range of environmental
conditions expected inside breached waste packages and in the engineered barrier
environment surrounding the waste package. For example, the U.S. Department of
Energy should provide a description and sufficient technical bases for its abstraction of
changes in hydrologic properties in the near field, caused by coupled
thermal-hydrologic-mechanical-chemical processes.

(5) The description of process-level conceptual and mathematical models is sufficiently
complete, with respect to thermal-hydrologic processes affecting radionuclide release
from the emplacement drifts. For example, if the U.S. Department of Energy
uncouples coupled processes, the demonstration that uncoupled model results bound
predictions of fully coupled results is adequate.

(6) Technical bases for inclusion of any thermal-hydrologic-mechanical-chemical
couplings and features, events, and processes in the radionuclide release rates and
solubility Review Plan for Safety Analysis Report limits model abstraction are
adequate. For example, technical bases may include activities, such as independent
modeling, laboratory or field data, or sensitivity studies.

Acceptance Criterion 2-Data Are Sufficient for Model Justification.

(1) 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.

(2) Sufficient data have been collected on the characteristics of the natural system and
engineered materials to establish initial and boundary conditions for conceptual
models and simulations of thermal-hydrologic-chemical coupled processes. For
example, sufficient data should be provided on design features, such as the type,
quantity, and reactivity of materials, that may affect radionuclide release for this
abstraction.

(4) The corrosion and radionuclide release testing program for high-level radioactive
waste forms intended for disposal provides consistent, sufficient, and suitable data for
the in-package and in-drift chemistry used in the abstraction of radionuclide release
rates and solubility limits. For expected environmental conditions, the
U.S. Department of Energy provides sufficient justification for the use of test results,
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not specifically collected from the Yucca Mountain site, for engineered barrier
components, such as high-level radioactive waste forms, drip shield, and backfill.

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 abstractions of radionuclide release rates and solubility limits
in the total system performance assessment are technically defensible and reasonable
based on data from the Yucca Mountain region, laboratory tests, and natural analogs.
For example, parameter values, assumed ranges, probability distributions, and
bounding assumptions adequately reflect the range of environmental conditions
expected inside breached waste packages.

(3) DOE uses reasonable or conservative ranges of parameters or functional relations to
determine effects of coupled thermal-hydrologic-chemical processes on radionuclide
release. These values are consistent with the initial and boundary conditions and the
assumptions for the conceptual models and design concepts for natural and engineered
barriers at the Yucca Mountain site. If any correlations between the input values exist,
they are adequately established in the total system performance assessment. For
example, estimations are based on a thermal loading and ventilation strategy;
engineered barrier system design (including drift liner, backfill, and drip-shield); and
natural system masses and fluxes that are consistent with those used in other
abstractions.

(4) Uncertainty is adequately represented in parameter development for conceptual
models, process models, and alternative conceptual models considered in developing
the abstraction of radionuclide release rates and solubility limits, either through
sensitivity analyses or use of bounding analyses.

(5) Parameters used to describe flow through and out of the engineered barrier,
sufficiently bound the effects of backfill, excavation-induced changes, and thermally
induced mechanical changes that affect flow.

(8) DOE adequately considers the uncertainties, in the characteristics of the natural system
and engineered materials, such as the type, quantity, and reactivity of material, in
establishing initial and boundary conditions for conceptual models and simulations of
thermal-hydrologic-chemical coupled processes that affect radionuclide release.
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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) In considering alternative conceptual models for radionuclide release rates and
solubility limits, DOE uses appropriate models, tests, and analyses that are sensitive to
the processes modeled for both natural and engineering systems. Conceptual model
uncertainties are adequately defined and documented, and effects on conclusions
regarding performance are properly assessed. For example, in modeling flow and
radionuclide release from the drifts, DOE represents significant discrete features, such
as fault zones, separately, or demonstrates that their inclusion in the equivalent
continuum model produces a conservative effect on calculated performance.

(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) The effects of thermal-hydrologic-chemical coupled processes that may occur in the
natural setting, or from interactions with engineered materials, or their alteration
products, on radionuclide release, are appropriately considered.

Acceptance Criterion 5-Model Abstraction Output Is Supported by Objective
Comparisons.

(I) The models implemented in this total system performance assessment abstraction
provide results consistent with output from detailed process-level models and/or
empirical observations (laboratory and field testings and/or natural analogs);

(3) DOE adopts well-documented procedures that have been accepted by the scientific
community to construct and test the numerical models, used to simulate coupled
thermal-hydrologic-chemical effects on radionuclide release. For example, DOE
demonstrates that the numerical models used for high-level radioactive waste
degradation and dissolution, and radionuclide release from the engineered barrier
system, are adequate representations; include consideration of uncertainties; and are
not likely to underestimate radiological exposures to the reasonably maximally
exposed individual and releases of radionuclides into the accessible environment; and
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4.3 CODES, STANDARDS, AND REGULATIONS

The relevant codes, standards, and regulations for the development of the EBS RTAbstraction
are listed in Section 9.2.
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5. ASSUMPTIONS

5.1 ALL SEEPAGE FALLS ONTO DRIP SHIELD/WASTE PACKAGE

Assumption: It is assumed that the locations of seeps in the emplacement drifts are random with
respect to waste package locations, but that once a seep occurs, its location does not change over
time. It is also assumed that fragments of the drip shield that may rest on the waste package, or
fallen rock that may rest on the drip shield or waste package, do not divert any seepage flux. In
addition, it is assumed that all seepage into the drift falls on the crown of the drip shield, and in
the absence of a drip shield, all seepage falls on the crown of the waste package. In the event of a
breach in the drip shield, all the seepage that penetrates the drip shield contacts the waste
package.

Basis: Once seepage occurs during cooldown, the fracture characteristics that control the
location of seepage are not expected to change. If such changes occur, they are likely to be
limited in extent, or to occur in a random manner for many waste packages such that there is no
overall, significant effect on the interaction of seepage water with waste forms. The mean
seepage for the degraded drift is greater than for the non-degraded case, but the factors
controlling seep locations are still likely to occur in a random manner for many waste packages.

Confirmation Status: This assumption does not require confirmation because it maximizes the
duration of seepage contact with drip shields and waste packages as represented in TSPA-LA. It
also maximizes the flux of dripping water available to flow through breaches in the drip shield or
waste package, once such flow is initiated as represented in the TSPA-LA.

Use in thle Model: This assumption is used throughout Sections 6 and 7.

5.2 EVAPORATION FROM A DRIP SHIELD DOES NOT OCCUR

Assumption: It is assumed that there is no evaporation of seepage water from the surface of the
drip shield.

Basis: The heat output from the waste package will cause the drip shield generally to be hotter
than the drift wall from which seepage water is dripping. Some seepage water that drips onto the
drip shield may be evaporated, thereby reducing the flux of water through the drip shield. A
reduction in the quantity of water flux through the drip shield reduces the potential for advective
transfer and subsequent release and transport of radionuclides from the waste packages. Ignoring
the process of evaporation in this analysis therefore bounds (maximizes) the impacts of the
seepage flux on waste packages.

Although some splashing or splattering can occur as water droplets impinge on the drip shield,
the splash distance would be limited, and the water would effectively be redistributed over the
top of the drip shield. If water droplets were to fall near the edge of the top plate, some splashes
could fall onto the invert or lower walls of the drift and drain directly into the invert. This
situation would minimize the degrading effects of water dripping on the drip shield and therefore
is eliminated from consideration in order to bound the impacts of the seepage flux on waste
packages.
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Confirmation Status: This assumption does not require confirmation because it provides for a
reasonable upper bound on the flux available to interact with the drip shield and waste package,
and bounds (maximizes) the potential degrading effects of seepage water on the drift
environment.

Use in the Model: This assumption is used in Sections 6.3.2.4, 6.5.1.1, and 7.2.1.

5.3 EVAPORATION FROM A WASTE PACKAGE DOES NOT OCCUR

Assumption: It is assumed that evaporation of water from the surface or interior of a waste
package does not occur.

Basis: Although heat released by spent nuclear fuel (SNF) will evaporate seepage water that
drips onto the surface of or flows into breaches in a waste package, this process is not included in
the analysis. Advective transport within the EBS is not possible if evaporation eliminates liquid
fluxes. Therefore, evaporative processes are eliminated from this analysis to maximize the
potential for advective transport of radionuclides. In addition to maximizing the advective flux
of radionuclides from a waste package, this assumption also allows the water saturation inside a
failed waste package to be set at 100 percent (fully saturated) in a codisposal waste package or in
the degraded waste rind inside a failed fuel rod in a CSNF waste package, thereby maximizing
the amount of water available for dissolving radionuclides. This assumption comes into play
only after the thermal peak period of roughly 1,000 years (BSC 2004 [DIRS 169565],
Figure 6.3-67), since dripping onto a waste package will not occur until the drift has cooled
sufficiently for liquid water to be present. Because the relative humidity in the drift is low
during the thermal peak period, condensation on cooler waste packages is unlikely, precluding
evaporation from those surfaces.

Confirmation Status: This assumption does not require confirmation because it is used to ensure
the maximum potential for advective transport of radionuclides.

Use in the Model: This assumption is used in Sections 6.3.3, 6.5.1.1.3, and 7.2.2.

5.4 PRODUCTION OR CONSUMPTION OF WATER BY CHEMICAL REACTIONS
DOES NOT OCCUR

Assumption: It is assumed that chemical reactions in the EBS neither produce nor consume
water and therefore do not effect on the water mass balance in the EBS.

Basis: Chemical processes in the EBS could produce or consume water. This is generally a
small effect. Although unlikely, water could possibly be produced by the decomposition of
hydrated salts or minerals. However, this phenomenon would only occur at elevated
temperatures where liquid water would not be present; this would result in the release of water
vapor rather than liquid water, and therefore would not directly affect liquid water fluxes. Water
absorption by hygroscopic salts deposited on the drip shield and waste package surfaces as dust
or as precipitates from earlier drift seepage may lead to the formation of aqueous solutions when
the relative humidity reaches the deliquescence point of the salts (BSC 2004 [DIRS 169863],
Sections 6.3 and 6.6). While this phenomenon may have important implications for corrosion
processes, the quantity of liquid potentially produced by deliquescence is minimal and thus
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assumed to be negligible, limited by the amount of salts that can be deposited on the waste
package and drip shield surfaces. It is therefore reasonable to neglect the formation of aqueous
solutions due to water absorption by hygroscopic salts as a source of water for advective
transport.

However, consumption of water, particularly by corrosion reactions, is likely to occur. Anoxic
corrosion of iron inside a waste package is a prime example of a water-consuming process that
can consume enough water to impact flow through a waste package. Formation of hydrated
corrosion products may also consume negligibly small amounts of water. Water absorption by
hygroscopic salts deposited on the drip shield and waste package surfaces as dust or as
precipitates would consume water as long as the relative humidity remains below the
deliquescence point of the salts, although the quantity of water consumed is likely to be
negligible. Neglecting consumption of water in the EBS radionuclide transport analysis is a
bounding assumption, providing more water for dissolution and transport of radionuclides, and
potentially greater releases, than would otherwise occur.

Confirmation Status: This assumption does not require confirmation because it bounds
(maximizes) the amount of water potentially available for advective transport and release of
radionuclides.

Use in the Model: This assumption is used throughout Sections 6 and 7.

5.5 THIN WATER FILMS ALWAYS EXIST BELOW 1000C

Assumption: A thin film of adsorbed water is assumed always to exist on the surfaces of internal
waste package components and corrosion products in a breached waste package. This water film
is assumed to be continuous and to behave as bulk liquid insofar as allowing radionuclides to
dissolve in and diffuse through it. At and above 1000C, the thin film is assumed to evaporate,
and no transport of radionuclides takes place.

Basis: All surfaces exposed to water vapor will adsorb water. The amount of adsorbed water
vapor depends principally on the nature of the sorbing material and the ambient relative
humidity.

The first layers of adsorbed water often do not contain ions from the sorbing solid (Lee 1994
[DIRS 154380], p. 73). This indicates that multiple water layers are needed in order for solid
species (such as radionuclides) to dissolve and diffuse. Thus, to assume that radionuclides will
dissolve in and diffuse through the adsorbed water film regardless of its thickness will
overestimate releases of radionuclides. It is also necessary to assume that the water film is
continuous, i.e., there are no gaps in the film from one particle or surface to the next, so that
radionuclides can diffuse throughout the waste package interior and through corrosion products.

Above the boiling point of water, the thin films are assumed to evaporate. Due to the lack of a
continuous water film, transport cannot take place. The boiling point is nominally 1000C, but
may vary due to the elevation of the repository or to dissolved salts in the water film.
Temperatures above the boiling point will exist at least through the thermal peak period of
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roughly 1,000 years (BSC 2004 [DIRS 169565], Figure 6.3-67), and may continue to exist on
certain waste packages well beyond that time.

Confirmation Status: This assumption does not require confirmation because it allows for
radionuclide transport due to the presence of a continuous thin film of water on the surfaces of
internal waste package components and corrosion products.

Use in the Model: This assumption is used in Sections 6.3.4.

5.6 ALL CORROSION PRODUCTS ARE HEMATITE (FC203)

Assumption: It is assumed that the products of the corrosion of all internal waste package
components except for fuel rods and spent nuclear fuel (SNF) are Fe2O3 (hematite).

Basis: This is a necessary assumption for the purpose of calculating corrosion product surface
area and the resulting potential adsorption of water. Establishing the mineralogical type of iron
oxide corrosion product enables the amount of water adsorbed onto surfaces to be estimated.
This assumption also allows for reasonable estimates of the void volume of the waste package
under conditions when the waste package internal components are fully corroded.

The bulk of the mass of materials in a CSNF waste package, excluding the SNF and the outer
corrosion barrier, consists of various types of steel. The iron content of these steels (Table 6.3-4)
ranges from 61.935 weight percent (Type 316, used in the inner vessel;
DTN: M00003RIB00076.000 [DIRS 153044]) to 98.37 weight percent (A 516 carbon steel,
used in the basket components; DTN: M00107TC240032.000 [DIRS 169970]). It is thus
reasonable to treat all corrosion products as iron oxide.

Geochemical analyses of the basket degradation process (YMP 1998 [DIRS 104441], p. C-23)
have demonstrated that the iron oxide produced from corrosion of carbon steel and borated
stainless steels will remain in the waste package as insoluble hematite. In addition to hematite,
goethite (FeOOH) is expected to form. The water vapor adsorption isotherm (expressed as water
layer thickness) for goethite is similar to that of hematite (Jurinak 1964 [DIRS 154381], p.486),
although at a given relative humidity, more water is adsorbed onto hematite than onto goethite.
The specific surface area of goethite is generally greater than hematite (Langmuir 1997
[DIRS 100051], Table 10.2), meaning that the water content is greater and the potential for
radionuclide sorption is greater for goethite than for hematite. However, measurements of rust
on ancient iron artifacts indicate that the specific surface area of goethite and other iron oxides
ranges from 6 to 15 m2 g' (Dillmann et al. 2004 [DIRS 171480], p. 1421 and Table 7),
comparable to that of hematite. Thus, insofar as affecting the mobility of radionuclides in
corrosion products, the higher specific surface area of goethite is offset by the greater water
adsorption on hematite and the indications that the minerals comprising corrosion products have
a much lower specific surface area than pure goethite. Hematite sorption behavior has been
studied more thoroughly than goethite sorption behavior, which provides greater confidence that
its behavior is represented accurately; therefore, corrosion products are assumed to be hematite.

Confirmation Status: This assumption does not require confirmation because it is a reasonable
approach in the absence of detailed compositional data, corrosion process information, and
adsorption isotherms for the numerous other potential steel corrosion products.
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Use in the Model: This assumption is used in Sections 6.3.4.

5.7 NO CORROSION PRODUCTS EXIST IN THE INVERT

Assumption: It is assumed that no corrosion products exist in the invert.

Basis: Neglecting the corrosion products in the invert is an assumption that maximizes the
potential transport of radionuclides through the invert. The invert consists of a carbon steel
structural frame supported on the lower drift walls, and of crushed tuff ballast placed below and
between the steel frame members. The invert steel structure consists of transverse beams
anchored at each end on the drift wall, and of three longitudinal beams which directly support the
waste package pallet. When the invert steel beams corrode, most of the iron oxide corrosion
products will end up in the crushed tuff component of the invert. In addition, communication
cables will eventually corrode, leaving copper oxide corrosion products in the invert. The
crushed tuff has little radionuclide sorptive capacity compared to the metal oxide corrosion
products, which are capable of sorbing large amounts of radionuclides, potentially enhancing the
barrier capability of the invert. However, the corrosion products in the invert will tend to be
localized and widely separated. For example, the transverse support beams in the invert are
spaced 1.524 m (5 ft 0 in.) apart (BSC 2004 [DIRS 169503]). Thus, the corrosion products of
the support beams will reside in a strip a few centimeters wide separated by 1.524 m of crushed
tuff containing little or no corrosion products. Compared with the length of a waste package
[3.45 m (5 DHLW/DOE SNF - Short) to 5.84 m (Naval long) (BSC 2004 [DIRS 169472],
Table 1)], the width of regions within the invert that would potentially contain corrosion
products is small. Therefore, the chance of radionuclides being released from the waste package
and passing through corrosion products in the invert is proportionately small. Although the
invert will contain steel corrosion products, it is bounding in terms of radionuclide releases to
neglect their presence.

Confirmation Status: This assumption does not require confirmation because it is a bounding
assumption that reduces the potential effectiveness of the invert as a transport barrier; i.e., the
potential for radionuclide sorption by steel corrosion products is ignored.

Use in the Model: This assumption is used in Sections 6.3.4.2.
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6. MODEL DISCUSSION

6.1 MODELING OBJECTIVE

The objective of the EBS RTAbstraction is to provide the conceptual model used to determine
the time-dependent flux of radionuclides from the EBS to the unsaturated zone in the TSPA-LA.
In particular, this model is used to quantify such releases from a failed waste package and the
subsequent transport of those radionuclides through the EBS to the emplacement drift
wall/unsaturated zone interface. The basic time-dependent inputs to the EBS RTAbstraction in
TSPA-LA calculations consist of the drift seepage influx, the environmental conditions in the
drift (temperature, relative humidity, and water chemistry), and the degradation state of the EBS
components. Outputs consist of the rates of radionuclide fluxes to the unsaturated zone as a
result of advective and diffusive transport, radionuclide solubility, retardation, the degree of
liquid saturation of the waste form and invert materials, and the impact of colloids on potential
radionuclide transport. The EBS RT Abstraction is implemented directly into the TSPA-LA
GoldSim model to compute the release rates; details of the implementation are provided in
Section 6.5.3.

6.1.1 Engineered Barrier System Components

The EBS consists of the drip shield, the waste package on an emplacement pallet, and an invert
constructed with steel supports and filled between the steel framework with crushed tuff. Each
of the components of the EBS is designed to act as a barrier to prevent or delay the mobilization
and release of radionuclides into the geologic environment (see Section 6.7 for a summary of
barrier capabilities). For example, the drip shield is designed to redirect any seepage that flows
into the drift away from the waste package. The invert supports the waste package and
emplacement pallet. It acts as a barrier to diffusive transport of radionuclides in liquids if the
liquid saturation in the crushed tuff is low. Figure 6.1-1 presents a typical cross-section of an
emplacement drift and the major components of the EBS.

The drip shield is fabricated from titanium, a corrosion-resistant material to provide long-term
effectiveness. The waste package outer corrosion barrier is comprised of Alloy 22. The major
corrosive processes are stress corrosion cracking in the closure lid welds of the waste package,
localized corrosion in the waste package outer corrosion barrier, and general corrosion for both
the drip shield and waste package.

Once the drip shield fails (i.e., is initially breached), a portion of the total dripping flux can drip
onto the waste package. It is possible for breaches to occur at the gap between adjacent waste
packages, because the overlap between adjacent drip shields is located over the gap, and this
overlap is a potential leakage pathway. If breaches in the drip shield occur at the gap between
two drip shield segments, the dripping flux would fall directly to the invert, avoiding the waste
package. The possibility that breaches in the drip shield can occur over a gap, allowing liquid to
bypass the waste package, is not considered in the EBS RTAbstraction.
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Figure 6.1-1. Schematic Diagram of a Typical Emplacement Drift and the Major Components of the EBS

After the waste package fails (breached by corrosion, seismic damage, or early failure
mechanisms), a portion of the water that flows through the drip shield can enter the waste
package, mobilizing radionuclides in any degraded waste form, and transporting these
radionuclides into the unsaturated zone. Diffusion is the primary transport mechanism when the
flux into the waste package is small or zero, or if stress corrosion cracks are the only penetrations
through the waste package. Advective transport is important when the dripping flux occurs. In
this case, advective fluxes can pass through the breaches in the drip shield and waste package.

6.1.2 Scenario Classes for TSPA-LA

A scenario is a well-defined, connected sequence of features, events, and processes (FEPs) that
can be thought of as an outline of a possible future condition in the repository system. Scenarios
can be designated as undisturbed, in which case the performance would be the expected or
nominal performance of the system. Or, scenarios can be designated as disturbed, if altered by
disruptive events, such as human intrusion, or by natural phenomena, such as volcanism or
nuclear criticality. A scenario class is a set of related scenarios that share sufficient similarities
to aggregate them usefully for the purposes of screening or analysis. The scenario classes
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included in TSPA-LA are the nominal scenario class, igneous scenario class, and seismic
scenario class.

Nominal Scenario Class-The nominal scenario class for TSPA-LA encompasses all of the FEPs
that are screened in, except for those FEPs related to igneous or seismic activity. This scenario
class therefore incorporates the important effects and system perturbations caused by climate
change and repository heating that are projected to occur over the 10,000-year
regulatory-compliance period. In addition, the nominal scenario class considers that the waste
packages and drip shields will be subject to EBS environments and will degrade with time until
they are breached and expose the waste forms to percolating groundwater. Then the waste forms
will degrade, releasing and mobilizing radionuclides that subsequently will be transported out of
the repository. Radionuclides released from the repository then will be transported to the
saturated zone by the groundwater percolating through the unsaturated zone below the
repository, and then transported to the accessible environment by water flowing in the saturated
zone.

The nominal scenario class is represented by two modeling cases. The first is for those waste
packages that degrade by corrosion (general corrosion, stress-corrosion cracking, and localized
corrosion) under expected repository conditions. The second is for those waste packages that fail
early due to manufacturing and material defects and pre-emplacement operations including
improper heat treatment.

Igneous Scenario Class-The igneous scenario class describes performance of the repository
system in the event of igneous activity that disrupts the repository and is represented by two
modeling cases: (1) igneous intrusion into the repository emplacement drifts that results in
release of radionuclides to the groundwater and (2) volcanic eruption through the repository
resulting in release of radionuclides to the atmosphere. Both modeling cases assume that the
igneous event consists of a magmatic penetration of the repository at some time after permanent
closure.

The igneous intrusion modeling case assumes that an igneous dike intersects drifts of the
repository and destroys drip shields and waste packages in those drifts intruded by magma,
exposing the waste forms to percolating water and mobilizing radionuclides. The released
radionuclides can then be transported out of the repository, and flow down through the
unsaturated zone to the saturated zone, and then be transported through the saturated zone flow
and transport system to the accessible environment. Radionuclide releases occur only as a result
of igneous interactions with EBS components and not as a result of drip shield or waste package
corrosion processes or early waste package failure.

The volcanic eruption modeling case assumes that the magma flow associated with a dike
intersects the repository and destroys a limited number of waste packages, transports waste from
the destroyed waste packages to the land surface through one or more eruptive conduits, and then
discharges tephra and entrained waste into the atmosphere and transports it downwind.

Seismic Scenario Class-The seismic scenario class describes performance of the repository
system in the event of low probability seismic activity capable of disrupting repository
emplacement drifts and the engineered components of the EBS. This scenario class includes
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potential damage to drip shields, waste packages, and CSNF cladding as a function of the
magnitude of the event in addition to localized corrosion processes on the waste package outer
corrosion barrier. Radionuclides are dissolved and mobilized and transported out of the
repository, transported to the water table by the groundwater percolating through the unsaturated
zone, and then transported to the accessible environment by water flowing in the saturated zone.
Localized corrosion processes on the waste package outer corrosion barrier are included in the
seismic scenario class because synergistic interactions between localized corrosion and ground
motion damage to EBS components may be important.

The seismic scenario class is represented by two modeling cases. The first is for those waste
packages that fail solely due to mechanical damage associated with the seismic event
(i.e., vibratory ground motion or fault displacement). The second is for waste package localized
corrosion initiated prior to and following the seismic event. This modeling case includes any
mechanical damage, general corrosion and microbially influenced corrosion that also occurs
along with the localized corrosion.

6.2 FEATURES, EVENTS, AND PROCESSES INCLUDED IN THE MODEL

The development of a comprehensive list of FEPs potentially relevant to postclosure
performance of the Yucca Mountain repository is an ongoing, iterative process based on
site-specific information, design, and regulations. The approach for developing an initial list of
FEPs, in support of TSPA-Site Recommendation (SR) (CRWMS M&O 2000 [DIRS 153246]),
was documented in The Development of Information Catalogued in REVO0 of the YMP FEP
Database (Freeze et al. 2001 [DIRS 154365]). The initial features, events and processes (FEP)
list contained 328 FEPs, of which 176 were included in TSPA-SR models (CRWMS M&O 2000
[DIRS 153246], Tables B-9 through B-17). To support TSPA-LA, the FEP list was re-evaluated
in accordance with The Enhanced Plan for Features, Events, and Processes (FEPs) at Yucca
Mountain (BSC 2002 [DIRS 158966], Section 3.2), resulting in the LA FEP list
(DTN: MO0407SEPFEPLA.000 [DIRS 170760]). Table 6.2-1 provides a list of FEPs that are
included in TSPA-LA models described in this model document, summarizes the details of their
implementation in TSPA-LA, and provides specific references to sections within this document.
Screening arguments for both included and excluded FEPs are summarized in Engineered
Barrier System Features, Events, and Processes (BSC 2004 [DIRS 169898]).

Table 6.2-1. Included FEPs for This Report

FEP No. FEP NameIFEP Description Section Where Disposition Is Described
2.1.06.06.OA Effects of drip shield on flow 6.3.2.4

6.5.1.1
2.1.08.04.OA Condensation forms on roofs of drifts (drift- 6.3

scale cold traps)

2.1.08.05.0A Flow through invert 6.3
6.5

2.1.08.06.OA Capillary effects (wicking) in EBS 6.3
1 1___ 6.5
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Table 6.2-1. Included FEPs for This Report (Continued)

FEP No. FEP Name/FEP Description Section Where Disposition Is Described
2.1.08.07.OA Unsaturated flow in the EBS 6.3

6.5
2.1.09.05.OA Sorption of dissolved radionuclides in EBS 6.3.4.2

6.5.1.2
6.5.3

2.1.09.08.0A Diffusion of dissolved radionuclides in EBS 6.3.1.2
6.3.4.1
6.5.1.2
6.5.3.1

2.1.09.08.08 Advection of dissolved radionuclides in EBS 6.3.1.2
2.1.09.19.0B Advection of colloids in EBS 6.3.4.4

6.5.1.2
6.5.3

2.1.09.24.OA Diffusion of colloids in EBS 6.3.4.4
6.5.1.2
6.5.3

2.1.11.09.OA Thermal effects on flow in the EBS 6.3.1.1
2.2.07.06.OA Episodic/pulse release from repository 6
2.2.07.06.0B Long-term release of radionuclides from the 6

repository

6.3 BASE CASE CONCEPTUAL MODEL

6.3.1 Introduction and Overview

6.3.1.1 EBS Flow Abstraction

The primary source of inflow to the EBS is the seepage flux that drips from the crown (roof) of
the drift. This flux is driven by downward infiltration through the existing fracture system at
Yucca Mountain. The seepage flux is conceptualized to flow from discrete fractures above the
roof of the drift, falling vertically downward. The seepage flux is represented in the TSPA-LA
model through Abstraction of Drift Seepage (BSC 2004 [DIRS 169131]). A secondary source of
inflow to the EBS is imbibition into the invert crushed tuff particles from the surrounding UZ
rock matrix. The inflow from these sources can flow through the EBS along eight pathways, as
shown in Figure 6.3-1.

The eight pathways are (with the volumetric water flux through pathwayj designated by Fj):

1. Seepage flux (Fl)-This is the seepage inflow (dripping flux) from the crown (roof) of
the drift. Any condensation that may occur on the walls of the drift above the drift
shield is included in this seepage flux.
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Figure 6.3-1. Schematic of the Potential Flow Pathways In the EBS

2. Flux through the drip shield (F2)-The flux through the drip shield is based on the
presence of patches due to general corrosion; localized corrosion and stress corrosion
cracking on the drip shield are not expected to occur within the regulatory time period
for repository performance (10,000 years) and are ignored (BSC 2004 [DIRS 169996],
Section 7.2). The liquid flux through corrosion patches is proportional to the ratio of
the axial length of the penetration(s) in the drip shield to the total axial length of a drip
shield section (see Section 6.3.2.4). This flux splitting submodel for the drip shield
should only be applied when there is a time-varying failure of the drip shield.

3. Diversion around the drip shield (F3)-The portion of the flux that does not flow
through the drip shield is assumed to flow directly into the invert.

4. Flux through the waste package (F4)-The flux through the waste package is based
on the presence of patches due to general corrosion and localized corrosion in the
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waste package outer barrier. The number of patches in the waste package is calculated
independently of the EBS RT Abstraclion by the WAPDEG code (BSC 2004
[DIRS 169996]). The flux through waste package corrosion patches is proportional to
the ratio of the axial length of the penetration(s) in the waste package to the total axial
length of a waste package (see Section 6.3.3.2).

5. Diversion around the waste package (Fs)-The portion of the flux that does not flow
into the waste package bypasses the waste form and flows directly into the invert.

6. Flux into the Invert (F6)-AII water flux from the waste package is modeled as
flowing directly into the invert, independent of patch location on the waste package.
In addition, the fluxes that were diverted around the waste package (F5) and around the
drip shield (F3) flow into the invert. Only a portion of the total flux to the invert (the
flux through the waste package, F4) will contain radionuclides.

7. Imbibition Flux to the Invert (F7)-Water can be imbibed from the host rock matrix
into the invert.

8. Flux from the Invert to the Unsaturated Zone (F8)-A portion of the advective flux
from the invert equal to the total dripping flux (F1) flows directly into the unsaturated
zone (UZ) fractures. The portion of the advective flux from the invert equal to the
imbibition flux to the invert (F7) flows into the UZ matrix.

These pathways are time dependent, in the sense that total dripping flux, drip shield gaps, drip
shield penetrations, and waste package penetrations will vary with time and local conditions in
the repository.

The conceptual model for flow through the EBS includes three domains: the waste form
(e.g., fuel rods or HLW glass), waste package corrosion products, and the invert. The first two
domains are conceptualized to have concentric cylindrical geometry for volume calculations,
with one-dimensional radial flow. The first domain (waste form) is part of the waste package
that contains fuel rods or glass logs, which undergo alteration to form a rind. The thickness of
the rind can be as much as the diameter of the fuel rod or glass log. The second domain
(corrosion products from degradation of steel internal components) fills the inside of a waste
package within the Alloy 22 outer corrosion barrier, so its thickness is uncertain and can be as
much as the radius of the waste package. The third domain (invert) is in intimate contact with
the waste package and has a thickness of 0.597 m (see Section 6.5.3). This is the average
thickness of the invert directly beneath the waste package. This value is appropriate because
flow out of the waste package is primarily vertically downward, and, ignoring splashing, it will
not drip onto the surface of the invert beyond the edges of the waste package. Because the
presence of the emplacement pallet is ignored, water and radionuclides pass directly from the
waste package to the invert.

The waste form domain represents the source term for the TSPA-LA. Source term abstractions
are defined in other model reports or design documents for radionuclide solubility (BSC 2004
[DIRS 169425]), HLW glass dissolution rate (BSC 2004 [DIRS 169988]), cladding response
(BSC 2004 [DIRS 170023]), and inventory by waste package type (BSC 2004 [DIRS 169472],
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Table 11). The source term represents input data or boundary conditions for the EBS RT
Abstraction and is not discussed in this document.

The final output from the EBS RTAbstraction is the mass flux of radionuclides (kg yfl) from the
EBS into the unsaturated zone. The parameters and formulas for calculating the water fluxes in
the various pathways are summarized in Table 6.3-1.

Table 6.3-1. Summary of Parameters for EBS Flow Pathways

Flow Pathway, Pathway Flux F| Flow Parameters Data Sources & Notes
1. Total dripping flux, F1  Total dripping flux is a function of Abstraction of Drift Seepage (BSC

fracture properties, rock properties, 2004 [DIRS 169131]) provides time-
and the percolation flux. and location-dependent values of total

dripping flux.
2. Flux through the drip shield, LDsPtch is the axial half-length of This flux splitting submodel for the drip

F2  each patch due to general corrosion shield should only be applied when
of Ti. there is a time-varying failure of the
Los is the axial length of the drip drip shield.
shield.
Nbrs is the number of corrosion
patches of length LsNpatch in the drip
shield.
fbs is sampled uncertain parameter,

FluxSplitDSUncert.
F2 = min[FiNbosLQs PaChfbS&/LQS. F1i

3. Diversion around drip F3 = Fi - F2. Continuity of liquid flux.
shield, F3

4. Flux into the WP, F4  LWp Path is the axial half-length of WAPDEG (BSC 2004 IDIRS 169996])
each patch due to general corrosion provides the number of patches and
of Alloy 22. stress corrosion cracks on the WP.
Lo is the axial length of the WP. No flow through stress corrosion
NWp is the number of corrosion cracks due to plugging (BSC 2004
patches in the waste package. [DIRS 172203], Section 6.3.7).
f Wp is sampled uncertain parameter, Steady state flow through WP (outflow
Flux-SplitiLWPUncert. = inflow in steady state; this is
F4 = min[FiNbwLt pNtcfXLwP, F21 bounding for release).

5. Diversion around the WP, F, Fs = F2 - F4  Continuity of liquid flux.
6. Flux to the invert, F6 Fe = F5 + F4 + F3  All advective flux enters the invert.

= F1  Only F4 can transport radionuclides
into the invert.

7. Imbibition flux from the host F7 is an input to the EBS flow model. Imbibition flux is provided by
rock matrix into the invert, F7  Multiscale Thermohydrologic Model

calculations (BSC 2004
[DIRS 1695651).

6. Flux from the invert into to the Fe = F6 + F7  Total dripping flux portion (F1 ) of
unsaturated zone, Fe = F1 + F7 advective flux from the invert flows into

the UZ fractures, imbibition flux (F7)
flows into the UZ matrix.

WP-waste package; UZ=unsaturated zone
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6.3.1.2 EBS Transport Abstraction

The waste form is the source of all radionuclides considered for the EBS. Radionuclides can be
transported downward, through the invert and into the unsaturated zone. Transport can occur
through advection when there is a liquid flux through the waste package and invert, via pathways
6 and 8 in Figure 6.3-1. Transport can also occur by diffusion in the waste form, in stress
corrosion cracks in the lid of the waste package, and in the invert, even in the absence of a liquid
flux, because it is assumed (Assumption 5.5) that there is a continuous liquid pathway via thin
films. Diffusive transport may occur via flow pathways 6 and 8 even when no advection occurs
on those pathways in the EBS flow model.

A detailed mathematical description of transport in the EBS is presented in Section 6.5.1.2.
Retardation of radionuclides occurs in the waste package. Transport occurs by diffusion and by
advection. Table 6.3-2 summarizes the modes and parameters for the transport pathways in the
EBS.

Lateral and longitudinal dispersion are neglected in modeling radionuclide transport in the EBS.
Because the EBS radionuclide transport model is a one-dimensional model, the lateral dispersion
effects cannot be considered. This also maximizes the concentration in a given domain for
greater mass flux. Longitudinal dispersion could potentially be considered in the invert, where
advection is expected to occur due to imbibition flux, even when there is no drift seepage flux.
However, the longitudinal dispersivity is uncertain, being dependent on the scale of transport
(Anderson and Woessner 1992 [DIRS 123665], p. 326) and on porous media characteristics that
are not well-defined. Since the thickness of the invert is less than one meter, longitudinal
dispersion is expected to be small and to have negligible effect on the breakthrough times
through the invert compared to the simulated time-steps considered in TSPA (tens of years). In
addition, as shown in Section 6.3.4.1, the uncertainty in the invert diffusion coefficient ranges
over a factor of 20 and essentially encompasses the variable breakthrough times that could occur
from including the longitudinal dispersion. The dispersivity of the waste form and waste
package corrosion product domains is also difficult to characterize; however, because the scale
of these domains is comparable to that of the invert, and because the diffusion coefficients in
these domains are similar (or larger) than those in the invert, it is reasonable to neglect
dispersivity in these domains as well as in the invert.

There is no upward transport of radionuclides because there is no solid medium with a liquid
pathway above the drip shield. After the drip shield is breached, upward diffusion is negligible
in comparison to the downward advective flux through the drip shield.

Colloid-facilitated transport of radionuclides is included in the EBS RT Abstraction.
Radionuclide transport from the waste package occurs in a liquid containing colloids and
dissolved radionuclides. There are three types of colloids in the EBS: (a) waste form colloids
from degradation of HLW glass, (b) iron oxyhydroxide colloids due to products from the
corrosion of steel waste packages, and (c) groundwater or seepage water colloids. All three
types of colloids may have reversibly sorbed radionuclides. The waste form colloids may have
irreversibly attached (embedded) radionuclides and the corrosion products colloids may have
reversibly attached (sorbed) radionuclides. However, some radionuclides, such as Pu and Am,
can be so strongly sorbed onto iron oxyhydroxide that for modeling purposes they can be
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considered to be irreversibly sorbed. Colloids may be transported by diffusion as well as by
advection. The diffusion coefficient for colloids is less than that of dissolved species, but
colloids are not excluded from diffusion due to size.

Table 6.3-2. Summary of Transport Modes and Parameters for the EBS Transport Pathways

Transport Pathway Transport Modes Transport Parameters and Data Sources
1. Waste form and Diffusion through stress No lateral or forward dispersion.

corrosion products corrosion cracks (no Colloidal particles will transport radionuclides.
domains advective transport through Diffusive area for each stress corrosion crack is

stress corrosion cracks). 7.7 x I 0 m2 (see Section 6.3.3.1.2.1).
Diffusion and advection
through patches. Diffusive area for each patch is provided by WAPDEG

throuh pathes.(BSC 2004 [DIRS 1699961).

Diffusion coefficient (all radionuclides):
* 2.299 x 1 0 cm2 s- at 250C (Mills 1973

[DIRS 133392], Table 1ll)
* Modified for porosity and saturation (see

Section 6.5.1.2.1.4)
* Reduced by a factor of 100 if radionuclide is

bound to a colloid (Section 6.3.4.4)
The flow cross-sectional area is given by the interface
between the waste package corrosion products
domain and the invert domain.
See Section 6.5.3 for further details.

2. Invert Diffusion and advection Liquid flux for advection = F6 = Fs (diverted by WP) +
(Fe) from corrosion F4 (flux through WP) + F3 (diverted by drip shield).
products domain into the Diffusion coefficient (all radionuclides):
invert. * 2.299 x 10-5 cm2 s at 250C (Mills 1973

[DIRS 133392), Table l1l)
* Modified for porosity and saturation (see

Section 6.3.4.1)
* Temperature modification defined in

Section 6.3.4.1.2; invert temperature is
provided by Multiscale Thernohydrologic
Model calculations (BSC 2004 [DIRS
169565])

* Reduced by a factor of 100 if radionuclide is
bound to a colloid (Section 6.3.4.4)

The flow cross-sectional area is the surface area
between the invert and the drift wall contacting the
invert.
See Section 6.5.3 for further details.

3. Invert-UZ interface Advection from the Invert The invert diffusion calculation uses radionuclide
to UZ fractures (F6) and UZ concentrations In the WP corrosion products domain
matrix (F7); total flux is Fe. as the boundary condition at the top of the invert and a
Diffusion from the Invert to series of unsaturated zone computational cells below
UZ fractures and matrix. the invert that provide a gradient to a zero radionuclide

concentration at some distance from the bottom of the
invert (Section 6.5.3.6).

WP=waste package; UZ=unsaturated zone
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The diffusion coefficient in the invert is based on the self-diffusion coefficient of water at 250C
as a bounding value for all radionuclides. The effects of variable porosity, liquid saturation,
temperature, and uncertainty in the affect of these parameters are also included in calculating the
diffusion coefficient.

The corrosion products from the waste package and SNFs have the potential to be strong sorbers
for the actinides. Including sorption in the waste package and invert is beneficial to performance
because this process can retain radionuclides in the EBS and delay release to the unsaturated
zone. Because the waste package corrosion products are in intimate contact with or directly in
the flow or diffusion path of the radionuclide source inside the waste package, retardation by
corrosion products inside the waste package will occur. However, because corrosion products in
the invert are more localized and not necessarily in any flow path from the waste package,
sorption onto corrosion products in the invert is ignored (Assumption 5.7).

6.3.2 Water Flux through the Drip Shield (F2)

6.3.2.1 Water Movement into and through a Drift (F1 and F3)

Water movement from the land surface and down through the unsaturated zone at Yucca
Mountain is conceptualized to occur through a system of fractures (Liu et al. 1998
[DIRS 105729]). Simulations of water movement through the mountain yield estimates of
percolation fluxes in the vicinity of the emplacement drifts that are a function of drift location,
the geologic unit in which the drift resides, and the climate, which varies over time (BSC 2004
[DIRS 167652]). Consideration of the interactions between water moving through the mountain
and the EBS form the basis of this abstraction for performance assessment.

The basic EBS design concept is shown in Figure 6.1-1 (Canori and Leitner 2003
[DIRS 166275], Figure 7-14). The drifts are 5.5 m in diameter. The bottom of the drift,
commonly referred to as the invert, is filled with a ballast material of crushed tuff. The waste
packages are to be placed on emplacement pallets that hold them in place above the invert. A
titanium drip shield surrounds the waste packages. The space between the waste package and the
drip shield, which is referred to as the axial space, is designed to remain air filled. The current
repository design does not include an engineered backfill material (Canori and Leitner2003
[DIRS 166275]); all of the analyses in this report reflect the no-backfill design.

At early times, any water that enters the drift is vaporized and expelled due to the heat output
from the waste packages. According to modeling of water movement through the EBS using
Multiscale Piernmohydrologic Model (BSC 2004 [DIRS 169565]), much of the water that enters
the drift remains as liquid once thermal output has subsided after approximately 2,000 years.
Water that does seep into the drift can drip onto the drip shield and is diverted around the waste
package, into the invert.

Water enters the drift by seepage from the roof of the drift. In this section, this mechanism is
considered, followed by a discussion of water diversion around the drip shield.
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6.3.2.1.1 Seepage Flux (Fi)

Seepage Modelfor PA Including Drift Collapse (BSC 2004 [DIRS 167652]) presents results of
drift-scale UZ flow modeling of the interaction between host rock containing a fracture
continuum and a drift for a variety of percolation flux rates and several sets of representative host
rock hydraulic parameters. The seepage flux was found to be related to the percolation flux.
However, the air-filled space beneath the roof of the drift acts as a capillary barrier that diverts
water around the drift and limits seepage. These findings are consistent with the theory for
seepage exclusion around cylindrical cavities introduced by Philip et al. (1989 [DIRS 105743]).
Philip et al. showed that for given capillary properties of the host rock and a given drift diameter,
there exists a critical percolation flux beneath which water will not enter the drift. The
drift-scale unsaturated zone flow modeling results show a propensity for flow to diverge around
the drifts.

Abstraction of Drift Seepage (BSC 2004 [DIRS 169131]) provides the rationale for calculating
the seepage flux into the repository, accounting for thermal effects and spatial variability. The
fraction of drifts that allow water seepage as a function of infiltration are given as a function of
percolation rate. Across the range of percolation fluxes expected, a large majority of the drifts
remain dry.

6.3.2.1.2 Diversion around the Drip Shield (F3)

The drip shield has been designed to divert liquid water that may enter the drift away from the
waste package. If the drip shield works as designed (this issue is discussed in detail below), it
then acts as a no flow boundary. Any seepage that enters the drift moves downward under the
force of gravity. As water migrates downward around the drip shield, it encounters the invert.
The diversion around the drip shield occurs as droplets or rivulets, and any flow that enters the
invert is concentrated at the sides of the drip shield while the drip shield is intact.

Once in the invert, water migrates quickly through into the unsaturated zone host rock at the
bottom of the drift.

The algorithm for calculating the flux diversion around a breached drip shield is discussed in
Section 6.3.2.4.

6.3.2.2 Drip Shield Effectiveness

Design drawings for the drip shield are given in D&E /PA/C IED Interlocking Drip Shield and
Emplacement Pallet (BSC 2004 [DIRS 169220]) with details in drawings 000-MOO-SSEO-
00102-000-OOB (BSC 2004 [DIRS 168067]), 000-MOO-SSEO-02001-000-OOA (BSC 2004
[DIRS 168326]), and other drawings cited on the information exchange drawing (IED). The drip
shield has roughly the shape of the top of a mailbox with vertical sides and a top section that is
curved for strength and to shed water. On one end, a drip shield connector guide is attached to
the top of the curved section. The connector guide is a square rib, 50 mm wide (BSC 2004
[DIRS 168326]), that is attached to and extends across the curved top section. This connector
guide provides extra stiffness to the end of the drip shield and can deflect seepage down the sides
of the drip shield. On the other end of the drip shield, a connector plate is attached. The
connector plate is 15 mm thick (BSC 2004 [DIRS 169220], Table 5) and also has a 50-mm-wide
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square connector guide (BSC 2004 [DIRS 168326]) that is attached to the underside of the
connector plate.

Adjacent drip shields are interlocked with one another. This is accomplished during installation
by lowering the connector plate of one drip shield over the upward extending connector guide of
the previously emplaced drip shield. The minimum overlap is the width of two connector
guides, 100 mm (BSC 2004 [DIRS 168067]), and the maximum overlap between adjacent drip
shields is 320 mm (BSC 2004 [DIRS 168067], Section A-A).

The gaps that exist between drip shields in this interlocking design can, potentially, provide a
pathway for water to penetrate the drip shield system. The potential for such leakage under
design conditions is considered here, followed by consideration of the ways in which the
integrity of the drip shield might become compromised. This discussion is limited to considering
the top of the drip shield because any water entering the contact between drip shields from the
side would simply flow down the vertical sides of the drip shields, never contacting the waste.

Consider a system where the titanium walls of the drip shield form a barrier to flow. Water flux
through the drip shield will now be limited to the gap where adjacent drip shields interlock. If
high seepage flux conditions exist, then the flow can be driven into this gap. First, the water
must travel laterally up to 320 mm to get beyond the overlap between the drip shields. As this
water travels, it must remain precisely along the crown of this gap between the drip shields. If
there is any deviation, the sloping sides of the drip shield impose gravity forces that will cause
the water to flow down the sides and into the invert. Second, the upward extending drip shield
connector guide provides a barrier to flow along the crown. Sufficient water pressure must be
provided to push water up and over this barrier. Furthermore, the connector guides provide
surfaces of contact with the drip shield and the connector plate. These contact surfaces maintain
continuity down along the sloping sides of the top portion of the drip shield. These contacting
surfaces will act akin to fractures in the sense that they impart capillarity and are able to transmit
water. Any water reaching this point would run down the contact between the drip shields. Note
also that the air-filled voids (having no capillarity) in between and beyond the connector guides
provide an additional barrier to flow.

6.3.2.3 Drip Shield Breaching

The advective flow of water into the EBS has been shown to be effectively segregated from the
waste packages as long as the integrity of the drip shield is maintained. Once corrosion patches
form in the drip shield or adjacent drip shields separate, seepage can drip through the drip shield
onto the waste package. The consequence of such drip shield failure is that a portion of the
seepage water flux now migrates through the drip shield and comes into contact with the waste
package. The thermal and mechanical response of the drip shield may produce gaps between
adjacent sections of drip shield. These breaching mechanisms are screened out in Engineered
Barrier System Features, Events, and Processes (BSC 2004 [DIRS 169898], Section 6.2.27, FEP
2.1.11.07.OA; Section 6.2.27, FEP 2.1.06.07.0B).
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6.3.2.4 Water Flux through and around a Breached Drip Shield (F2 and F3 )

Once the drip shield has been breached, a portion of the water flux (F2) will pass through the drip
shield and have access to the waste package. In this section, a flux splitting algorithm is
developed to determine the fraction of the seepage flux that can pass through a degraded drip
shield. A similar algorithm is developed in a later section to determine the fraction of the liquid
flux through the drip shield that can enter a waste package. The flux splitting algorithm is
important to TSPA-LA because the liquid flux into the waste package determines in part the
transport of radionuclides by advection, an important release mechanism from the waste package
and from the repository.

Once the flux through the drip shield is known, the flux diverted around the drip shield, F3, is
calculated using a quasi-static continuity of flow approach:

F3 = F. - F2 * (Eq. 6.3.2.4-1)

Key features of the drip shield flux splitting algorithm include: (1) the seepage flux into the drift
falls as droplets from the top of the drift onto the crown of the drip shield (Assumption 5.1);
(2) droplets fall randomly along the length of the drip shield; (3) only flow through general
corrosion patches is considered; (4) evaporation from the drip shield is neglected
(Assumption 5.2); all of the seepage flux either flows through corrosion patches or drains down
the sides of the drip shield; and (5) all water that flows through breaches in the drip shield flows
onto or into the waste package.

Some aspects of the flux splitting algorithm have been defined or clarified by experiments. The
breached drip shield experiments (BSC 2003 [DIRS 163406]) were performed to validate the
drip shield flux splitting algorithm and to examine in more detail the real behavior of seepage
water impinging on and flowing over a drip shield. The tests were conducted by dripping water
onto a mock-up portion of a full-scale drip shield made of stainless steel. The mockup section
included slightly more than half of the shield from the top/center down the curvature to the side.
The side was shortened along the longitudinal and vertical axes. Simulated corrosion
patches-square holes 27 cm wide, the size of nodes in an earlier version of the WAPDEG
corrosion model (CRWMS M&O 2000 [DIRS 151566], p. 36)-were cut into the drip shield at
various locations to enable measurements of flow through breaches in the drip shield. Tests were
performed with both smooth (machined stainless steel) and rough (silica anti-slip coating)
surfaces. Data from the tests on the smooth surface were used to develop parameter values for
the flux splitting submodel, whereas the rough surface test data were used to validate the
submodel. Tests were conducted in a test chamber in an environment that would minimize
evaporation (i.e., relative humidity of at least 80 percent). Water was dripped at various rates
intended to cover the expected range of seepage rates within the repository. The dripping
distance was the full-scale distance from the top of the drift to the crown of the drip shield,
2.17 m (BSC 2003 [DIRS 163406], Figure 10), based on repository design.

The tests that were conducted included (BSC 2003 [DIRS 163406]): (1) splash radius tests to
determine the distance from the point of impact and a rough distribution of splattered water when
drops impinge on the surface of the drip shield; (2) spread factor tests to determine the lateral
rivulet spread distance from the drip impact point; (3) single patch splash tests to determine the
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amount of water that enters targeted breaches as a result of splashing; (4) single patch flow tests
to determine the amount of water that flows down the surface of the drip shield and into patches;
(5) multiple patch tests to collect both splashed water and rivulet flows that entered all affected
patches; and (6) bounding flow rate tests to provide data for extreme drift seepage conditions to
compare with the nominal seepage rate.

Observations during the breached drip shield tests revealed that the primary mechanism for water
to enter breaches is via rivulet flow that originates from an area around the point of drip impact
Following droplet impact at the crown, water splatters within some distance from the point of
impact. The splattered water coalesces, forming beads that increase in size around the center of
impact with each successive drop. After a time, the beads closest to the downhill curvature reach
a critical mass and roll down the face of the drip shield in the form of a rivulet. The rivulet flow
area spreads out in a delta formation (i.e., the maximum spread is located on the vertical section
of the drip shield and the minimum spread is located at the point of impact). No film flow was
observed during tests on the smooth or the rough drip shield surfaces.

Evaporation could occur in two forms during the test-from a freely falling drop and from a flow
surface on the drip shield. The loss from a falling droplet is negligible; however, losses from the
drip shield surface can be large. Experimental measurements included determination of
evaporative losses. Although these data could be used to develop or validate a drip shield
evaporation model, evaporation is not considered, which maximizes the potential for flow
through breaches (Assumption 5.2).

For a given drip location onto the crown of the drip shield (see Assumption 5.1), the spreading of
the rivulet flow is defined by a half-angle, a, formed with the vertical plane through the impact
point (Figure 6.3-2). The lateral spread of the rivulet flow is given by 2xtana, where x is the
arc length from the crown of the drip shield down to a location of interest (e.g., a corrosion
patch). For Nb breaches in the drip shield of length LDs, with each patch having a width of 21
(m), the flux through the drip shield is given by:

F2 = F Lb (1+ 2 ta S (Eq. 6.3.2.4-2)

For details of the mathematical development of this expression, see Section 6.5.1.1.2.4.
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Droplet
Impact Crown of Drip Shield

Spreading = 2xtana

Figure 6.3-2. Illustration of Spreading for Rivulet Flow on the Drip Shield (Curvature not Shown)

The factor fs accounts for the uncertainty in the submodel and is a sampled parameter in
TSPA-LA simulations. Sources of uncertainty include:

1. Drip location with respect to the crown of the drip shield-Drops that fall to either
side of the crown will not divide exactly in half, as assumed by this submodel.

2. Patch location-Patches located on the crown will allow the entire dripping flux to
pass through, whereas Equation 6.3.2.4-2 considers all patches to be located off the
crown. For a given value of fDs, Equation 6.3.2.4-2 underestimates the flux into

crown patches because fDs < 1, so F2 < F., i.e., not all of the total dripping flux can

flow through breaches. Since most of the randomly-located breaches occurring will
not be located on the drip shield crown, this is a reasonable approximation, but not a
bounding estimate of flow through drip shield breaches.

3. Splattering distribution-Although splattering of drops when they impinge on the
drip shield is a random process, preferential directions or distributions could develop,
for example, due to surface alteration as a result of corrosion or drift degradation
(rockfall).

4. Rivulet spread-The breached drip shield experiments showed that a range of rivulet
spread factors or spread angles can occur even on smooth surfaces. Surface roughness
also affects the rivulet spread angle. Precipitation of salts or accumulation of dust on
the drip shield surface could also affect rivulet flow.

5. Interference among multiple patches-Implicit in this submodel is that the patches do
not interfere with each other, i.e., that no patch is lower on the drip shield surface than
another patch. Patches located below another patch will see reduced or zero flux
through the patch. By ignoring patch interference, water flux through the drip shield
will be overestimated.

6. Patches outside the footprint of the waste package-Flux through these patches will
pass directly to the invert. Since the conceptual model requires that all flow through
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the drip shield goes onto or into the waste package, Equation 6.3.2.4-2 will
overestimate that flow.

7. Evaporation from the surface of the drip shield-Evaporation is neglected
(Assumption 5.2); if it occurs, the flux through the drip shield is less than predicted by
Equation 6.3.2.4-2.

8. Size of corrosion patches-The WAPDEG model assumes a fixed size and shape for
all corrosion patches. In reality, the patches will vary widely in size and shape
randomly as well as over time.

Bounds and a distribution for fs must be established for use in TSPA-LA calculations.
Because, under some of these uncertain conditions, the flux through the drip shield may be zero
even when breaches exist, an appropriate lower bound on f5 is zero. Under some other
circumstances mentioned above, the entire seepage flux could flow through the drip shield.
Thus, an upper bound on fDs cannot be specified apriori, but should be given by:

fDs = N , (Eq. 6.3.2.4-3)

which makes F2 = F . Since the number of patches, Nb, varies over time, fA should be a
function of time, with a starting value of zero and potentially reaching a value equal to the total
number of nodes in the WAPDEG corrosion model of the drip shield (BSC 2004
[DIRS 169996]). A uniform distribution is appropriate given that the uncertainty is difficult to
quantify. To ensure that the flux through the drip shield is not greater than the seepage flux, the
flux through the drip shield is computed as:

F2 =min[F, Lbl(I+ Lan2 ASFl]F (Eq. 6.3.2.4-4)

The uncertainty in spread angle a can be lumped in with fDs since both would otherwise be

sampled independently. A lumped uncertainty factor fjD is defined as

f' (I+ tana )A (Eq. 6.3.2.4-5)

with the flux through the drip shield to be computed as:

[ minF ] , (Eq. 6.3.2.4-6)L LDS
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In Section 6.5.1.1.2.4, an upper bound on fs is developed based on results of the breached drip
shield experiments, and is used in the TSPA-LA model.

6.3.3 Water Flux through the Waste Package (F4)

The conceptual model for the TSPA-LA is based on the assumed presence of continuous flow
paths through the patches that penetrate the waste package. More specifically, in the TSPA-LA
conceptual model, vertical flow of seepage into the waste package, through the waste form, and
out of the waste package is not impeded by the location of patches on the surface of the waste
package. In other words, there is no long-term build-up and retention of liquid within the waste
package for flow and transport. (An alternative conceptual model in which water fills the waste
package before any water flows out-the "bathtub" model-is evaluated in Section 6.4.1). There is
also no resistance to the flow through the waste form. The TSPA-LA approach attempts to
maximize the immediate release and mobilization of radionuclides, while retaining as much
realism as justified by the data and understanding of the physical and chemical processes that
take place.

Radionuclides cannot be released from the waste package if there is insufficient water or if there
are no openings through either the wall or lid of the waste package. Section 6.3.3.1 describes the
types of openings that can form, how and where they form, the timing of their formation, and the
flow through these openings. The dimensions of these openings have implications for whether
water is able to flow into and through the waste package or whether transport out of the waste
package is by advection and/or diffusion. Section 6.3.3.2 describes the flux of liquid around or
through the waste package. Section 6.3.3.3 describes the alternative pathway for liquid to reach
the waste package; namely, evaporation from the invert and condensation on the inside of the
drip shield can provide a source of liquid to the exterior of the waste package even when there
are no openings in the drip shield. Section 6.3.3.4 describes the flux of liquid through the invert.

6.3.3.1 Breaching of the Waste Package

6.3.3.1.1 Waste Package Design

Ten waste package configurations are planned for the waste to be emplaced in the repository,
where the nominal quantity for LA is shown in parentheses (BSC 2004 [DIRS 169472], Tables 1
and 11):

1. 21 -PWR with absorber plates (4,299)
2. 21-PWR with control rods (95)
3. 12-PWR (163)
4. 44-BWR (2,831)
5. 24-BWR (84)
6. 5 DHLW/DOE SNF - Long (1,406)
7. 5 DHLW/DOE SNF - Short (1 ,147)
8. 2-MCO/2-DHLW (149)
9. Naval Short (144)
10. Naval Long (156).
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Waste packages are broadly categorized as CSNF waste packages (21-PWR and 44-BWR are the
most common), codisposal waste packages (5 DHLW/DOE SNF-Short and Long), and Naval
Short and Long waste packages. Although waste packages vary depending on the waste form
they contain, the majority of designs have features in common. These commonalties are
described here. The waste package consists of a cylindrical inner stainless steel vessel, which is
sealed with a stainless steel lid. The inner vessel is placed into an Alloy 22 outer corrosion
barrier, which is sealed with a middle and outer lid. The inner vessel has 5-cm-thick walls and
lid that provide structural integrity for the waste package. The Alloy 22 outer corrosion barrier
has a wall approximately 2 cm thick, a middle lid approximately 13 mm thick, and a
2.5-cm-thick outer lid, that provide resistance to corrosion. Design information for waste
packages is provided on IED, D&E / PA/C IED Typical Waste Package Components Assembly
(BSC 2004 [DIRS 169472]), which identifies detailed design drawings, including drawings of
the 21-PWR, 44-BWR, the 5 DHLW/DOE SNF - Short, and the Naval Short and Long waste
packages, among others.

The stainless steel inner vessel of the waste package is modeled as having no resistance to
corrosion as reflected in JWAPDEG Analysis of Waste Package and Drip Shield Degradation,
(BSC 2004 [DIRS 169996] Section 6.3), forming an immediate flow pathway once the outer
(Alloy 22) corrosion barrier has been breached. Similarly, as modeled, the closure weld on the
inner stainless steel lid, as part of the stainless steel inner vessel, has no resistance to corrosion,
and the inner lid fails once the outer lids have failed.

6.3.3.1.2 Types of Openings

Three general types of openings can exist in the waste package due to corrosion. These are
(1) radial stress corrosion cracks that penetrate the welds of the lids, (2) patches resulting from
general corrosion, and (3) localized corrosion. Stress corrosion cracks and general corrosion
patches are discussed in turn below. The opening area from localized corrosion is described in
the General Corrosion and Localized Corrosion of Waste Package Outer Barrier (BSC 2004
[DIRS 169984], Section 8.3.1).

6.3.3.1.2.1 Radial Stress Corrosion Cracks in Lid %Velds

Stress corrosion cracks can appear because of the residual tensile stresses generated during the
process of welding the lids in place. It is not possible to anneal the final closure welds, although
laser peening has been proposed as a means to mitigate residual stress in waste package closure
lid welds (BSC 2004 [DIRS 172203], Section 6.4.4). Stress corrosion cracks will typically form
along two orientations. Radial stresses can generate circumferential cracks while hoop stresses
can generate radial cracks. Only radial stress corrosion cracks are considered in the EBS RT
Abstraction because the formation of circumferential cracks that penetrate the thickness of the
lids is unlikely. Cracks require the presence of tensile stress for initiation and propagation.
Detailed finite-element analyses of the welding process demonstrate that only compressive radial
stresses exist at the inner surface (BSC 2004 [DIRS 172203], Figure 6-11, Cross-Section 1-1).
In this condition, circumferential cracks cannot propagate through the thicknesses of the lid
welds and are therefore not considered in the EBSRTAbstraction.
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Radial cracks are transverse to the weld and cannot be much longer than the weld width. A
radial crack opening has an elliptical shape with length 2a and a gap width a (BSC 2004
[DIRS 172203], Section 6.5.2). The equation given by Tada et al. (1973 [DIRS 118706], p. B.5)
can be used to calculate the gap width, 6 (m), for a crack with length 2a in an infinite sheet under
plane stress load:

<5= 4aoa (Eq. 6.3.3.1-1)

E

where E is the modulus of elasticity (Pa), 2a is the crack length (m), and Ca is the applied stress
(Pa). Values for E for Alloy 22 are given in DTN: MOO I 07TC239753.000 [DIRS 169973].

The residual hoop stress in the as-welded waste package outer lid is higher on the outside surface
than on the inside surface (BSC 2004 [DIRS 172203], Table 6-9). The resulting shape of the
crack is then an ellipsoidal cone where 2a is the length of the long axis, and short axis lengths 6O

and 6, are the gap widths for the outside and inside surfaces, respectively. The depth d of the
crack is taken to be the lid thickness. Figure 6.3-3 is a schematic diagram of the geometry of the
ellipsoidal cone crack.

dI

2a

Figure 6.3-3. Schematic of the Dimensions for an Ellipsoidal Crack

A range of values of a, the residual stress, and the maximum length 2a of a radial crack can be
estimated. The region of high residual stress is identified from finite-element simulations
(BSC 2004 [DIRS 172203], Section 6.4). The expected maximum length of a radial crack is
approximately two times the lid thickness (BSC 2004 [DIRS 172203], Section 6.5.1). For an
outer lid thickness of 25.4 mm (BSC 2004 [DIRS 167394]), the maximum crack length is
approximately 50 mm. Table 6.3-3 gives the calculated gap width, based on Equation 6.3.3.1-1
and typical residual stresses at the inner and outer surface of the lid for a 21-PWR waste package
(BSC 2004 [DIRS 172203], Table 6-9).

The cross-sectional area of the stress corrosion crack is important for transport by diffusion. The
bounding (largest) cross-sectional area is defined by conditions at the outer surface of the
5-cm-long crack. The area of this ellipse is ,mb, where 2a is 5 cm and b is one-half of the larger
gap width on the outer surface (in Table 6.3-3). The cross-sectional area of a single stress
corrosion crack is then ;z(0.025 m)(9.82 x 10-5 m) or 7.7 x 10-i m2.

An updated analysis of stress corrosion cracking is given in Stress Corrosion Cracking of the
Drip Shield, the Waste Package Outer Barrier, and the Stainless Steel Structural Material
(BSC 2004 [DIRS 172203]). For the base conceptual model (BSC 2004 [DIRS 172203],
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Appendix B, Table B-2), the estimated crack opening is smaller than the crack opening of
7.7 x 106 m2 obtained in this section. Therefore, use of this value in TSPA-LA calculations
when stress corrosion cracking occurs will overestimate the rate of release of radionuclides
compared with the updated values in (BSC 2004 [DIRS 172203]).

Table 6.3-3. Calculated Gap Width for a Range of Residual Stresses at 4000F (Approximately 2000C) in
a 21-PWR Container

Parameter Inner Surface Outer Surface
Hoop stress. as (BSC 2004 (DIRS 172203], Table 6-9) 231.1380 MPa 385.0522 Mpa
Gap width for crack length 2a = 50 mm 118 gm 196 m

Dripping water is capable of contacting a stress corrosion crack only if the waste package is
tilted upward. A possible mechanism for tilting is emplacement pallet collapse due to corrosion
that causes one end of the waste package to fall off its emplacement pallet. This maximum angle
of tilt occurs when the lid end of the waste package is elevated to the height of the inside of the
drip shield while the other end rests against the invert.

Advective flow of water through stress corrosion cracks can be neglected. This is bounding for
several reasons. First, a film that completely spans the opening of a stress corrosion crack
creates a differential in capillary forces that will prevent any further ingress of flowing water into
the waste package. Second, the presence of corrosion products in the small stress corrosion
crack may provide a capillary barrier for advective flux into the waste package. Third, in
addition to a capillary barrier, corrosion products filling the corrosion cracks will provide
resistance to flow, requiring a large head or pressure gradient that is unlikely to exist. Fourth,
because corrosion patches are orders of magnitude larger in cross section and may appear in the
same time frame, flow through corrosion cracks is negligibly small compared to flow through
patches.

The potential for atmospheric pumping, hygroscopic salts in the waste package, and the
uncertainty about film thickness make it difficult unequivocally to exclude liquid flow into the
waste package. In any case, the more important question is how much liquid flows out of the
waste package, advectively transporting radionuclides. Given the resistance to flow into the
waste package through stress corrosion cracks, flow out is even less likely. The uncertainty in
flow through corrosion cracks is compensated for at least in part by the assumption that a
continuous water film is always present in corrosion cracks through which diffusion can occur
(see Assumption 5.5) and by no restrictions on water vapor diffusing through the cracks, which
provides a mechanism for water to enter a waste package once stress corrosion cracks exist.

6.3.3.1.2.2 Patches from General Corrosion

The waste package design consists of an inner stainless steel vessel placed inside an Alloy 22
outer corrosion barrier. No credit is taken for resistance to corrosion by the inner stainless steel
vessel. The main corrosion mechanisms for the outer corrosion barrier are general corrosion and
localized corrosion. The size and timing of patches resulting from general corrosion are
predicted by the WAPDEG model (BSC 2004 [DIRS 169996]).
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6.3.3.1.3 Impact of Heat Generation Inside Waste Package

Heat generated by the waste form has the potential to evaporate water within the waste package.
In this situation, water cannot collect inside the waste package and cannot support advective
transport of radionuclides. Preliminary estimates using Multiscale Thermohydrologic Model
(BSC 2004 [DIRS 169565], Section 6.3) indicate that the available heat can evaporate incoming
water for several thousand years. However, although evaporation is expected to occur,
complexities in the internal geometry of the waste packages (particularly the response of any
water pooled at the bottom of the package and the presence of small conduits for water vapor to
escape through stress corrosion cracks) make 'it difficult to say definitively that all incoming
water is evaporated. As a simplification, no transport is assumed to occur when the temperature
in the waste package is above 100IC (Assumption 5.5), when a continuous film of water needed
for transport is no longer expected to exist.

The expected evaporation in the waste package is ignored in the TSPA-LA. This approach is
bounding because evaporation might eliminate advection as a transport mechanism. In addition,
by ignoring evaporation from a waste package, it becomes possible to specify a water saturation
of 1.0 (fully saturated) inside a failed waste package whenever dripping occurs. If evaporation
were accounted for, the water saturation inside a waste package would generally be less than
one, which would reduce the amount of radionuclides that could dissolve in the water and be
advectively transported from the waste package. Lower water saturations would also reduce
estimates of diffusive releases, since both the diffusion coefficient and the cross-sectional area
for diffusion would be less. Thus, without these simplifying assumptions, the amount of
radionuclides transported from a waste package would be expected to be much less.

6.3.3.2 Water Flux through and around the Breached Waste Package (F4 and Fs)

The flux through (into and out of) the waste package, F4 , is conceptualized to be the flux
through patches, which includes the flux thorough the drip shield (F 2). Advective flux of water
through stress corrosion cracks is unlikely and therefore is neglected (Section 6.3.3.1.2.1). A
quasi-steady state approach is used. The presence of a gap betveen adjacent waste packages is
neglected in the TSPA-LA model. Dripping onto the waste package from condensation on the
underside of the drip shield is screened out (BSC 2004 [DIRS 169898], Section 6.2.43).

A flux splitting algorithm analogous to the drip shield flux splitting algorithm (Section 6.3.2.4) is
developed here. The analogy is appropriate based on similarities in geometry and assumptions
regarding the source of liquid flux falling onto the waste package. The surface of the waste
package is a horizontal cylinder, as is the top of the drip shield, the primary difference that
impacts liquid flow on the curved surface being that the radius of curvature of the waste package
is smaller than that of the drip shield. Thus, flow behavior on the surface of the waste package
should be similar to that on the drip shield. In particular, if any water is available, it is expected
to flow over the surface of the waste package in rivulets rather than as film flow, based on
findings of the breached drip shield experiments (BSC 2003 [DIRS 163406]).

Whereas drip locations on the drip shield could reasonably be confined to the crown of the drip
shield (because the drift seepage flux will most likely originate from the crown of the drift), the
drip locations may be more widely dispersed on the waste package. This is the case for drips
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that fall from breaches in the drip shield, which are randomly located on the drip shield. Since
breaches (mainly general corrosion patches) in the waste package are also randomly located, the
fraction of dripping flux falling on the waste package that flows into the waste package might be
expected to be proportional to the total area of waste package patches. However, since drips that
fall onto an intact waste package surface will drain down the surface, the flux of water, if any,
entering a waste package is proportional to the total length of patches. Again, the analogy to the
drip shield applies. Rivulets flowing down the surface of the waste package are intercepted in
proportion to the lengths of the patches (ignoring interference by multiple patches).

Two other considerations reinforce the comparison with the drip shield. First, any condensation
on the underside of the drip shield that falls onto the waste package will fall from the crown of
the drip shield. Thus, for condensation at least, the geometry is completely analogous to that of
the drip shield inside the drift. Second, due to uncertainty in the corrosion rate of the drip shield,
the drip shield is modeled as a single entity and all drip shields in the repository fail by general
corrosion at the same time for a given realization (BSC 2004 [DIRS 169996], Section 6.3). Once
the drip shield is gone, the seepage flux will now fall directly from the drift crown onto the waste
package crown, again completing the analogy with the drip shield under the drift crown. Since
the corrosion rate of the titanium drip shield is higher than that of the Alloy 22 waste package
outer corrosion barrier, the situation where a breached waste package lies unprotected under
seepage from the drift crown should be more likely than a breached waste package underneath a
breached but still partially effective drip shield. Therefore, within the uncertainty of the model,
it is an appropriate simplification to assume that the flux impinging on the waste package falls
entirely on the crown of the waste package. One implication of this assumption is that, as with
the drip shield, half of this flux flows down each side of the waste package.

Based on these arguments, a flux splitting algorithm for the waste package can be given that is
completely analogous to the drip shield flux splitting algorithm:

[Nbw.pewp'tan a 21F4 = miniF 1 1+-+ 2 Jf 1  F (Eq. 6.3.3.2-1)
LWPY j'(

where F4 is the flux through the waste package, F2 is the flux through the drip shield, and L,,p

is the total axial length of the waste package. NbwP patches each of length 21,,,p comprise the

breaches in the waste package. Flow through stress corrosion cracks is neglected as being
unlikely to occur (see Section 6.3.3.1.2.1).

The factor fivp accounts for the uncertainty in this algorithm. As with the corresponding factor

fgs for the drip shield, bounds can be established for fT,p based on the dimensions of the

patches and the waste package and the uncertain rivulet spread angle. A lower bound of zero is
necessary to account for the possibility that seepage through the drip shield is completely
diverted by an intact portion of the waste package outer corrosion barrier.

For an upper bound on fHw, the drip shield experiments (BSC 2003 [DIRS 163406]) provide

some guidance. Since the radius of curvature of the waste packages is smaller than that of the
drip shield, the rivulet spread angle on the waste packages would be expected to differ from, and
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probably be smaller than, the spread angle on the drip shield. In some experiments, the drip
location on the drip shield mockup was well away from the crown on more steeply inclined
regions of the drip shield. Rivulets flowing from those drip locations may simulate more closely
the behavior on a surface having a smaller radius, such as a waste package. Because the waste
package has a smaller radius and more curvature than the drip shield surface, more of the surface
is sloped to such a degree that water will readily flow down it by gravity. Only a larger
cylindrical surface (the drip shield mockup) was available on which to observe gravity flow
behavior. Observations away from the crown, where the slope is steep enough to initiate flow as
readily as on a more highly curved surface, are appropriate analogs to measurements on an actual
smaller cylinder. An analysis of drip shield experimental data for off-crown drip locations
(Section 6.5.1.1.3) gives a mean spread angle of 13.70 and a range from 5.5° to 22.0°. In
analogy to fDs, an upper bound on fwp can be obtained using the minimum rivulet spread angle

a of 5.5° and the known values for Nb,;,p (BSC 2004 [DIRS 169996]), 2etp, and L,,p:

fwP = (Eq. 6.3.3.2-2)
Nb w,0Jp (lyp tanac

IWP 2

As with the drip shield, the term (I+ta2aJ, which is uncertain itself, can be factored in with

fwp to simplify the model, resulting in:

F =min [F(2 Nbwptwp, +tanaIfI, F2 (Eq. 6.3.3.2-3)

where

AM,2 ) ;vP )(Eq. 6.3.3.2-4)

is assigned a uniform distribution. In Section 6.5.1.1.3, an upper bound on fwp is developed

based on results of the breached drip shield experiments. The range for fgo based entirely on
experimental results is used in TSPA-LA.

Finally, the flux that is diverted around the waste package, F5, is calculated using continuity of
the quasi-static flow around and into the waste package:

Fs =F2 - F4 (Eq. 6.3.3.2-5)
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6.33.3 Condensation on the Drip Shield

Condensation of water on the underside of the drip shield is excluded due to low consequence
(BSC 2004 [DIRS 169898], Section 6.2.43, FEP Number 2.1.08.14.OA). A review of the
temperature profiles calculated using the results described in In-Drift Natural Convection and
Condensation Model (BSC 2004 [DIRS 164327], Section 6.3) indicates that the radial
temperatures of the drip shield are highest at the crown of this component and slightly cooler on
the sides. This temperature profile would support condensation of any water vapor convected
upward from the invert along the sides of the drip shield. The condensate will be a weak
carbonic acid solution (pH approximately 5) (BSC 2004 [DIRS 169860]), with condensation
occurring when the drip shield temperatures drop below about 961C. These conditions do not
initiate corrosion of Alloy 22 (BSC 2004 [DIRS 169984]). Therefore, the presence of any
condensate on the underside of the drip shield does not impact the barrier capability of the drip
shield.

Condensate waters present on the underside of the drip shield have a small potential to drip onto
exposed waste packages. Analysis of advective flux through stress corrosion cracks (BSC 2004
[DIRS 172203], Section 6.3.7), an analogous situation that similarly accounts for water on the
underside of the drip shield, excludes this process on the basis of low consequence.

6.3.3.4 Flux into and through the Invert (F6 and F7 )

The flux leaving the waste package is equal to the flux entering the waste package, F4 , by the
quasi-steady-state flow assumption (the net effect of Assumptions 5.1 through 5.4 and 5.7). The
total flux entering the invert is equal to the sum of the diversion around the waste package, F5,
and the flux leaving the waste package (equal to F4 ), the diversion around the drip shield, F3 .
The liquid flux leaving the invert, F8 , is equal to the total flux entering the invert plus the
imbibition flux from the UZ matrix into the invert. That is,

F6 = F5 + F4 + F3 , (Eq. 6.3.3.4-1)

and

Fs = F6 + F. (Eq. 6.3.3.4-2)

Only the flux leaving the waste package, F4 , can transport radionuclides to the invert.

The Multiscale Thermohydrologic Model (BSC 2004 [DIRS 169565]) determines the imbibition
flux from the host rock matrix into the invert, F7, as well as the water saturation in the invert.
The advective flux through the invert exits the invert, flowing into the UZ fractures.

6.3.4 Transport through the EBS

The conceptual model for transport through the EBS consists of transport through three separate
domains: (1) waste form, (2) waste package corrosion products, and (3) the invert. Transport
through each of these domains occurs by advection and diffusion. Radionuclides travel in

ANL-WIS-PA-000001 REV 01 6-25 November 2004



EBS Radionuclide Transport Abstraction

sequence through each of these domains. In other words, all radionuclides entering the corrosion
products domain come from the waste form domain, and all radionuclides exiting the corrosion
products domain enter the invert domain. Advection in each domain is modeled as steady state
flow; i.e., the flow rate may vary over time, but no accumulation occurs. Diffusion through each
domain is considered to be transient.

The rate of diffusive transport through each domain is dependent upon the following parameters:
the effective diffusion coefficient, the cross-sectional area available for diffusive transport, and
the diffusion path length across which a concentration gradient exists. The effective diffusion
coefficient for assumed transport through thin water films adsorbed to materials is taken as a
bounding value to be the free-water diffusion coefficient, modified to account for porosity,
saturation, and, in the case of the invert, temperature, and the uncertainty associated with the
dependence on these parameters. The cross-sectional area for transport in each domain is
dependent upon the geometry of the domain, the relative humidity, and the specific surface area
and adsorption isotherm for the given material. A range of diffusion path lengths is determined
from the geometry of the domain.

The waste form is the source of all radionuclides in the repository system. If sufficient water is
available, radionuclides mobilized from the waste form can be transported out of the waste
package, downward through the invert, and into the UZ, as shown in Figure 6.3-1. Transport out
of the waste package can occur by advection, when there is a liquid flux through the waste
package, and by diffusion through assumed continuous liquid pathways in the waste package,
including thin films of adsorbed water. These two transport processes (diffusion and advection)
are each a function of the type of penetrations through the drip shield and waste package and the
local seepage conditions. Diffusion can occur through stress corrosion cracks or through general
corrosion patches in the waste package both with and without liquid flux through the waste
package. Advection is not considered through stress-corrosion cracks or through corrosion
patches in the absence of liquid flux.

The diffusion coefficient for radionuclide transport is based on the self-diffusion coefficient of
liquid water at 251C. This is a bounding value for all radionuclides. The effects of porosity,
liquid saturation, and uncertainty on the diffusion coefficient are incorporated using the
formulation in Section 6.3.4.1.1. The effects of temperature on this bounding value are modified
using the formulation in Section 6.3.4.1.2.

Advective transport is straightforward in the EBS RT Abstraction. In particular, mobilized
radionuclides are transported with the local liquid flux from the waste package (F4 ) through the
invert (F6) to the unsaturated zone (F.). There are no modifications for dispersive effects (see
Section 6.3.1.2); because the flow is modeled as one-dimensional vertically downward, lateral
dispersion is not considered in the EBS RTAbstraction.

Diffusive transport depends on concentration gradients. The concentrations of radionuclides in
the waste form domain are determined from the degree of waste form degradation and the
solubility limit for each radionuclide. The concentrations in the waste package corrosion
products domain take into account radionuclide solubility limits, sorption of radionuclides onto
the corrosion products, sorption and desorption onto colloids, and colloid stability. The
concentrations in the invert domain depend on the radionuclide solubility limits, colloid stability
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in the invert, the transfer of radionuclides between the corrosion products domain and the invert,
and the boundary concentrations at the invert-unsaturated zone interface. The boundary
condition at the unsaturated zone interface is implemented by defining multiple grid cells in the
unsaturated zone that provide a diffusive path length that is sufficiently long such that the
concentration at the outlet of the farthest cell from the drift wall can realistically be assigned a
value of zero (Section 6.5.3.6).

The emphasis in this EBS RTAbstraction is on transport of radionuclides through the EBS after
the radionuclides are mobilized. This abstraction does not define elements of the TSPA-LA,
such as corrosion processes, radionuclide solubility limits, waste form dissolution rates and
concentrations of colloidal particles, that are generally represented as boundary conditions or
input parameters for the EBS RT Abstraction. This abstraction provides the algorithms for
determining radionuclide transport in the EBS using the flow and radionuclide concentrations
determined by other elements of the TSPA-LA.

6.3.4.1 Invert Diffusion Submodel

The TSPA-LA model requires an abstraction for the effective diffusion coefficient in granular
materials as a function of radionuclide, porosity, saturation, temperature, and concentration.
This submodel is intended specifically to apply to the invert. The abstraction is as follows:

* Use the free water diffusion coefficient for self-diffusion of water, 2.299 x 10-5 cm2 s-

(Mills 1973 [DIRS 133392], Table III), as a bounding value for all radionuclides at
25 0C.

* Modify the free water diffusion coefficient for the porosity and liquid saturation of the
invert. The modification for porosity and saturation is based on Archie's law and
experimental data for granular media, and is presented in Section 6.3.4.1.1.

* Further modify the diffusion coefficient for variation of the invert temperature using the
formulation in Section 6.3.4.1.2. The invert temperature is provided by the Multiscale
Thermonhydrologic Model (BSC 2004 [DIRS 169565]).

* Ignore the increase in the diffusion coefficient with increasing ionic strength of
concentrated solutions (see Section 6.3.4.1.2). The maximum modification for a highly
concentrated solution of potassium iodide is a factor of 1.27. This factor is almost
within the bounding approximation inherent in using the self-diffusion coefficient for all
radionuclides. It is neglected for the TSPA-LA.

6.3.4.1.1 Modification of Diffusion Coefficient for Porosity and Saturation of the Invert

The modified diffusion coefficient for a partly saturated porous medium can be estimated from
Archie's law and the relationship between electrical conductance and diffusivity in a liquid.
Archie's law is an empirical function relating the electrical resistivity and porosity of a porous
medium (Keller and Frischknecht 1966 [DIRS 111470], p. 21):

p, = apq-, (Eq. 6.3.4.1.1-1)
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where p, is the bulk resistivity (or specific resistance) of the fully water-saturated porous

medium (10 m), p: is the resistivity of liquid water (n m), qS is the porosity (mi3 pore volume
rf 3 total volume), nm is a cementation factor (dimensionless), and a is an empirical parameter
(dimensionless) that, to a first approximation, may be assumed to have a value of I (Keller and
Frischknecht 1966 [DIRS 111470], p. 21).

For a partially saturated porous medium, the resistivity is given by (Bear 1988 [DIRS 101379],
p. 116; Keller and Frischknecht 1966 [DIRS 111470], p. 28; Pirson 1963 [DIRS 111477], p. 24):

P, = P5 S' ,X (Eq. 6.3.4.1.1-2)

where p, is the bulk resistivity (or specific resistance) of the partially saturated porous medium

(f) m), S,, is the water saturation (m3 water m'3 pore volume), and n is a saturation exponent
(dimensionless).

The cementation factor m "is somewhat larger than 2 for cemented and well-sorted granular
rocks and somewhat less than 2 for poorly sorted and poorly cemented granular rocks"
(Keller and Frischknecht 1966 [DIRS 111470], p. 21). For unconsolidated sand, a value of 1.3
has been reported for the cementation factor (Bear 1988 [DIRS 101379], p. 116; Pirson 1963
[DIRS 111477], p. 24). The invert, being composed of well-graded crushed tuff (BSC 2004
[DIRS 170559]), should have cementation characteristics similar to unconsolidated sand and
poorly cemented granular rock, with a cementation factor of 1.3 or slightly higher, but less
than 2.

For unconsolidated sand, a value of 2 is accepted for the saturation exponent n (Bear 1988
[DIRS 101379], p. 116; Keller and Frischknecht 1966 [DIRS 111470], p. 28; Pirson 1963
[DIRS 111477], p. 24).

Combining and simplifying Equations 6.3.4.1.1-1 and 6.3.4.1.1-2 results in an Archie's law
formulation that gives the bulk resistivity of a partially saturated porous medium:

pt pf-mS-. (Eq. 6.3.4.1.1-3)

The resistance of a porous medium of length L and cross-sectional area A is given by:

R, =pLIA. (Eq. 6.3.4.1.1-4)

Since the electrical conductance, G (S = ff'), is defined as the reciprocal of resistance
(Atkins 1990 [DIRS 111464], p. 750), Archie's law can be written for a partially saturated
porous medium in terms of the conductance of the bulk porous medium, G, (S) and the

conductance of water, Gw (S):

G, = G.0-SZ. (Eq. 6.3.4.1.1-5)
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The last step is to rewrite Archie's law in terms of diffusion coefficients. The diffusion
coefficient of an ion in solution is related to the conductance through the Nernst-Haskell
equation (Perry and Chilton 1973 [DIRS 104946], p. 3-235) for diffusion in a binary electrolyte
mixture at infinite dilution:

D R = ) z+Z ) (Eq. 6.3.4.1.1-6)

where:

D = diffusion coefficient (mi2 s-I)

R = molar gas constant = 8.314472 J molP K- (Lide 2002 [DIRS 160832], p.1-8)
T = temperature (K)
F = Faraday constant = 96485.3415 C mol' (Lide 2002 [DIRS 160832], p. 1-7)

1+?, 12 = cationic and anionic conductance, respectively, at infinite dilution
(S cm2 equivalent )

A0  = equivalent electrolyte conductance at infinite dilution (S cm2 equivalentf)

z+,z = valence of cation and anion, respectively; magnitude only-no sign
(dimensionless).

This equation can be simplified by making use of the average ionic conductance at infinite
dilution, I , where

2 A 12+12 (Eq. 6.3.4.1.1-7)
2 2

Since the ionic conductances 1+ and 12 are non-negative numbers, 12 2 (03Xi2), which can be
seen as follows:

2 (14. + 1-)

2

=(Io ) + 2(I+ Xl- )+ (If)'
4

-1) + (10)+ ('')
4 2
2+(12)2 I! ) ) i (Eq. 6.3.4.1.1-8)
4 2 2 2

4 2 +

I(1+ l-) +('+OP)

2 ('+'x2).
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Thus, the square of the average ionic conductance can be substituted for the product of the
individual conductances. This substitution will generally overestimate the diffusion coefficient
given by Equation 6.3.4.1.1-6. At the same time, the valence of the ions z. and z are given a
value one, because this, too, maximizes the diffusion coefficient. With these substitutions,
Equation 6.3.4.1.1-5 simplifies to give the maximum diffusivity in a binary electrolyte mixture at
infinite dilution:

RTl(1TD F 2 (21)(

RTi (Eq. 6.3.4.1.1-9)

RTAO

2F2

This shows that the diffusion coefficient for ions in an infinitely dilute binary mixture is
proportional to the conductance of the electrolyte. For multicomponent solutions at other than
infinite dilution, this equation represents an approximation with an associated uncertainty that
can be estimated by comparison with experimental data, which is discussed later.

Using the conductance G, for A0 in the bulk porous medium and G" for A0 corresponding to

the free water diffusivity Do (corresponding to the value of D when porosity and saturation are
both 1.0), Archie's law (Equation 6.3.4.1.1-5) can be written in terms of the diffusivities of the
bulk porous medium and the free water diffusivity:

D=DDo#'S,,. (Eq. 6.3.4.1.1-10)

This is the form of Archie's law that is generally applied for determination of the diffusion
coefficient, D, as a function of porosity and saturation in a partly saturated, granular medium.
Note that the diffusion coefficient, D, as introduced here and used throughout this section, is an
effective value that implicitly includes the effects of porosity, saturation, and tortuosity. As
such, it is defined differently from the coefficient Din1 defined in Section 6.5.1.2, which applies to
a bulk liquid phase without modification for porosity, saturation, or tortuosity. With values of
the cementation factor, m, of 1.3 and the saturation exponent, n, of 2 for unconsolidated sand,
Archie's law becomes as:

D = D0o95. (Eq. 6.3.4.1.1-1 1)

Conca and Wright (1992 [DIRS 100436]) and Conca et al. (1993 [DIRS 170709]) measured the
diffusion coefficient of unsaturated soil, gravel, bentonite, rock, and crushed tuff from Yucca
Mountain over a broad range of water contents. These measured data are qualified in
Appendix H and have been used to analyze the dependence of the diffusion coefficient on
volumetric moisture content for a variety of granular materials. Figure 6.3-4 presents a summary
of the diffusivity data for various granular media at volumetric moisture contents ranging
between 1.5 percent and 66.3 percent.
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Because these diffusion coefficients were measured as a function of volumetric water content,
they have been analyzed using an alternative form of Archie's law in which the cementation
factor and saturation exponent are equal (i.e., n = m). In effect, the diffusion coefficient is then a
function of 9, the percent volumetric moisture content, defined as 9 = I OOSw:

D = DoltS"S

( 100) n
(Eq. 6.3.4.1.1-12)

A statistical analysis using Microsoft Excel (Appendix G) produces an excellent fit to the
diffusivity data (Conca and Wright 1992 [DIRS 100436], Figure 2; Conca et al. 1993
[DIRS 170709], Figure 2; listed in Table 4.1-14) using Equation 6.3.4.1.1-12 for moisture
content in the range of 1.5 percent to 66.3 percent. The statistical fit to the diffusion
coefficient, D, is based on a linearizing transformation to the variables Xand Y, defined as:

Y = logO(D/DO)

X = logo 0 - 2,
(Eq. 6.3.4.1.1-13)

where

D = the diffusion coefficient (M2 sl)
Do = free water diffusivity (m 2 s-1)

0 = volumetric moisture content (percent).

The slope of the X-Y relationship is found to be 1.863, leading to the following linear equation
for Yas a function ofX:

Y = 1.863X

iogio(g-J = I.863(1og 0(0-2),
(Eq. 6.3.4.1.1-14)

or

D = DOI'963Sl.863

r )
(100)

(Eq. 6.3.4.1.1-15)

The statistical fit for the diffusion coefficient has uncertainty, which is represented by the scatter
of data points around the fit in Figure 6.3-4. This uncertainty is approximated by a normal
distribution for the residuals (data-model) in log-log space. This normal distribution of residuals
has a mean value of 0.033 and a standard deviation of0.218. The uncertainty can be
incorporated into the statistical fit as an additional factor on the full statistical fit.

D = DoqM63s,1 8 63
0 ND(p=O.033,v=O.218) (Eq. 6.3.4.1.1-16)
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where ND represents a normal distribution with a mean, u, of 0.033 and a standard deviation,
a, of 0.218. ND is in the exponent because the residuals are calculated in the log-log space of
the statistical fit. This statistical fit is the submodel for the invert diffusion coefficient to be used
for TSPA-LA. Since the normal distribution is theoretically unbounded, unrealistic values for
the diffusion coefficient could potentially be obtained. To avoid this potential problem, the
implementation in TSPA-LA will use a truncated normal distribution, limited to plus or minus
three standard deviations from the mean.

Figure 6.3-4 presents the statistical fit (solid line) and the upper and lower bounds (dashed lines)
at three standard deviations above and below the fit. The dashed lines encompass almost all the
data points, because ± 3 standard deviations includes 99.7 percent of the area under a normal
distribution. Equation 6.3.4.1.1-16, therefore, accurately represents the uncertainty in the
diffusivity data for the TSPA-LA calculations.

Because the saturation exponent (1.863) is less than the generally accepted value (2), the fit to
the data provides less of a bounding estimate for the diffusion coefficient than if the accepted
value were used. However, the estimate using Equation 6.3.4.1.1-16 is realistic instead of simply
bounding the diffusion coefficient because it is developed from measured data rather than using
the general behavior of unconsolidated sand as its basis. Furthermore, being based on a large
number of measured data, the uncertainty in diffusion coefficient using Equation 6.3.4.1.1-16 is
quantified, which provides additional support for use of this equation instead of a more bounding
approach using the accepted value for saturation exponent.

One element of the uncertainty in the diffusion coefficient is the uncertainty in the porosity of the
invert. The bulk porosity of the invert crushed tuff is expected to vary between 0.27 and 0.39,
with an average of 0.31 (BSC 2004 [DIRS 168138], Table 5). From Equation 6.3.4.1.1-16, the
diffusion coefficient would vary due to variations in porosity by a factor of:

D"" (0r27)2 =1.98. (Eq. 6.3.4.1.1-17)

The range about the mean diffusion coefficient, D, would be:

_(0.271) = 0.77 (Eq. 6.3.4.1.1-18)

to
D. =(0.39 196
D = (0-31) = 1.53. (Eq. 6.3.4.1.1-19)

This range of uncertainty resulting from variation in the invert porosity is well within the range
of the uncertain factor in Equation 6.3.4.1.1-16, which ranges from:

1 00.033-3(o021s) = -024 (Eq. 6.3.4.1.1-20)
to

100033+3(0218) =4 86. (Eq. 6.3.4.1.1-21)
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The uncertainty associated with the porosity of the invert is subsumed by the greater uncertainty
associated with the measurements of the diffusion coefficient; thus the porosity uncertainty can
be considered to be accounted for in the diffusion coefficient. The same conclusion is reached if
the nominal value of intergranular porosity (0.45 as given in Tables 4.1-8, 6.6-2, and 8.2-4) is
substituted for the mean, with the same spread for the uncertainty range.

1.0 - r .

0 - - . 4
0.0 - _…

-0.5 -

01.

-- 2.5-

0.915 -

-4.5 1
-2.0 -1.5 -1.0 -0.5 0.0

log1oo - 2

Source: Conca And Wright 1992 IDIRS 100436], Figure 2; Conca et al. 1993 [DIRS 170709], Figure 2.
NOTE: The dashed lines correspond to three standard deviations above and below the statistical fit to the data.

Figure 6.3-4. Uncertainty in the Statistical Fit for the Diffusion Coefficient

For each realization of the TSPA-LA calculations, the normal distribution is sampled, thereby
incorporating the uncertainty of the experimental data into the diffusivity.

6.3.4.1.2 Modification for Temperature

The diffusivity D. is proportional to absolute temperature and inversely proportional to
viscosity fir; i.e., DT c T/7i, (Cussler 1997 [DIRS 111468], p. 114). It follows that if the
diffusivity is known at some temperature To, the diffusivity at temperature Tcan be found by:

T

DT =~ To(Eq. 6.3.4.1.2-1)
DT 17rT

77TJ
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where D. is the diffusion coefficient (m2 s') at temperature T (K), D,, is the diffusion

coefficient (m2 sl) at temperature T. (K), t77 is the viscosity of water (Pa s) at temperature T

(K), and tq, is the viscosity of water (Pa s) at temperature To. The dependence of viscosity on

temperature T(K) (293.15 K < T< 373.15 K) is given by (Weast and Astle 1981 [DIRS 100833],
p. F-42):

lo r 1.3272(293.15 -T) -0.001053(T-293.15) 2

where q2 0 is the viscosity of water at 20'C (293.15 K). Then

1 .3272(293.15-T)-o.001053(T-293.IS) 2 1
17T 1 0 T-168.15 J

-Tr-0.00 105ro 3(Trz -293.Y s(Eq. 6.3.4.1.2-3)
?T 1 0oI3722313T0 168.15

and the diffusion coefficient at temperature T is given by:

Dr = DTT

1.3272(293.S-rT,)-O.001053(T,-293.IS I1. 3272(293. s-T)-0.0 lO53(T-293.15? 1(Eq 6-3-4-1-2-4)
= DT T 10j T,-1681.5 ft T-163.1S I

o T0

This equation is not valid above 1000C (373.15 K), where it is assumed that no transport occurs
(Assumption 5.5). The invert temperature is provided by the Multiscale Thermohydrologic
Model (BSC 2004 [DIRS 169565]).

6.3.4.1.3 Modification for Concentrated Aqueous Solutions

Data in American Institute of Physics Handbook (Gray 1972 [DIRS 138541], Table 2p-2) show
that the majority of the diffusion coefficients increase with increasing solution strength. For
example, the diffusion coefficient of sodium iodide increases from 1.616 in a dilute solution to
1.992 for a 3 M solution and the coefficient for potassium iodide increases from 2.00 in a dilute
solution to 2.533 at 3.5 M. The percent increase for potassium iodide, 26.7 percent, is the
greatest of any in Gray's Table 2 p-2 , (Gray 1972 [DIRS 138541]) excluding HCI. HCI has been
excluded from consideration because, being volatile, it is not representative of the type of
radionuclides released from the waste package.

Although the diffusion coefficients of aqueous solutions increase with increasing ionic strength,
the self-diffusion coefficient of water is still higher. Therefore, using the self-diffusion
coefficient for water is a bounding value for all radionuclides. The modification for concentrated
aqueous solutions is therefore neglected in the TSPA-LA.
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6.3.4.2 Retardation in the Engineered Barrier System

In this section, parameters are developed to enable the impact of sorption processes on
radionuclide transport through the EBS to be quantified. Transport through the EBS is affected
by the adsorption and desorption of radionuclides on the materials in the waste package and
invert. Adsorption describes the uptake of a radionuclide by a solid surface when in contact with
a radionuclide-laden aqueous solution. This uptake typically occurs when a bond is formed by
surface sites that have a chemical affinity for the radionuclide. Progressive inflow of fluids with
low radionuclide concentrations would thermodynamically favor desorption of the original
population of sorbed radionuclides back into solution. The fully reversible sorption and
desorption of radionuclides is often described by a linear isotherm, using a sorption distribution
coefficient (Kd).

Irreversible sorption refers to the tendency in natural systems for desorption to be incomplete. In
other words, the amount of sorbed contaminant available for desorption in natural systems is
typically less than the total sorbed mass due to chemical and physical processes occurring at or
beneath the mineral surface. Sorption processes are referred to as adsorption if the process
occurs on the surface or absorption if the process occurs beneath the surface.

This section defines a conceptual model and parameters for transport through the degraded EBS,
including appropriate ranges of Kd values for actinium, americium, carbon, cesium, iodine,
neptunium, plutonium, protactinium, radium, strontium, technetium, thorium, and uranium, and
the defensibility of irreversible sorption for these radionuclides.

The TSPA-SR transport model for the EBS assumed no sorption or retardation of dissolved
species of radionuclides (CRWMS M&O 2000 [DIRS 153246], p. 3-134). This assumption was
bounding for several reasons:

* A large mass of iron oxyhydroxides, including species such as hematite, is generated
through corrosion of mild steel and stainless steels within the waste package and invert.
The iron oxyhydroxides are known to be excellent sorbers (as indicated by their high Kd
values) of many radionuclide species (Table 4.1-11).

* Some sorbed radionuclides, such as plutonium, appear not to desorb in many geologic
environments (Brady et al. 1999 [DIRS 154421], Appendix VI). In effect, the sorption
process appears partly irreversible, and a large percentage of sorbed radionuclides would
appear to be permanently attached to the corrosion products in the EBS. But it is
difficult to quantify irreversibility because the time scale for laboratory experiments or
field observations is much shorter than repository time scales. In this situation, the
short-term data may provide misleading information about long-term irreversibility. The
net effect of irreversible sorption on EBS transport will depend on two competing
effects: (1) irreversible sorption on the in-drift materials will decrease releases from the
EBS, and (2) irreversible sorption to stable colloidal particles will increase transport
through the EBS.
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* Copper is present along the top of the invert as an electrical conductor. Two corrosion
products produced by the alteration of elemental copper (copper oxide and copper
sulfide) can strongly sorb iodine and technetium species (Balsley et al. 1998
[DIRS 154439], Tables I and 2), an important feature for decreasing releases of two
elements that generally have minimal sorption in oxidizing environments.

Sorption distribution coefficients are typically measured for groundwaters and substrates at
ambient or near ambient temperatures. There is little or no experimental data for sorption
distribution coefficients at the elevated temperatures that may occur in the EBS with either the
repository design and operating mode described in Yucca Mountain Science and Engineering
Report (DOE 2001 [DIRS 153849]) or an alternative thermal operating mode. In this situation,
the available data for sorption distribution coefficients have been used to define the ranges of Kd

values for TSPA-LA analyses, but it is not possible to distinguish alternative thermal operating
modes. The effect of temperature on sorption coefficients was reviewed by Meijer (1990
[DIRS 100780], p. 17). Measured sorption coefficients onto tuffs were higher at elevated
temperature for all elements studied: Am, Ba, Ce, Cs, Eu, Pu, Sr, and U. The conclusion was
drawn that sorption coefficients measured at ambient temperatures should be applicable and
generally bounding when applied to describing aqueous transport from a hot repository. This
conclusion must be tempered by the possibility that high temperatures could result in changes in
the near-field mineralogy and water chemistry that are not predictable by short-term laboratory
and field experiments.

6.3.4.2.1 Conceptual Model for the In-Drift Environment

The mild steel and stainless steel in the waste package and invert are expected to degrade to iron
oxyhydroxides more rapidly than the corrosion-resistant materials in the EBS (e.g., Alloy 22 and
titanium). The time sequence for corrosion of iron-based components in the EBS is:

* Mild steel in the invert (e.g., support beams, cap plate, and gantry rails) will begin to
degrade after closure of the repository because the invert is directly exposed to the
relative humidity and temperature environment within the drifts. Corrosion begins when
the relative humidity becomes great enough to produce aqueous conditions on the
surface, although the presence of deliquescent salts can result in aqueous conditions if
the in-drift humidity is higher than the minimum deliquescent point of the salts
(Campbell and Smith 1951 [DIRS 163817], p. 237).

The steel and copper are in the top portion of the invert. More specifically, the
longitudinal and transverse support beams are in the top half of the invert (BSC 2004
[DIRS 169776], Section A). The transverse support beams are spaced at
1.524-m intervals (BSC 2004 [DIRS 169503]), so the corrosion products from the beam
will not always be directly beneath the emplacement pallet or stress corrosion cracks.
Below and on either side of these beams, the invert is filled to depth with a granular
ballast that does not contain any steel.

* Stainless steel rods in the emplacement pallet will corrode more slowly than mild steel
(for mild carbon steel and stainless steel corrosion rates see
DTN: MO0409SPAACRWP.000 [DIRS 172059]). Again, the rods are directly exposed
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to the in-drift temperature and relative humidity after closure. The rods in the
emplacement pallet are located directly beneath the waste package, in the anticipated
flow path from the waste package.

* Mild steel (i.e., carbon steel Type A 516) inside the waste package can begin to degrade
after stress corrosion cracks or general corrosion patches form in the waste package.
Water vapor can enter the waste package once a crack forms, and this vapor will be
adsorbed on the steel surfaces, providing an environment for corrosion within the waste
package.

* Stainless steel inside the waste package can also corrode, albeit more slowly than mild
steel, after a stress corrosion crack forms in the waste package lid weld or general
corrosion patches form in the waste package.

Aluminum thermal shunts in 21-PWR and 44-BWR waste packages comprise less than
two percent of the total mass of the waste package. Because the amount of aluminum is
negligible, it is ignored in the EBS RTAbstraction. The Ni-Gd Alloy absorber plates in the
CSNF waste package design are modeled as being composed of Neutronit, as in the waste
package previous design; Neutronit is treated as having the same corrosion rate as stainless steel,
resulting in corrosion products containing Fe2O3 in proportion to its iron content (see
Section 6.3.4.2.3).

Because the corrosion rate of the carbon steel used for invert components is greater than that of
the Alloy 22 waste package outer corrosion barrier, all mild steel components in the invert will
degrade to iron oxyhydroxides by the time the first stress corrosion cracks or general corrosion
patches form. In other words, iron oxyhydroxides will be present in the invert before any
radionuclides are transported from the waste package. After stress corrosion cracks form, the
mild steel internal components in the waste package will also degrade rapidly, adding iron
oxyhydroxides to the in-package environment. Most iron-based in-package materials will
degrade to corrosion products by 205,000 years, based on a thickness of the inner vessel of
stainless steel of 50.8 mm (BSC 2004 [DIRS 169472]; BSC 2004 [DIRS 166953], Section B-B)
and a mean corrosion rate of 0.248 jtrm yrf (DTN: MO0409SPAACRWP.000 [DIRS 172059]),
early in the waste package lifetime.

The degradation products in the waste package will include hydrous metal oxides from corrosion
of steel and aluminum materials (YMP 1998 [DIRS 104441], p. C-23) and clays from
degradation of HLW glass (BSC 2004 [DIRS 169988], Section 6.5.3.3). These corrosion
products may form a residue that is similar to a highly iron-rich soil or sediment in terms of its
bulk chemical properties for determining appropriate ranges of Kd. Because of their strong
sorptive characteristics, the iron oxyhydroxides will dominate the sorptive properties of the
corrosion products, although the aluminum oxides and manganese oxides are also highly
sorptive.

The degradation products in the invert will include iron oxyhydroxides and other hydrous metal
oxides from the corrosion of steels and copper-based materials, and minerals from the granular
invert backfill. The invert corrosion products occur in the top portion of the invert because all
steel and copper is located in the top half of the invert (BSC 2001 [DIRS 154441]).
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The in-package degradation products are envisioned to be composed of unconsolidated
particulates and larger agglomerations of clays, iron oxyhydroxides, and other mineral
assemblages that slump to the bottom of the waste package. The invert degradation products are
initially located near the top of the invert, but may move into the mass of granular invert backfill
during thermal changes or seismic events. Any seepage through the waste package is expected
to flow through this sludge at the bottom of the waste package.

The sludge of corrosion products is represented as a single porosity medium, a reasonable
approach given the granularity of the corrosion products and the randomness of the slumping
process. Channelized flow paths with no sorption, as in the discrete fractures of a dual porosity
medium, are not anticipated to occur in this unconsolidated sludge. One conceptual model is for
the radionuclides to have access to the mass of corrosion products in the waste package. An
alternative conceptual model, with corrosion products that form a contiguous mass that has a low
permeability and tight pore structure, would limit access to the full sorptive capacity of the
corrosion products. The uncertainty in which the conceptual model is most representative can be
implicitly acknowledged in the selection of broad distributions with small minimum values for
the sorption distribution coefficients.

Descriptions of sorption based on a Kd are approximate because this approach is empirical, with
little if any information about underlying mechanisms, and is therefore not easily extendable to
different chemical environments and physical substrates (sorptive media). The use of a linear
isotherm is also approximate because it does not predict saturation of the sorption sites with
sorbed species that may include natural components of the groundwater. The mass of iron
oxyhydroxides from waste package corrosion is large (Table 6.3-4), so each waste package
provides many sites for sorption. For these reasons, the Kd approach is at best an order of
magnitude measure of contaminant uptake in geologic environments (Davis and Kent 1990
[DIRS 143280]).

The use of the linear isotherm (Kd) approach to represent the subsequent release of radionuclides
into fresh recharge (i.e., the desorption process) is often inconsistent with observations in
geologic media. Typically, contaminants become more closely attached to a mineral surface
after sorption, either adsorbed at high energy sites on the surface or absorbed through
overcoating and buried due to other mineral surface reactions. The net result is that only a
fraction of the original sorbed population remains available at the surface and able to react with
adjacent solutions or be accessed by microorganisms. A linear isotherm (Kd) approach, on the
other hand, assumes that all sorbed radionuclides are freely able to desorb from the substrate.

As an example, recent reviews of field and laboratory measurements indicate that the fraction of
sorbed plutonium that is available for desorption rarely exceeds I percent (Brady et al. 1999
[DIRS 154421]; Davis and Kent 1990 [DIRS 143280]). Recognition of the strong role of
irreversible sorption is implicit in models for watershed transport (Graf 1994 [DIRS 154419])
that focus solely on particulate transport. In these cases, desorption is ignored because it is rarely
seen to occur with plutonium. However, as noted previously, the time scales for these
observations are much shorter than the regulatory time period for repository performance
(10,000 years), so the fraction of plutonium that is irreversibly sorbed in TSPA-LA calculations
has a large uncertainty.
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Table 6.3-4. Estimated Masses of Steels and Iron Content in Waste Packages and Equivalent Masses
(kg) of Iron Corrosion Products (Fe2O3) for Use in Modeling Retardation in the Waste
Package

6-DHLW/DOE
21-PWR 44-BWR SNF - Short Naval Long

Fe Total Fe Total Fe Total Fe Total Fe
Content a Mass Mass Mass' Mass mass Mass * Mass

Material (k ) (Lkg) (kg) (kg) (kg) (kg) (kg) (kg)
Stainless Steel 61.935 10,800 6,690 11,120 6,890 10,160 6,300 14,420 8,930
Type 316 _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _

A516Carbon 98.37 5,600 5,510 6,800 6,690 3,720 3,660 -
Steel _ _ _ _ _ _ _ __ _ _ _

Neutronit 66.06 2,120 1,400 2,990 1,970 - - - -
A 978 _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _

Total 18,520 13,600 20,910 15,550 13,880 9960 14,420 8,930
Percentage of 73.4 74.4 71.7 61.9
Total as iron -- 734 - 74717 - 6.

Fe23 massl t19,440 - 22,240 - 14,230 - 12,770

NOTE: Microsoft Excel calculation of equivalent Fe2O3 mass is described in Appendix A.

aCalculated Balance" from Table 4.1-10 compositions: 100- (sum of non-Fe constituents); see Appendix A.
bTotal Mass in 21-PWR for each material in Table 4.1-17: sum of (mass x number) of each component (BSC 2004
[DIRS 169472], Table 2; Material Table in Design and Engineering, 21-PWR Waste Package Configuration (BSC
2004 [DIRS 167394]); see Appendix A.

cTotal Mass in 44-BWR for each material: sum of (mass x number) of each component (BSC 2004
[DIRS 1694721, Table 3; Material Table in Design and Engineering, 44-BWR Waste Package Conriguration
(BSC 2004 [DIRS 167555]); see Appendix A.

8Total Mass in 5-DHLW/DOE SNF - Short for each material In Table 4.1-17: sum of (mass x number) of each
component (BSC 2004 [DIRS 167207], Table 5; Material Table in Design & Engineering, 5 DHLW/DOE SNF -
Short Waste Package Configuration (BSC 2004 [DIRS 166947]). Interface Ring mass of 1 kg erroneously used
(Figure A-2); correct mass is 44.6 kg (BSC 2004 [DIRS 167207], Table 5); see Appendix A.

"Total Mass in Naval Long for each material: sum of (mass x number) of each component (BSC 2004
[DIRS 169472], Table 4; Material Table in Design and Engineering, Naval Long Waste Package Configuration
(BSC 2003 [DIRS 165159]); see Appendix A.
Fe2O3 mass = (Fe mass, kg) x (molecular weight Fe2O3) x (1 mol Fe2O3I2 mol Fe) I (atomic weight Fe)

= (Fe mass, kg) x (0.15969 kg Fe2O3Imol) x (1 mol Fe20312 mol Fe) / (0.055847 kg Felmol)
= 1.4297 x Fe mass.

BWR = boiling water reactor, DHLW = defense high-level (radioactive) waste, SNF = spent nuclear fuel;
DOE = U.S. Department of Energy

6.3.4.2.2 Sorption Parameters for the Invert

Various conceptual models can be devised to quantify the uncertainty in retardation in the invert.
Invert corrosion products will tend to be localized and widely spaced, with the possibility being
that seepage from the waste package could completely miss corrosion products in the invert. In
this case, even Kd values that would normally be considered to be small for corrosion products
could overestimate the amount of retardation of radionuclides in the invert. At the same time,
invert corrosion products will have a smaller sorptive capacity than waste package corrosion
products simply because the masses of sorptive corrosion products in the invert are much less
than in the waste packages. As a bounding treatment, sorption of radionuclides on corrosion
products in the invert is ignored (Assumption 5.7).
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Sorption onto the crushed tuff is included in the EBS transport abstraction. Kd values and
distributions for 11 selected radionuclides are presented in Table 4.1-12
(DTN: LA0408AM831341.001 IDIRS 171584]); Kd values for sorption of carbon, iodine and
technetium on tuff are zero. The ranges of Kd values for sorption onto devitrified tuff are used
because the crushed tuff in the invert will be the same tuff that is removed when the drifts are
bored; most of the repository will be developed in the TSw35 horizon, which is composed of
devitrified tuff. The Kd values selected are summarized in Table 6.5-13. Correlations of Kd

values among various radionuclides for sorption on tuff are given by a correlation matrix
presented in Table 4.1-13. Invert Kd values are implemented in TSPA-LA by first computing
unsaturated zone Kd values for devitrified tuff and then assigning those values to the invert.

Actinium and americium have similar chemistry in aqueous solution and sorption reactions
(BSC 2001 [DIRS 160828], p. 64). Therefore, Kd values reported for americium in Table 4.1-12
are used for actinium in the invert.

6.3.4.2.3 Sorption Parameters for the Waste Package

This section presents and analyzes appropriate sorption parameters for the EBS. First, the mass
of corrosion products (sorbers) is calculated for the repository design. Second, the available
values for Kd are used to estimate the distributions of sorption distribution coefficients for the
oxidizing in-drift environment in the waste package. Third, the available data on irreversible
sorption of metals that are relevant to EBS transport are presented.

The mass of sorbing material in the waste package has been estimated using compositional
information from Table 4.1-10 and numbers and masses of components listed in design
drawings. The mass of sorbing material in the waste package is based on the iron contents of
Stainless Steel Type 304L, Stainless Steel Type 316L, Stainless Steel Type 316 (these three
types of stainless steel have similar iron contents), Carbon Steel Type A 516, Neutronit A 978,
and the masses of these alloys in the four most common waste package types. The estimated
masses of corrosion products are shown in Table 6.3-4 and described in Appendix A. The
corrosion products are assumed to be Fe2O3 (Assumption 5.6), and, the mass of corrosion
products is calculated based on the ratio of molecular weight of Fe2O3 to the atomic weight of
Fe, accounting for stoichiometry (footnote f in Table 6.3-4). The results shown in Table 6.3-4
are based on an earlier version of the waste package design (IED
800-IED-WISO-00202-000-OOB, BSC 2004 [DIRS 167207]). Due to minor design changes for
the 5 DHLW/DOE Short waste package (see Section 4.1.3, following Table 4.1-17), the mass of
iron in that waste package is larger using the current design (IED
800-IED-WISO-00202-000-OOC, BSC 2004 [DIRS 169472], Table 5) than for the earlier design
version (BSC 2004 [DIRS 167207], Table 5). In addition, in the calculation of the corrosion
product mass (see Figure A-2), a mass of 1 kg for the Interface Ring for the 5 DHLWV/DOE Short
waste package is erroneously used; the correct value is 44.6 kg. Using the updated
5 DHLW/DOE Short waste package design data and correcting the Interface Ring mass result in
an increase in the estimated mass of corrosion products, from 14,230 kg (Table 6.34) to
14,320 kg (updated, corrected value). The difference (0.6 percent) is negligible, so the earlier
estimate of 14,230 kg shown in Table 6.3-4 is suitable for TSPA-LA calculations.
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In a revision to the 21-PWR and 44-BWR waste package design (Anderson 2004
[DIRS 171637], BSC 2004 [DIRS 170710], BSC 2004 [DIRS 170838]), the Neutronit used for
the absorber plates is replaced with a nickel-chromium-molybdenum-gadolinium alloy, N06464
(ASTM B 932-04 [DIRS 168403]), denoted as Ni-Gd Alloy. The mass of Neutronit in a
21-PWR waste package (2,120 kg; see Table 6.3-4) is replaced by 2400 kg of Ni-Gd Alloy. The
mass of Neutronit in a 44-BWR waste package (2,990 kg; see Table 6.3-4) is replaced by
3,380 kg of Ni-Gd Alloy. Whereas Neutronit contains 66.06 percent iron (Kugler 1991
[DIRS 155761], p. 15), N06464 contains a maximum of 1.0 percent iron (ASTM B 932-04
[DIRS 168403]). In the analysis summarized in Table 6.3-4, only the iron in the waste package
components contributes to the corrosion product mass that is used in water adsorption
calculations in the in-package diffusion submodel, Section 6.5.1.2.1. This corrosion product
mass also is used in the radionuclide sorption calculations. Using N06464 instead of Neutronit
in a 21-PWR waste package would reduce the total iron mass from 13,600 kg to 12,220 kg; the
equivalent mass of Fe2O3 would be reduced from 19,440 kg to 17,470 kg, a reduction of
10.1 percent. Using N06464 instead of Neutronit in a 44-BWR waste package would reduce the
total iron mass from 15,550 kg to 13,610 kg; the equivalent mass of Fe2O3 would be reduced
from 22,240 kg to 19,460 kg, a reduction of 12.5 percent.

For purposes of TSPA-LA calculations, iron and corrosion product mass estimates are based on
the earlier waste package design. For a 21-PWR waste package, the calculations use Revision
OOC of Design and Engineering, 21-PWR Waste Package Configuration (BSC 2004
[DIRS 167394]) rather than Revision OOD (BSC 2004 [DIRS 170710]). For a 5 DHLW/DOE
Short waste package, the calculations use Revision 00B of D&E/PA/C JED Typical Waste
Package Components Assembly (BSC 2004 [DIRS 167207], Table 5), instead of Revision OOC
(BSC 2004 [DIRS 169472], Table 5). The estimated masses of corrosion products in 44-BWR
and Naval Long waste packages shown in Table 6.3-4 are not used directly in TSPA-LA
calculations.

This reduction in Fe2O3 mass compared with the previous waste package design has two
competing effects on predicted releases of radionuclides from a breached waste package. First,
the mass of sorbant of radionuclides is reduced, which could potentially increase predicted
releases; however, as shown in Appendix B (p. B-25), the sorption capacity of a 21-PWR waste
package is more than double the available radionuclide inventory of a waste package, so using
the previous design with a 10-to-12 percent higher sorption capacity is inconsequential. Second,
using the larger mass of Fe 2O3 in the previous design results in a higher water saturation in a
no-seep case (as given by the in-package diffusion submodel, Section 6.5.1.2.1), which will
overestimate diffusive releases of radionuclides.

As discussed previously, the use of a linear isotherm is an empirical, order-of-magnitude
description of mineral surface processes because it is not based on underlying physical or
chemical mechanisms. In essence, a Kd value is valid only for the specific substrate and
chemical conditions under which it is measured. More defensible models of contaminant uptake
by mineral surfaces require a more comprehensive mechanistic understanding of the chemical
reactions involved (Davis et al. 1998 [DIRS 154436]). In lieu of a more involved mechanistic
treatment based on surface complexation that includes a provision for irreversible sorption, Kd

values can provide a first-order picture of the sorption process, using generic ranges based on
soils and iron oxyhydroxides. The rationale for this approach is described below.
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Based on previous TSPA calculations, the pH of waste package fluids (CRWMS M&O 2000
[DIRS 153246], Tables 3.3-7 through 3.3-9) is expected to fall within the range observed in soils
and groundwaters (pH values between 4 and 10). Although the composition of in-package fluids
will vary with time due to degradation of the waste package components (primarily steels,
Zircaloy cladding, SNF, and waste glass), major element characteristics (such as alkalinity and
system redox state) will be controlled by equilibrium with atmospheric carbon dioxide and free
oxygen. The primary reactive components in the degraded waste package environment are iron
hydroxides, the same mineral phases that tend to dominate trace element sorption in soils. The
only major element species that will be present in waste package fluids, but that tend to be
scarcer in natural soils and groundwaters, are those containing uranium.

The trace element composition of waste package fluids will differ due to the presence of metal
components and various radiogenic isotopes. On the other hand, the waste package environment
is expected to contain greater volumes of iron hydroxides than all but the most iron-rich soils.
Consequently, sorption calculations using ranges of Kd values measured on iron-containing soils
or iron hydroxides provide a reasonable measure of sorption inside the waste package.

Sorption distribution coefficients often vary by at least an order of magnitude. Each range of Kd
represents the compilation of many experimental measurements with wide variations in sorbant
composition and characteristics, contaminant level, solution composition and temperature, and
method of measurement.

Sorption distribution coefficient values for a linear, reversible isotherm can be interpreted
physically (Stumm 1992 [DIRS 141778], Section 4.12) in terms of retarding the movement of a
contaminant relative to the velocity of the water carrying it. If the average water velocity is v
(m s".) and the front of the contaminant concentration profile has an average velocity vi, the
retardation of the front relative to the bulk mass of water is described by the relation:

Rf =-'=1+& K (Eq. 6.3.4.2.3-1)

where Rf is the retardation factor (dimensionless ratio of water velocity to the concentration

front velocity), Ph is the bulk density of the rock (kg m 3) having a porosity 0s (fraction). For
example, a contaminant with a Kd of 1,000 ml gl will move at one ten-thousandth the rate of the
carrier water for a rock porosity of 20 percent and a rock density of 2,000 kg m-3. A contaminant
with a Kd of I ml g' will move at one-eleventh the velocity of the carrier water, and a
contaminant with a Kd of 0 moves at the velocity of the water, both for the same values of rock
porosity and rock density. These effective transport velocities provide an estimate of the delay
for first breakthrough of the contaminant; after the sorption sites are completely saturated,
changes in mass flow rate will be delayed only by the water transport time through the system.

The corrosion product assemblage is predicted by the in-package chemistry model reaction path
calculations to be made up primarily of iron oxyhydroxides (e.g., goethite, hematite, ferrihydrite)
and aluminum oxides. Lesser amounts of manganese oxides, metal phosphates and clay minerals
are anticipated. The integrated sorptive properties of the assemblage might therefore be
approximated as being that of iron oxyhydroxides with some aluminum oxides. The latter
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possess high specific surface areas and a strong chemical affinity for many radionuclides.
Cesium primarily exchanges onto clay minerals. Strontium and radium tend to exchange onto
clay lattices in soils, although strontium does sorb onto iron oxyhydroxides, particularly above
pH 7. The fact that strontium and radium behave similarly in soils indicates that limited radium
uptake by iron oxyhydroxides can be expected as well. Under oxidizing conditions technetium
and iodide sorb negligibly to most soil components. However, reduction of technetium on solid
surfaces containing reduced elements (e.g., iron metal) can cause strong retardation.

Table 6.3-5 summarizes the observations above by listing the components of soils that tend to
control sorption. Iron oxyhydroxides are an important sorbing component of soils for all
radioelements except iodine and technetium.

Table 6.3-5. Influences Over Radionuclide Sorption in Soils

Important Solid Phase and Aqueous-Phase Parameters
Element Influencing Contaminant Sorption*

Americium [Clay Minerals], [Iron/Aluminum Oxide Minerals], pH
Cesium [Aluminum/iron Oxide Minerals], [Ammonium), Cation Exchange Capacity, [Clay Mineral],

[Mica-like Clays], pH, [Potassiuml
Iodine [Dissolve Halides], (Organic Matter], Redox, Volatilization, pH
Neptunium [Clay Minerals], [Iron/Aluminum Oxide Minerals], pH
Radium BaSO 4 Coprecipitation, [Dissolved Alkaline Earth Elements], Cation Exchange Capacity.

[Clay Minerals], Ionic Strength, [lron-Aluminum-Oxide Minerals], [Organic Matter], pH
Technetium Organic Matter], Redox
Plutonium [Aluminumn/lron Oxide Minerals], [Carbonate, Fluoride, Sulfate. Phosphate], [Clay Mineral],

(Organic Matter], pH, Redox
Strontium Cation Exchange Capacity, [Calciuml, [Carbonatel, pH, [Stable Strontium]
Thorium [Auminum/ron Oxide Minerals], [Carbonate], [Organic Matter], pH
Uranium [Aluminum/Iron-Oxide Minerals], [Carbonate, Fluoride, Sulfate, Phosphate], [Clay Mineral],

[Organic Matter], pH, Redox, [U]
Source: EPA (2004 [DIRS 172215]). Table 5.35.

EPA (1999 [DIRS 170376]), Table 5.20.
*Parameters listed in alphabetical order. Square brackets represent concentration.

Corrosion product Kd ranges have been compiled by Electric Power Research Institute (EPRI)
(2000 [DIRS 154149], Table 6-9) from a literature review of iron oxyhydroxides sorption
measurements. Ranges and distributions of Kd values for sorption of radionuclides onto iron
oxide are also evaluated and compiled in DTN: LA0003AM831341.001 ([DIRS 148751] SEP
table S00191 002); these are listed in Table 4.1-11. The U.S. Environmental Protection Agency
(EPA) has compiled Kd values for soils for many of the same radionuclides (EPA 1999
[DIRS 170376]; EPA 2004 [DIRS 172215]). The large role of iron and aluminum
oxyhydroxides minerals in controlling overall soil Kd values is explicitly recognized in the EPA
documents. For this reason, one would expect EPA soil Kd values and EPRI iron oxyhydroxides
Kd values to be similar and both to provide a reasonable approximation of retardation in the
waste package corrosion products. There are some caveats, however, the most important one
being that Kd values for a given material and radionuclide are approximate values that can vary
widely depending on the specifics of the measurement (solid/solution ratio, radionuclide level,
time allowed for equilibration). General coherence in an order-of-magnitude sense is the best
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that can be expected as the Kd approach does a poor job of reproducing actual transport profiles;
see, for example, Bethke and Brady (2000 [DIRS 154437]) and Reardon (1981 [DIRS 154434).

Table 6.3-6 gives Kd ranges describing retardation in the waste package corrosion products for
the 12 radionuclides that are tracked in TSPA-LA, with the minimum Kd and maximum Kd being
the ranges used in TSPA-LA. For all but iodine and technetium, the maximum Kd values are
from DTN: LA0003AM831341.001 ([DIRS 148751] SEP table S00191_002). The maximum
Kd value for iodine and technetium is chosen to be 0.6 ml g'1, which is the approximate
maximum Kd value for iodine and technetium specified for alluvium in saturated zone units in
DTN: LA0003AM831341.001 ([DIRS 148751] SEP table S00191 001). The minimum Kd
values for carbon, cesium, iodine, radium, strontium, and technetium are the minimum Kd values
specified in DTN: LA0003AM831341.001 ([DIRS 148751] SEP table S00191j002). In order to
provide a more bounding estimate of releases of radionuclides that have a large impact on dose,
the minimum Kd values for actinium, americium, plutonium, and thorium are reduced by a factor
of 10 from the minimum Kd values specified in DTN: LA0003AM831341.001 ([DIRS 148751]
SEP table S00191 002). For the same reason, the minimum Kd value for protactinium is reduced
by a factor of 5 from the minimum Kd value of 500 ml g' specified in
DTN: LA0003AM831341.001 ([DIRS 148751] SEP table S00191_002); this minimum value is
corroborated by Evaluation of the Candidate High-Level Radioactive Wlaste Repository at Yucca
Mountain Using Total System Performance Assessment, Phase 5 (EPRI 2000 [DIRS 154149],
Table 6-9). The minimum Kd value for uranium is reduced by a factor of 100 from the minimum
Kd value of 100 ml g' specified in DTN: LA0003AM831341.001 ([DIRS 148751] SEP table
S00191_002); this minimum value is corroborated by Reviewv of Geochemistry and Available Kd

Yalues for Cadmium, Cesium, Chromium, Lead, Plutonium, Radon, Strontium, Thorium, Tritium
(3 ), and Uranium. Volume II of Understanding Variation in Partition Coefficient, K4 Values
(EPA 1999 [DIRS 170376], Table 5.17). The minimum Kd value for neptunium is reduced by a
factor of 500 from the minimum Kd value of 500 ml g" specified in
DTN: LA0003AM831341.001 ([DIRS 148751] SEP table S00191_002); this minimum value is
corroborated by Evaluation of the Candidate High-Level Radioactive Waste Repository at Yucca
Mountain Using Total System Performance Assessment, Phase 5 (EPRI 2000 [DIRS 154149],
Table 6-9) and Reviev of Geochemistry and Available Kd Values for Cadmium, Cesium,
Chromium, Lead, Plutonium, Radon, Strontium, Thorium, Tritium (3WP and Uranium. Volume II
of Understanding Variation in Partition Coefficient, K6, Values (EPA 1999 [DIRS 170376],
Table 5.17).

For cesium, radium, and strontium, a beta distribution as specified in
DTN: LA0003AM831341.001 ([DIRS 148751] SEP table S00191 002), is used in TSPA-LA.
For carbon, iodine, protactinium, and technetium, a uniform distribution as specified in
DTN: LA0003AM831341.001 ([DIRS 148751] SEP table S00191 001) is used in TSPA-LA.
Whereas DTN: LA0003AM831341.001 ([DIRS 148751] SEP table S00191 002) specified a
uniform distribution for americium, neptunium, plutonium, thorium, and uranium, a log-uniform
distribution is used in TSPA-LA, all of which have Kd values that range over more than an order
of magnitude. A log-uniform distribution is specified to avoid the high-end bias that results from
sampling from a uniform distribution that has a large range.

Table 6.3-6 also gives corroborating ranges and data source(s) described in recent literature. To
capture the secondary role of iron oxyhydroxides in soil sorption of strontium, radium and
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cesium, clay-poor soil Kld values from the EPA compilation are used in the comparison. In all
cases the corroborating Kd ranges overlap the ranges used in TSPA-LA. Moreover, in most cases
the TSPA-LA Kd values tend to be on the low end of the KEd range considered in aggregate.

Table 6.3-6. Summary of Partition Coefficient (1d) Ranges and Distributions for Retardation in the Waste
Package Corrosion Products

Minimum Maximum Distribution Corroborating Kd
Element Kd (ml g1 ) Kd (ml g1  Type Range (ml g-1) Corroborating Kd Range Source

Ac 100 5,000 Log-Uniform 1,000-20,000 EPRI 2000 [DIRS 154149], Table 6-9
Am 100 5,000 Log-Uniform 1,000->100,000 EPA 2004 [DIRS 172215],

Section 5.2.5.1;
1,000-20,000 EPRI 2000 [DIRS 154149], Table 6-9

C 10 100 Uniform 0-100 EPRI 2000 DIRS 154149], Table 6-9

Cs 0 300 Beta 10-3,500 EPA 1999 [DIRS 170376],
E(x)=30 Table D.10 (low clay soils);
o(x)=30 1-200 EPRI 2000 [DIRS 154149], Table 6-9

_ 0 0.6 Uniform 0-1 EPRI 2000 [DIRS 154149], Table 6-9
Np I 1,000 Log-Uniform 0.16-929 EPA 2004 [DIRS 172215],

Section 5.6.5.4;
10-1,000 EPRI 2000 [DIRS 154149], Table 6-9
(0.1-1,000) (reduced by factor of 100 for U site

saturation)

Pa 100 1,000 Uniform 100-10,000 EPRI 2000 [DIRS 154149], Table 6-9

Pu 100 5,000 Log-Uniform 60-15,000 EPA 1999 [DIRS 170376], p. G-4

1,000-20,000 EPRI 2000 [DIRS 154149]. Table 6-9

Ra 0 500 Beta 1-120 EPA 2004 [DIRS 172215]
E(x)=30 (Section 5.7.5.1: use Sr values)

x)=30 50-1,000 EPRI 2000 [DIRS 154149], Table 6-9

Sr 0 20 Beta 1-120 EPA 1999 [DIRS 170376], Table 5.13
E(x)=10

x)-2.5 10-100 EPRI 2000 [DIRS 154149], Table 6-9

Tc 0 0.6 Uniform 0-1,000 EPRI 2000 [DIRS 1541491, Table 6-9

Th 100 5,000 Log-Uniform 20-300,000 EPA 1999 [DIRS 170376], Table 5.15

1,000-20,000 EPRI 2000 [DIRS 154149], Table 6-9
U 1 1,000 Log-Uniform 0-630,000 EPA 1999 [DIRS 170376], Table 5.17

50-10,000 EPRI 2000 [DIRS 154149], Table 6-9
EPA = Environmental Protection Agency

Irreversible uptake can be the dominant control over contaminant transport in soils. Evidence for
soil sequestering of bomb-pulse plutonium and americium and of uranium, iodine, technetium,
cesium, and strontium from ore processing and reactor operations has been extensively
documented in the literature (Coughtrey et al. 1983 [DIRS 132164]).

Estimates of the mean fraction of irreversible sorption for various radionuclides on soil are
derived in Site Screening and Technical Guidance for Monitored Natural Attenuation at DOE
Sites (Brady et al. 1999 [DIRS 154421], Appendix VI). The value of the irreversible fraction for
the EBS will differ from that for soils and will depend on the material that the specific
radionuclide encounters, the speciation of the radionuclide, and other factors in the material and
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chemical environment. Irreversible sorption is an important process for many radionuclides that
potentially contribute to dose. For the TSPA-LA model, irreversible sorption of Pu and Am is
included, with appropriate fractions of the total mass adsorbed being based on field observations.
Details of the radionuclide sorption component of the EBS transport model are described in
Sections 6.5.1.1.1 and 6.5.3.

6.3.4.2.4 Sorption Parameters for Corrosion Products in the Invert

To compare with the mass of sorbing material in the waste packages, the mass of sorbing
material in the invert has been estimated using the data from Repository Subsurface
Emplacement Drifts Steel Invert Structure Sect. & Committed Materials (BSC 2004
[DIRS 169776], Committed Materials table). The iron content of the steel invert support beams,
stiffeners, base plates, gantry runway beams, runway beam cap plates, stub columns and top
plates, miscellaneous stiffener plates, and the gantry rails is included in this calculation. The iron
in the steel set ground support, the rock bolts, and the welded wire fabric steel has been ignored,
even though the corrosion products from these components may fall on the invert. The mass of
corrosion products is again estimated by assuming that iron converts to Fe 2O3 during the
corrosion process. The mass of A 588 carbon steel per unit length of drift in the invert is
893 kg nfm (BSC 2004 [DIRS 169776], Committed Materials table), having an iron content of
859 kg m-l (using an iron content of 96.16 percent for the composition of A 588 steel;
ASTM A 588/A 588M-01 [DIRS 162724], Table 1). The mass of A 759 steel in the gantry rails
is 134 kg ml (BSC 2004 [DIRS 169776], Committed Materials table), which has an iron content
of 97.47 percent (ASTM A 759-00 [DIRS 159971]), or 131 kg m-l. The total iron content of the
invert is then 990 kg m1, which converts to 1,415 kg m1 of Fe2O3. As a comparison, the
average mass of Fe 203 in the invert under a 21-PWR or 44-BWR waste package, having a
nominal length of 5.02 m (BSC 2004 [DIRS 169472], Table 1), would be 6,820 kg, or
approximately one-third the amount of iron corrosion products inside a waste package (Table
6.3-4). While not negligible, the sorptive capacity of the invert is small compared to that of the
waste packages, so, not considering retardation by corrosion products in the invert (Assumption
5.7) will overestimate radionuclide transport.

The impact of copper in the invert on retarding iodine and technetium is discussed here to
complete the analysis of neglecting retardation by corrosion products in the invert and thus
overestimating radionuclide transport. The amount of elemental copper in the drift is given by
the nominal weight of the solid copper conductor bar rail, 4.0 kg m-' (BSC 2001 [DIRS 154441],
Section 3.1.7), plus the copper in the communication cable, which is 50 percent by weight of the
total cable weight of 2.00 kg m-l (BSC 2001 [DIRS 154441], Sections 3.1.9 and 3.2.1.3). The
total weight of elemental copper per meter of drift is then [4.0 + (0.5)(2.00)] or a total of
5.0 kg m . These values are based on the nominal mass of elemental copper, rather than the
upper bound values, to provide a bounding estimate. The mass of elemental copper is not
explicitly represented in the TSPA-LA model, but its presence when oxidized is noted because of
its role as a potential sorber for iodine and technetium.

The mass of copper is large relative to the mass of iodine and technetium. Using a waste
package length of 5.024 m for the CSNF waste package (BSC 2004 [DIRS 169472], Table 1),
there is 25.1 kg of elemental copper in the invert per CSNF waste package. This value (25.1 kg)
can be compared to approximately 7.64 kg of technetium-99 and 1.75 kg of iodine-129 per
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CSNF waste package (DTN: SN0310T0505503.004 [DIRS 168761]). Thus, there is more
elemental copper than iodine or technetium using a mass or molar basis. Similarly, the
5 DHLIV/DOESNF- Short codisposal waste package has a length of 3.45 m (BSC2004
[DIRS 169472], Table 3), implying that there is 17.3 kg of elemental copper per
5 DHLW/DOE SNF - Short waste package in the invert. This mass is greater than the
approximately 0.156 kg of technetium-99 or the 0.0351 kg of iodine-129 in the codisposal waste
packages (DTN: SN0310T0505503.004 [DIRS 168761]). Based simply on a gross comparison
of masses, there is ample quantity of copper in the invert to adsorb all iodine and technetium that
might be released from the waste packages. Nevertheless, because the presence of copper is
highly localized, the probability of iodine or technetium released from the waste package
actually contacting the copper is low. Therefore, iodine and technetium are assumed not to sorb
onto corrosion products in the invert.

To summarize, no credit is taken for radionuclide sorption onto corrosion products of iron or
copper contained in the invert (Assumption 5.7), through which radionuclides must be
transported to reach the accessible environment. By ignoring sorption in the invert, there is
added confidence that the radionuclide inventory actually transported is less than the calculated
value used in assessing dose to the individual.

6.3.4.3 In-Package Diffusion Submodel for Commercial Spent Nuclear Fuel Waste
Packages

This submodel provides a way to quantify the uncertainty in diffusive releases from CSNF waste
packages when no seepage occurs, when the only water present is water vapor. The object of the
submodel is to compute the effective diffusion coefficient, cross sectional area for diffusion, and
the diffusion path length for diffusion of radionuclides by Fick's law. From these output
parameters, the rate of diffusion of radionuclides from the waste package to the invert can be
determined.

One way to picture a breached and degraded waste package is for the radionuclide inventory to
be located just inside the thickness of the waste package outer corrosion barrier or lids from the
invert, with a fully saturated porous medium separating the interior of the waste package from
the invert. This scenario provides essentially no resistance to diffusion from the waste package
and thus grossly overestimates diffusive releases of radionuclides. Compared to this picture, the
present base submodel with in-package diffusion can potentially delay and reduce computed
diffusive releases by providing a much more realistic estimate of the resistance to diffusion that
occurs when little water is present. This is especially important if, as expected, much of the
repository has no seepage into drifts.

The fundamental basis of this submodel is that the only liquid water present is the thin film of
adsorbed water that covers all surfaces exposed to humid air (Assumption 5.5). In this
submodel, all dissolution and diffusion of radionuclides occur in this thin film.

As the steel internal components corrode, the interior of the waste package becomes filled with a
mass of porous corrosion products. Diffusion will occur on the thin films coating the surfaces of
particles of corrosion products. The extent of corrosion will determine the amount of corrosion
products and, in turn, the amount of adsorbed water that is present, from which the water
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saturation is computed. Together with estimates of the porosity, the effective diffusion
coefficient is calculated using Archie's law. A bulk cross sectional area for diffusion is
estimated, and the length of the diffusion path is a sampled parameter for each leg of the path
from the waste form domain to the corrosion products domain to the invert domain.

The extent of corrosion is taken to vary linearly over the lifetime of the waste package steels.
The amount of water adsorbed is a function of the relative humidity. Consequently, the rate of
diffusive releases varies over time. All internal steel components are considered to be iron that
corrodes to form Fe 2O3.

A number of uncertain parameters are associated with this submodel. The lengths of the various
diffusive pathways are also uncertain because the location of the failed fuel rods and therefore
the distance from the points of failure to the openings in the waste package outer corrosion
barrier cannot be known. In addition, the surface area available for adsorption of water is
uncertain because the condition of the corrosion products cannot be determined-they may be
finely powdered with a high specific surface, or agglomerate into an impermeable mass with low
specific surface area, all depending on unpredictable circumstances and material behaviors.
Details of the in-package diffusion submodel for CSNF waste packages are presented in
Section 6.5.1.2.1.

6.3.4.4 Colloidal Transport

Radionuclide transport from the waste package occurs as dissolved species at the appropriate
solubility or dissolution rate limit and as colloidal particles. Three types of colloids are
anticipated to exist in the EBS (BSC 2004 [DIRS 170025]): (a) waste form colloids from
degradation of HLW glass, (b) iron oxyhydroxide colloids due to products from the corrosion of
steel waste packages, and (c) groundwater or seepage water colloids. All three types of colloids
may have reversibly sorbed radionuclides. The waste form colloids may have irreversibly
attached (embedded) or reversibly attached (sorbed) radionuclides. The corrosion products
colloids may have irreversibly attached (strongly sorbed) or reversibly attached (weakly sorbed)
radionuclides. The stability and mass concentrations of colloids are functions of the ionic
strength and pH of the groundwater or local liquid chemistry in the waste package and invert.
Both groundwater and waste form colloids are stipulated to be smectite, and therefore Kd values
associated with radionuclide sorption onto smectite colloids are used in the TSPA-LA model
(BSC 2004 [DIRS 170025], Table 6-6).

The potential mass of radionuclides irreversibly attached (embedded) to the waste form colloids
(BSC 2004 [DIRS 170025], Section 6.3.3.3) is determined from reactions within the waste
package. The mass of radionuclides reversibly attached to all three types of colloids is
determined primarily by three parameters:

* Mass concentration of dissolved (aqueous) radionuclide in the liquid

* Mass concentration of colloid material in the liquid

* Radionuclide distribution coefficient (Kd) of a specific radionuclide on a specific colloid
mineralogical type.
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The potential concentrations of colloids in the drifts and EBS have also been assessed
(BSC 2004 [DIRS 170025]). In a DOE-funded research project at the University of Nevada at
Las Vegas to evaluate the corrosion of scaled-down miniature waste packages, the data indicate a
preponderance of amorphous corrosion products released as colloids, including magnetite
(Fe3O4), lepidocrocite (FeOOH), and goethite (FeOOH) (DTN: M00302UCC034JC.003
[DIRS 162871]; BSC 2004 [DIRS 170025], Section 6.3.1.3).

Colloidal transport of radionuclides occurs by advective and diffusive processes. Advective
transport moves colloids (and the associated radionuclides) at approximately the same velocity as
the liquid flux through the EBS. Longitudinal dispersion, which could potentially enable
colloids to travel faster than the bulk average liquid velocity, is ignored because of the short
travel distance through the EBS (see Section 6.3.1.2). Diffusive transport moves colloids due to
the concentration gradient and the medium diffusive properties. In the absence of a rigorous
theory of solute diffusion in liquids, order of magnitude estimates may be made on the basis of
hydrodynamic theory. Based on the Stokes-Einstein equation (Bird et al. 1960 [DIRS 103524],
p. 514, Equation 16.5-4), the diffusivity of a solute in a liquid is inversely proportional to the
radius of the diffusing particles.

Rates of diffusion of colloidal particles can be estimated by scaling those experimentally
determined free water diffusion coefficients for dissolved actinides to dissolved colloidal
materials on the basis of size (Stokes-Einstein relationship) as follows:

r'O- I (Eq. 6.3.4.4-1)

where
D.,, = diffusion constant for a colloidal actinide of radius rc-,01
Duo,, = diffusion constant for a dissolved actinide of radius r,,,,

rook = radius of the colloidal actinide

r;, = radius of the dissolved actinide.

For example, given an ionic radius ro,, = 1 A (0.1 nm) and a colloidal particle radius

rc,, = 10 nm, the free water diffusion coefficient for the colloidal particle would be that of the

dissolved actinide reduced by a factor of 100 (Dc,, = DlO,[0.1 nm/I0 nm] = D,0 " /100, from
Equation 6.3.4.4-1). This approach is consistent with discussions in Principles of Colloid and
Surface Chemistry (Hiemenz 1986 [DIRS 117358], p. 81).

Radionuclides may sorb onto stationary corrosion products from the degradation of waste
package internal components (Section 6.5.3) as well as onto mobile colloids. This sorption
process will compete with sorption onto colloids. A portion of plutonium and americium sorb
irreversibly onto mobile colloids as well as onto stationary corrosion products in the waste
package. In order to model both reversible and irreversible sorption of plutonium and americium
onto iron oxyhydroxide colloids, the TSPA model reduces the upper bounds for the Kd values in
Table 6.3-7 for plutonium and americium by a factor of 100 (BSC 2004 [DIRS 170025],
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Section 6.3.3.2), which constrains the Kd values to the lower bound. This allows for more of the
plutonium and americium to desorb from the iron oxyhydroxide colloids, thereby simulating
reversible sorption.

The sorption distribution coefficients (Kd values) for colloids used in the TSPA-LA calculations
are presented in Table 6.3-7. The ranges of Kd values used for colloids are different from those
used for stationary corrosion products (Table 6.3-5) and are higher for all radionuclides that are
considered. The rationale for this difference is that the specific surface area of colloids is
generally greater than that of stationary corrosion products, largely because colloid particles are
smaller. The specific surface area used for corrosion products ranges from about 0.4 to
22.4 m2 g' (Section 6.5.1.2.1.3.1). In contrast, the specific surface area of iron oxyhydroxide
colloids ranges from 1.8 to 720 m2 2g- with a log-uniform distribution
(DTN: SN0309T0504103.010 [DIRS 165540]; BSC 2004 [DIRS 170025], Section 6.3.3.2).

Another reason for the disparities between stationary corrosion products Kd values and colloid Kd

values is an intentional bias toward lower Kd values in each model so as to overestimate releases
of radionuclides. In the case of stationary corrosion products, lower Kd values will tend to
release more radionuclides from the waste packages. For colloids, predicted releases of
radionuclides sorbed onto colloids are higher using higher Kd values, since the radionuclides then
remain sorbed longer and are transported farther.

6.3.4.5 Transport through Stress Corrosion Cracks

Transport through stress corrosion cracks in the waste package is limited to diffusion. Once
stress corrosion cracks form in the lid of the waste package, all surfaces inside the waste package
are assumed to be coated with a thin film of water (per Assumption 5.5). This thin film provides
the medium for diffusion from the waste form, through the stress corrosion crack, and out of the
waste package. The diffusive area is calculated as the product of the area and number of cracks.
The area of each crack is estimated from the data in Table 6.3-3. The maximum cross-sectional
area of each crack for diffusive transport is calculated to be 7.7 x 106 m2 (Section 6.3.3.1.2.1).

Table 6.3-7. Sorption Distribution Coefficient (td) Values and Interval Probabilities Used for Reversible
Radionuclide Sorption on Colloids in TSPA-LA Calculations

KdValue Range KdValue Intervals KdValue Interval
Radionuclide Collold (ml q4) (ml g4) Probabilities

Pu Iron Oxyhydroxide 104 to 10 <1 x 104  0
1 x104to5x104  0.15
5 x 104 to, x 10 0.2
1x 105 to 5x105  0.5
5x105 to1 x10' 0.15
>1X10e 0

Smectite 10 3 
to 106 < 1 X 10 3  0

1 x 10 3 to 5 x 10
3  

0.04
5 x 103 to I X 104  0.08
1 x 104 to 5 x 104  0.25
5 x 104 to 1 x lo 5  0.2
l x O 5 to 5x 1O5  0.35
5 x 10tolIxlO6" 0.08
>__ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ I1X 1lol 0
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Table 6.3-7. Sorption Distribution Coefficient (KId) Values and Interval Probabilities Used for
Reversible Radionuclide Sorption on Colloids in TSPA-LA Calculations (Continued)

KdValue Range KdValue Intervals KdValue Interval
Radionuclide Collold (MI g I (ml g9 ) Probabilities
Am, Th, Pa Iron Oxyhydroxide 105 to 10 <1 x 105 0

1 x 105 to 5 x 105  0.15
5 x 105 to I x 106  0.2
1 x 106 to 5 x 106  0.55
5x106toI X107 0.1

>1 x107  
0

Smectite 10' to 107 < 1 X 104 0

1 X 104 to 5 x 104 0.07
5 x 104 to Ix 10 0.1
I xlo, to 5 .lo, 0.23
1 x 105to I x 105 0.2
5 x 106to 5 x 106  0.32
5 x 106 to I x 107 0.08
>1 xle7 0

Cs Iron Oxyhydroxide 101 to 103 < 1 x 101 0
1x 10 to 5x10 0.13
5 x 101 to xIO 102  0.22
1 x 102 to 5 x 102  0.55
5 x 102to xIO 10 3  0.1
>1 X10

3  0

Smectite 102 to 104 < 1 x lo, 0
1xI1 2to x102  0.2
5 x l 2 to I x 1 3  0.25
1 x 103 to 5 x 10 3  0.5
5 x 1 3to xIO 104 0.05
__1 xl104 0

DTN:

NOTE:

SN0306T0504103.006 [DIRS 1641311, Table 1.

In engineered barrier system calculations, upper bound of Kd ranges for plutonium (Pu) and
americium (Am) on iron oxyhydroxide reduced by a factor of 100 to be compatible with mechanistic
sorption model described in Waste Form and In-Dnfl Colloids-Associated Radionuclide
Concentrations: Abstraction and Summary (BSC 2004 [DIRS 170025], Section 6.3.3.2).

6.4 CONSIDERATION OF ALTERNATIVE CONCEPTUAL MODELS

Alternative conceptual models considered in the EBS radionuclide transport abstraction are
discussed in this section. A summary of models that are analyzed is presented in Table 6.4-1.

Table 6.4-1. Alternative Conceptual Models Considered

Alternative
Conceptual

Models Key Assumptions Screening Assessment and Basis
Bathtub flow Seepage water flowing into breached waste Screened out in analysis in Section 6.6.1.
model (altemative package accumulates until void volume is filled For several of the most pertinent cases,
to flow-through before water containing dissolved radionuclides the flow-through model is bounding with
model) flows out. Various cases, such as changing inflow respect to releases of radionuclides.

rates and effect of solubility and dissolution rate
limits, are evaluated.
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Table 6.4-1. Alternative Conceptual Models Considered (Continued)

Alternative
Conceptual

Models Key Assumptions Screening Assessment and Basis
Water vapor If the rate of corrosion of steel components inside Screened out.
diffusion limitations waste package is greater than the rate of diffusion Potentially delays releases for hundreds
through stress of water vapor into waste package, a film of to thousands of years, which requires
corrosion cracks adsorbed water cannot form, which delays diffusive unattainable reduction in model
(altemative to releases until all steel is fully corroded. uncertainties.
unlimited access Water vapor concentration inside waste package is The assumption that no water is
to water vapor) assumed to be zero to maximize concentration physically adsorbed until all steel is

gradient. corroded is questionable, since
Alternative cases consider stress corrosion cracks adsorption is typically a fast process. On
that are assumed to be (1) fully open and (2) filled the other hand, if water consumption by
with corrosion products but still permeable. corrosion keeps the relative humidity
Alternative corrosion stoichiometry is considered for inside the waste package low, the
formation of (1) Fe2O3 and (2) Fe(OH)2. effective water saturation, as computed in
Alternative corrosion rates are considered the in-package diffusion submodel, will be
assuming (1) only carbon steel corrodes, (2) all so low that bulk liquid phase behavior
internal components corrode at carbon steel rate allowing dissolution and diffusion of
and at stainless steel rate, with mass of iron dissolved radionuclides will not exist until
computed as in the in-package diffusion submodel. corrosion is complete.

Oxygen diffusion Same as for water vapor diffusion limitation model, Screened out.
limitations through but less restrictive in that oxygen as well as water Potentially delays releases, which is not
stress corrosion vapor can corrode steels, potentially reducing time justifiable in view of large model
cracks (altemative needed for complete corrosion of internal uncertainties.
to unlimited components. Comparative rates of oxic and anoxic
access to oxygen) Assumes that oxic corrosion occurs at the same corrosion should be considered.

rate as anoxic corrosion with water. Competing diffusion with water vapor
Assumes oxygen and water vapor can diffuse should also be addressed.
independently of each other without interfering.
Oxygen concentration inside waste package is
assumed to be zero to maximize concentration
gradient.

Dual-continuum Crushed tuff invert ballast is modeled as a dual- Screened out.
invert model continuum material consisting of intergranular pore Insufficient data to validate diffusion

space and intragranular pore space. coefficients in individual continua.
All seepage flow into the drift flows through the Insufficient data to confirm whether this is
intergranular pore space and Into the UZ fractures. a bounding approach with respect to
Imbibition from UZ host rock into the Invert flows chemical behavior in the invert.
through the intragranular pore space.
Diffusion of radionuclides also occurs In both the
intergranular and intragranular pore spaces, from
the waste package corrosion products into UZ
fractures and matrix, as well as between the two
invert continua.

Invert diffusion As the water content of the crushed tuff ballast Screened out.
coefficient model decreases, the water films that connect pore Insufficient data to validate diffusive
with lower limit on spaces become disconnected, and the effective behavior at very low water contents.
water content diffusion coefficient drops more rapidly than Does not provide upper bounds on

predicted by Archie's law. Below some critical coefficients.
water content, the diffusion coefficient becomes
zero. Based on models of diffusion in soils.
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6.4.1 Bathtub Model for the Waste Package

The bathtub model is an alternative conceptual EBS flow model in which seepage collects within
the waste package before being released to the EBS. This is an alternative to the "flow-through"
geometry, and is analyzed in Section 6.6.1. It is concluded that, with respect to releases of
radionuclides, the flow-through model increases releases relative to the bathtub model and is
therefore bounding for the following cases:

I. Primary case, in which the water inflow rate is constant, the rate of radionuclide
dissolution is limited, and the radionuclide concentration is solubility-limited. Unlike
the bathtub model, there is no delay in release of radionuclides in the flow-through
model.

2. Secondary case 1, in which the inflow rate undergoes a step change. The response of
the bathtub model is identical to the flow-through model for solubility-limited
radionuclides. For dissolution-rate-limited radionuclides, the flow-through model
overestimates releases of radionuclides for the case of decreasing inflow, or increasing
concentration, which is of primary interest from a performance or regulatory
standpoint.

3. Secondary case 2, a step change in groundwater chemistry. The flow-through model
overestimates releases of radionuclides relative to the bathtub model when the
solubility or dissolution rate increases because it has an instantaneous change to the
higher equilibrium value, whereas the bathtub geometry delays the change. For
decreasing solubility or dissolution rate, the bathtub overestimates releases of
radionuclides, but this case is of no interest from a performance or regulatory point of
view.

4. Secondary case 3, wherein a second corrosion patch opens instantaneously beneath the
water level in the waste package in the bathtub model. The impact of this alternative
flow path was screened out because of the potential mitigation from sorption and
diffusion and because the variability of corrosion rates provides large uncertainty in
radionuclide release rates from the waste package.

As a result of this analysis, the bathtub model has been screened out as an alternative conceptual
model in order to overestimate radionuclide transport.

6.4.2 Limited Water Vapor Diffusion Rate into Waste Package

This alternative conceptual model accounts for the resistance to diffusion of water vapor into a
waste package through stress corrosion cracks. In the base model, there is no limit to the amount
of water vapor available to adsorb onto surfaces within a waste package, which creates a
pathway for diffusive transport of radionuclides out of the waste package (This applies to the
in-package diffusion submodel, Section 6.5.1.2.1.1.). However, the base model currently used
for the TSPA to calculate dose overestimates releases of radionuclides, particularly at early times
when the only breaches in a waste package are small stress corrosion cracks. If the diffusion rate
is limited, the rate of steel corrosion is limited by the rate of diffusion of water vapor. The result
is that no water is available to adsorb and form a thin liquid film on corrosion products, and no
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water would be available for radionuclide transport. This is because all water is consumed by
the corrosion process as quickly as it diffuses into the waste package. This prevents formation of
a diffusive path until all of the internal steel components are fully corroded, which in turn delays
diffusive releases until that time. Since this may take hundreds to thousands of years, the delay
in releases of radionuclides from breached waste packages could be extensive. During this
delay, radioactive decay will decrease the quantity of radionuclides in the waste package,
ultimately reducing releases to the environment.

A mathematical description of this model is presented in Section 6.6.2.

6.4.3 Limited Oxygen Diffusion Rate into Waste Package

This alternative conceptual model is similar to the alternative conceptual model dealing with
limited water vapor diffusion into a waste package through stress corrosion cracks described in
Section 6.4.2. In both models, the rate of steel corrosion is limited by the rate of diffusion of
reactive gases. They also imply that no adsorbed water film can form until all of the steel is
corroded, as long as the rate of water consumption by corrosion is greater than the rate of
diffusion of reactants into the waste package. The difference in this model is that oxygen in the
waste package is also diffusion limited, yet oxygen also reacts readily with the steel internal
components. Depending on how oxygen competes with water vapor in diffusing through stress
corrosion cracks and reacting with steel, the time required for all internal components to react
and stop consuming water would be shortened. Then diffusive releases through the film of
adsorbed water (given by the in-package diffusion submodel, Section 6.5.1.2.1) can begin earlier
than predicted by the water vapor limited diffusion model alone.

A mathematical description of this model is presented in Section 6.6.3.

6.4.4 Dual-Continuum Invert

This alternative conceptual model treats the crushed tuff in the invert as a dual continuum
comprised of two pore spaces - intragranular pore space (tuff particle matrix) and intergranular
pore space. Although radionuclide transport by both advection and diffusion can occur in both
pore spaces, the dominant flow and transport processes in each of these two pore spaces is
generally different. In order to simulate flow and transport through the invert accurately, the
invert is conceptualized in this alternative conceptual model as overlapping dual continua using a
dual-permeability approach, wherein flow and transport occur in both pore spaces, and mass
transfer takes place between the two pore spaces.

A mathematical description of this model is presented in Section 6.6.4.

6.4.5 Alternative Invert Diffusion Coefficient Models

The following two alternative models for determining the diffusion coefficient in the invert are
assessed: the single-continuum invert diffusion coefficient model and the dual-continuum invert
diffusion coefficient model. In the single-continuum invert diffusion coefficient model, an
alternative to the Archie's law approach for determination of the diffusion coefficient for the
single-continuum crushed tuff invert ballast (Section 6.3.4.1) is modeled using an approach that
has been applied to diffusion in soils. In the dual-continuum invert diffusion coefficient model,
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the bulk diffusion coefficient is dominated by the intergranular diffusion coefficient above the
critical bulk moisture content, while below this critical value, the intragranular diffusion
coefficient dominates.

Mathematical descriptions of these models are presented in Section 6.6.5.

6.5 MODEL FORMULATION FOR BASE CASE MODEL

6.5.1 Mathematical Description of Base Case Conceptual Model

A solute transport model typically consists of two component models: a model to solve the flow
equation and another to solve the transport equation (Anderson and Woessner 1992
[DIRS 123665], p. 327). The solution of the flow equation yields the flow velocities or flow
rates. These flow rates are input to the transport model, which predicts the concentration
distribution in time and space. Development of the EBS flow model and the EBS transport
model are discussed separately in the next two subsections.

6.5.1.1 EBS Flow Model

The EBS flow model is essentially a mass balance on water in the EBS. Because the
microscopic details of processes that occur in the EBS are not important on a drift or waste
package scale, an appropriate starting point for developing the EBS flow model is a general
macroscopic balance on water within a drift (Bird et al. 1960 [DIRS 103524], p. 686):

dm. = _Avw + wwt + r,. (Eq. 6.5.1.1-1)
dt

Here, mn (kg) is the instantaneous total mass of water within the walls of a drift, which
encompass the EBS. This equation states that the rate of change of water mass in the EBS is
equal to the difference between the mass rate of flow into and out of the EBS (Aw, [kg s i]),

plus ww (kg s l), the net mass flow rate of water across bounding surfaces by mass transfer
(e.g., condensation or evaporation transfer water across a liquid surface, which is a boundary
between gas-phase flow and transport and liquid-phase flow and transport), plus the rate of
production of water by chemical reactions, rw (kg s-1). Per Assumption 5.4, production or
consumption of water by chemical reactions is assumed to be zero, resulting in:

dmw =-- AvW +wV . (Eq. 6.5.1.1-2)

At steady state or when the mass of water in the EBS changes slowly, the time derivative can be
set to zero:

AW. + IV' = 0. (Eq. 6.5.1.1-3)

The alternative bathtub conceptual model, using Equation 6.5.1.1-2 for the waste package, is
screened out as an alternative conceptual model in Section 6.6.1. By neglecting changes in the
density of the water within a drift as it passes through the EBS, Equation 6.5.1.1-3 can be
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divided by the density of water, p,, (kg m 3), to transform it into a volume balance involving
volumetric flow rates:

-,&F, + Fm = 0, (Eq. 6.5.1.1-4)

where F,4, = iv' / p, is the volumetric flow rate (m3 sl), and the superscript m still refers to mass

transfer processes. Since both -AF,, and F,' represent a net inflow minus outflow,
Equation 6.5.1.1-4 simply states that outflow is equal to inflow. This is the general form of the
water mass balance that is used for individual flow paths in the EBS in the EBS RTAbstraction.
It is applicable to the EBS as a whole as well as to individual components of the EBS. In
particular, the terms Aivw and ivm can be broken down into the separate and distinct flow paths
listed in Section 6.3.1.1.

The volumetric flow rate of water into the top of the EBS is referred to as the total dripping flux,
designated F. in Table 6.3-1, and is comprised of seepage flux into the top of the drift and
condensation on walls of the drift. The seepage flux is computed in the GoldSim TSPA model
using Abstraction of Drift Seepage (BSC 2004 [DIRS 169131]); this is an input or source of
inflow into the EBS flow model.

Over the entire EBS, Equation 6.5.1.1-4 becomes

F, +F7 = Fs, (Eq. 6.5.1.1-5)

where F, is the total dripping flux into the top of the drift and F7 is the imbibition flux into the

invert; see Figure 6.3-1. F8 is the flow rate of water leaving the invert and entering the
unsaturated zone.

For the drip shield, the flux through corrosion breaches in the drip shield is F2 , and the flux of
water diverted by the drip shield is F3 , so the water balance on the drip shield is:

F, =F2 +F3. (Eq. 6.5.1.1-6)

For the waste package, the water mass balance is:

F2 =F4 +F5 . (Eq. 6.5.1.1-7)

As modeled, there is no water storage in the waste package. Therefore, the flow rate of water
from the waste package to the invert is equal to the flow into the waste package, F4 . The water
balance over the invert includes this influx of water that has flowed through the waste package as
well as water diverted around the waste package and water diverted around the drip shield. The
total flow into the invert that originates from seepage flux (F,), is:

F6 F3 + F4 + F5  (Eq. 6.5.1.1-8)

-F,.
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A water mass balance over the invert indicates that the sum of the seepage flux (Fa) and
imbibition flux (F7 ) flows out of the invert (Equation 6.5.1.1-5):

=F6 +F7. (Eq. 6.5.1.1-9)

6.5.1.1.1 Water Flux through a Breached Drip Shield

Key features of the drip shield flux splitting algorithm include: (1) the seepage flux into the drift
falls as droplets from the top of the drift onto the crown of the drip shield (Assumption 5.1),
(2) droplets fall randomly along the length of the drip shield, (3) only flow through general
corrosion patches is considered, (4) evaporation from the drip shield is neglected
(Assumption 5.2); all of the seepage flux either flows through corrosion patches or drains down
the sides of the drip shield, (5) all water that flows through breaches in the drip shield flows onto
the waste package.

In the conceptual model of the breached drip shield corrosion patches are represented by square
holes, with dimensions specified in an earlier version of the WAPDEG corrosion model as
approximately 27 cm in width (CRWMS M&O 2000 [DIRS 151566], p. 36, where the patch area
is specified to be 7.214 x 104 mm2). The breached drip shield experiments (BSC 2003
[DIRS 163406]) were designed using holes of this size.

Consider first some simple cases with idealized behavior, in which drops falling onto the drip
shield either fall straight through corrosion patches or, after impacting the drip shield surface,
flow straight down the sides of the drip shield. These will provide bounding cases for
comparison as more realism is added to the flux splitting submodel. Let 2f be the width (m) of a
square corrosion patch, LDs the axial length (m) of the drip shield, and Nb the number of
patches on the drip shield, assumed to not overlap each other.

In the simplest case, N. patches are located on the crown of the drip shield, none off the crown.
Since all of the seepage flux F, falls on the crown of the drip shield, the amount that passes
straight through breaches in the drip shield (F2) is simply the ratio of the total length of the N.
patches to the total length of the drip shield multiplied by the seepage flux:

F2  F, 216 (Eq. 6.5.1.1.1 -1)
LDS

Next, suppose a single patch exists, randomly located on the top of the drip shield, but fully off
the crown so that none of the seepage flux falls directly through the patch, but instead lands on
the drip shield crown and then flows straight down the surface. Ideally, exactly half of the
seepage flux drains down one side of the drip shield, and half down the other side. The reality is
not far removed from the ideal: when drops strike the drip shield, they splatter in a random
pattern; the region where splattered droplets fall is roughly circular. After a large number of
drops have fallen, on average half of the droplets will have landed on each of the two sides of the
drip shield. Since only half of the seepage flux drains down one side of the drip shield, a single
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patch can only capture 2e/L,,s of the flow down one side (F, /2), so the flux through a single
patch in the drip shield is:

F2 =F.-. (Eq. 6.5.1.1.1-2)
LDS

If two patches exist, with one patch on each side of the drip shield, the total flux will clearly be
twice what flows through a single patch:

F2 = F -.. (Eq. 6.5.1.1.1-3)
LDS

If two patches are located on one side of the drip shield, away from the crown, and located
randomly except that they do not interfere with each other (i.e., one patch is not upstream from
another where it would intercept flow that would be captured by a lower patch), then a fraction
2/LS of the flow down one side (F. /2) will enter each patch. The total flux through the drip
shield in this case is:

= Lj )2=(Eq. 6.5.1.1.1-4)
2 L~s LDs

In the general case where Nb patches are randomly distributed on the drip shield, off the crown
and not interfering with each other, Equation 6.5.1.1.14 becomes:

F2 = Fl Nb. (Eq. 6.5.1.1.1-5)
LDS

Different behavior is clearly seen depending on whether the patch is located directly on the
crown such that drops fall straight through it, or whether the seepage is split by falling on the
drip shield first, causing half of the dripping flux to flow down each side of the drip shield. If
N, patches are located on the crown (N, •Nb), the most general form of the flux splitting
algorithm for this idealization is:

F2 =F L [2NC+(Nb-NC)]
- DS (Eq. 6.5.1.1.1-6)

L'os

Although this equation is general, it requires a distinction between patches on the crown and off
the crown. However, the location of patches is completely random, so the location cannot be
specified a priori. To account for the different flux through crown patches, note that crown
patches occur within a distance ± 21 from the crown, or over an area 4eL'. The total surface

area of a drip shield is VDsLDs, where WDs is the total unfolded width of the drip shield (m) as
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measured from the bottom edge of one side, over the top, and down to the bottom of the other
side. Then the probability of a patch occurring on the crown is:

4WL~s = 4 (Eq. 6.5.1.1.1-7)

WDSLDS JVYS

Equation 6.5.1.1.1-6 can be rewritten to account for the probability of seepage flux falling into a
crown patch or onto intact drip shield, and for the flux through a single crown patch being twice
the flux through an off-crown patch for a given seepage flux:

F 2Nbev4e +F N-A 4F2 = FI(-( +J FL )( W )

DS WDS DS DS~

=FI Nbe (4t+WDS) (Eq. 6.5.1.1.1-8)
LDSDS

F, Nbf +11
LDS VDS

For a patch size of 2t =27 cm and a total drip shield width of WJVs =6.94 m, the term

4eIt,,s = 0.078. Then, to provide a good approximation, the term 4/YDs can be assumed to
be zero, yielding:

F F Nbe (Eq. 6.5.1.1.1-9)
LDS

which is identical to Equation 6.5.1.1.1-5. This result indicates that, although the flux is higher
through crown patches, the probability of patches occurring on the crown is small (2e/ ,s or
3.9 percent) and may be ignored in light of the uncertainties discussed in Section 6.3.2.4.

The simple model presented thus far assumes ideal drops that do no splatter and that run down
the drip shield in straight, nondiverging paths. Next, realism is added to the flux splitting
submodel by taking into account observations and data from breached drip shield experiments,
which account for drop splattering and the nature of rivulet flow along the surface of the drip
shield.

6.5.1.1.2 Breached Drip Shield Experiments

The breached drip shield experiments (BSC 2003 [DIRS 163406]) are described in
Section 6.3.2.4. The tests were performed at three different drip rates, which represent the range
of expected liquid water influx rates over a single drip shield. The bulk of the tests were
performed at a drip rate of 2 m3 yfl. Additional bounding flow rate tests were performed at a
lower rate of 0.2 m3 yr' and a higher rate of 20 m3 yrl. The tests were performed by dripping
water at specified drip locations, one location at a time for a period that allowed a measurable
amount of liquid to be collected through breaches in the drip shield (typically 30-60 min at
2 m3 yel, 10 min at 20 m3 yrf , and 5-5 /2 hr at 0.2 m3 yf').
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Four basic types of tests were performed: (1) "q(splash)" test, in which the splash distance was
measured when a drop falls onto the drip shield surface; (2) "q(film)" tests, where the primary
goals were to measure rivulet spread and the amount of flow into a single breach in the drip
shield; (3) multiple breach tests, which were similar to the q(film) tests, except that multiple
breaches existed in the drip shield mockup; and (4) bounding flow rate tests, which repeated the
q(film) and multiple breach tests using different drip rates. Most of the tests were performed on
both a smooth drip shield and a rough drip shield.

The dripping distance was based on design parameters and carried out at full scale. Thus the
dripping distance used for dripping onto the crown of the drip shield was 2.173 m (BSC 2003
[DIRS 163406]). The splash radius on the drip shield was measured for both the smooth surface
(DTN: MO0207EBSATBWP.022 [DIRS 163400]) and the rough surface
(DTN: MO0207EBSATBWP.021 [DIRS 163399]). The maximum lateral splash radius
observed in Splash Radius Test #1 on the smooth surface was 72.5 cm after 60 drops; in Test #2,
the maximum splash radius was 53.0 cm after 66 drops. On the rough surface, the maximum
lateral splash radius in the five tests that were conducted was 106.5 cm after 203 drops. In
addition to the splash radius tests, splash distances were recorded for some of the single patch
q(film) rivulet flow tests; a maximum splash distance of 86 cm (DTN: M0207EBSATBWP.023
[DIRS 163402]) was observed for drip location Patch 4, 8 cm right of center, onto the crown of
the drip shield. The distribution of droplet formation on the surface as a function of distance
from the impact location was not measured, although an approximate determination was made to
distinguish an "inner cluster" of droplets from an "outer fringe," where the droplets were
noticeably smaller (Table 4.1-4). It was observed that the outer splashes on the fringe tended to
be smaller and less frequent on the rough surface than on the smooth surface.

Observations during the breached drip shield tests revealed that the primary mechanism for water
to enter breaches is via rivulet flow that originates from an area around the point of drip impact.
Following droplet impact at the crown, beads formed and increased in size around the center of
impact with each successive drop. After a time, the beads closest to the downhill curvature
would reach a critical mass and roll down the face of the drip shield in the form of a rivulet. The
rivulet flow area spreads out in a delta formation (i.e., the maximum spread was located on the
vertical section of the drip shield and the minimum spread was located at the point of impact).
No film flow was observed during tests on the smooth or the rough drip shield surfaces.

For a given drip location onto the crown of the drip shield (Assumption 5.1), the spreading of the
rivulet flow is defined by a half-angle, a, formed with the vertical plane through the impact
point. The lateral spread of the rivulet flow is given by 2xtana, where x is the arc length from
the crown of the drip shield down to a location of interest. These definitions are illustrated in
Figure 6.3-2. The curvature/shape of the drip shield is not shown in Figure 6.3-2 for simplicity
and clarity.

The spread of rivulets from drips onto the crown of the experimental drip shield is reported in
DTNs: MO0207EBSATBWP.023 [DIRS 163402], MO0207EBSATBWP.024 [DIRS 163401],
and MO0207EBSATBWP.025 [DIRS 163403] and summarized in Table 4.1-6. The data are
analyzed in Microsoft Excel spreadsheet: Flux Split Drip Shield Model, Worksheet: Spread
angles, which is documented in Appendix C. The average spread at 330 from the crown in
26 measurements was 20.1 cm, corresponding to an average spread angle of about 13.20. The
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range of spread angles, from one standard deviation smaller and greater than the mean, was
about 8.90 to 17.30. The distribution for spread angle is not clearly defined by the experimental
data, and therefore a uniform distribution is considered appropriate.

The initial simple model wherein drips flow straight down the curved top of the drip shield is
made more realistic by incorporating the random spread of rivulets over an angle a as they flow
down the drip shield surface. The spreading of rivulets increases the probability that they will
flow into a breach (corrosion patch). Three cases are considered, two for a centrally located
breach at different distances from the crown such that different proportions of the rivulet spread
will encounter a breach, and one for a breach at the end of the drip shield.

6.5.1.1.2.1 Drip Shield Flux for a Centrally Located Breach, Case 1

Consider a breach that is centrally located on the drip shield. The breach is centrally located if
Points A and B (defined below) are located on the same segment of the drip shield as the breach
itself. In other words, the ends of the drip shield lie beyond Point A and Point B. Figure 6.5-1
illustrates the location and geometry for potential rivulet flows into a breach with length 21 and
whose top edge is located a distance of x from the crown. For simplicity in evaluating
coordinates, the zero point of the y-axis is coincident with the center of the breach.

In Case 1, e > xtana; in other words, the breach is wider than the rivulet spread at the top of the
breach.

Points A and B are defined as follows:

* Point A corresponds to the leftmost point from which the edge of the fan from the rivulet
can enter the left side of the breach.

* Point B corresponds to the leftmost point from which all rivulets will enter the top edge
of the breach. Point B lies between -e (left side of the breach) and the origin, y = 0.

* Point C corresponds to the rightmost point from which all rivulets will enter the top edge
of the breach. Point C lies between the origin and + e (right side of the breach).

* Point D corresponds to the rightmost point at which the edge of the fan from the rivulet
can enter the right side of the breach.

Rivulets originating between Point A and Point - e can flow into the left side or the top of the
breach. Symmetrically, rivulets originating between Point +t and Point D can flow into the
right side or the top of the breach. All rivulets originating between Point - e and + t flow only
into the top of the breach, not into the sides. They-coordinates of Points A through D are:

YA =-t-(x+2t)tana
yA= -t + x tan a
yB= t-ixtana (Eq. 6.5.1.1.2-1)
YC =It-xtana
YD = t+ (x+ 2t)tan a.
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Figure 6.5-1. Geometry and Nomenclature for a Centrally Located Breach with I> x tan a

The fraction f of the random rivulet flow that enters the breach depends on the origin y of the
rivulet:

* For Y<yA, fA- =.

* For YA<yS-e,

L y+l+(x+2t)tana (Eq. 6.5.1.1.2-2)

f~=2(x +2t) tan a

* For-e<y<YB,

B y+e+xtana (Eq. 6.5.1.1.2-3)

2xtanca

* For YB •Y•YC,

f =1 (Eq. 6.5.1.1.24)

* Foryc<y<e,

f -y+2+xtana (Eq. 6.5.1.1.2-5)

* For e<Y<YD,

I eD 2(x+2t)tana (Eq. 6.5.1.1.2-6)

* For Y2yD, fD+ .
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In this context, f is essentially a probability distribution function (i.e., the probability that a
rivulet will intersect the square corrosion patch). Integrating f over the full length of the drip
shield (from -LDS1 2 to +LDs/2) gives the total water flux through a breach of width 2U.
Then the fraction F (= F2 IF,) of seepage flux passing through the breach is:

F= 2L . f y)dy (Eq. 6.5.1.1.2-7)

= 2 I ji[ f~t(y)dy + f f,8 (y)dy + f fody + IFf f(y)dy + fDfeD (y)dy] (Eq. 6.5.1.1.2-8)

E etana
DS fD t (Eq. 6.5.1.1.2-9)

LDS 2L~s

The factor of 2 in the denominator starting in Equation 6.5.1.1.2-7 accounts for the seepage flux
being split in two when it drips onto the crown of the drip shield, and half of the flux flows down
each side.

The result is independent of x, the distance from the crown. The amount of seepage flux that
flows into a breach is, however, dependent on the rivulet spread angle a. This is reasonable
because a wider spread angle allows rivulets from a wider span of the crown to access the
breach. In effect, the width of the drip shield crown from which rivulets can flow into a breach
is expanded from 21 to 2t + i tana . Flow into the sides of the breach contributes only a small
amount to the total if the spread angle is small. If, for example, a = 13.20 (the mean spread
angle from the drip shield experiments), the total flow into a breach, from Equation 6.5.1.1.2-9,
is (e/LsXl+0.117), so only about 0.117/1.117 = 1/10 of the total breach flow enters through
the sides of the breach.

As a check on this result, consider the case where the rivulets do not spread out over an angle a,
but instead flow straight down (i.e., a = 0 = tana ). Then Equation 6.5.1.1.2-9 becomes:

F = f ,(Eq. 6.5.1.1.2-10)
LDS

or

F2 = F.-. (Eq. 6.5.1.1.2-1 1)
LDS

Equation 6.5.1.1.2-11 is identical to Equation 6.5.1.1.1-2, which was obtained from simple logic
arguments.

As a further check on the validity of Equation 6.5.1.1.2-9, consider a single patch located
adjacent to the crown, just far enough away from the crown that the dripping seepage flux can
impinge on the crown and flow down both sides (i.e., x 0= , about the width of a drop). Water
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flowing from the crown toward the patch will immediately enter the patch, since the spread over
the angle a is negligible. Seepage flux dripping onto the drip shield crown to the left and right
of the patch will flow down the drip shield in rivulets, fanning out over the angle a. In this
case, YA =-f-2ttana; similarly, YB =C+21tana. The fractions of the rivulet flow down one
side of the drip shield into the patch are:

* For Y<yAf A- .

* For YA<Y<-E,

X y+1+2ttana (Eq. 6.5.1.1.2-12)
4etana

. For-t<y•l,

fo =1 (Eq. 6.5.1.1.2-13)

* For e<Y<YB,

B y++2ttana (Eq. 6.5.1.1.2-14)

* For y 2 yB, fB+O .

Moving right from y = YA, where f = 0, f increases linearly until y = -- (on the left side of
-e), where f = 1/2; because half of the rivulet fan is directed away from the patch at that point,
at most half of the rivulet will enter the patch. Between -fand+t, all of the rivulets flow
directly into the patch, so f = 1. As on the left side of the patch, to the right of the patch, from
y = e to y = YB = I + 2t tana , f decreases linearly from 1/2 to 0. Performing the same integration
as in Equations 6.5.1.1.2-7 and 6.5.1.1.2-8 results in:

F= -+ + , (Eq. 6.5.1.1.2-15)
L~s 2 LDs

which is again identical to Equation 6.5.1.1.2-9. Since, as seen earlier, the flow into the top edge
of the patch is e/LDs, the term ttana/(2Ls) accounts for rivulet flow into the sides of the
patch.

Multiple patches increase the flow into patches in direct proportion to the number of patches,
assuming that patches do not interfere:

Ft= Na + 2 ] (Eq. 6.5.1.1.2-16)
[L~ 2L,~s
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or

F-FNb t + ttana (Eq. 6.5.1.1.2-17)
2 bLDS~ 2L~

If patches are located below other patches, the rivulets are intercepted by the higher patches, and
none or less flows into lower patches. In that case, the flux through the drips shield, F2 , is less

than predicted by Equation 6.5.1.1.2-17. However, to neglect interference among multiple
patches and use Equation 6.5.1.1.2-17 overestimates releases of radionuclides.

6.5.1.1.2.2 Drip Shield Flux for a Centrally Located Breach, Case 2

In Case 2, e < xtana; in other words, the breach is narrower than the rivulet spread at the top of
the breach (see Figure 6.5-2). In Case 1, over some range of y centered at y = 0, all of the

rivulet flow enters the top edge of the breach (j, = 1). In contrast, in Case 2, the rivulet spread is

too wide for all of the rivulet flow to enter the breach at any point VfO < I).

Points A and B are defined as follows:

* Point A corresponds to the leftmost point from which the edge of the fan from the rivulet
can enter the left side and top of the breach.

v Point B corresponds to the leftmost point from which rivulets will enter only the top
edge of the breach. Point B lies between -e (left side of the breach) and the origin,
y =0. Rivulets originating between - E and Point B enter only a portion of the top
edge of the breach.

* Point C corresponds to the rightmost point from which all rivulets will enter the top edge
of the breach. Point C lies between the origin and +( (right side of the breach).
Rivulets originating between Point C and +e enter only a portion of the top edge of the
breach. Rivulets originating between Point B and Point C can enter the entire top edge
of the breach.

* Point D corresponds to the rightmost point at which the edge of the fan from the rivulet
can enter the right side and top of the breach.
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Figure 6.5-2. Geometry and Nomenclature for a Centrally Located Breach with I< x tan a

As in Case 1, rivulets originating between Point A and Point - e can flow into the left side or the
top of the breach. Symmetrically, rivulets originating between Point + t and Point D can flow
into the right side or the top of the breach. All rivulets originating between Point - t and + e
flow only into the top of the breach, not into the sides. The y-coordinates of Points A through D
are:

yA =-e -(x +2e)tana
YB =e-xtana r,. : I1 1% In..

knq. 6.D. .I .1 IZ 18)
Yc =-e+xtana

YD =e+(x+2t)tana.

The central region boundaries, YB and Yc, are different for Case 2 than for Case 1.

The fraction f of the random rivulet flow that enters the breach depends on the origin y of the
rivulet. These fractions are identical for corresponding regions to those in Case I except for the
region YB • y y yc, where now fg < I instead of fo = 1.

a Fory yA, fA- =.

* For YA <y•-E,

y+1+(x+2t)tana
L =' 2(x + 2t) tan a (Eq. 6.5.1.1.2-19)

* For-I<Y<YB,

f =y+1+xtana

' 2xtana
(Eq. 6.5.1.1.2-20)
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* For YB<Y•YC,

A 21tanex (Eq. 6.5.1.1.2-21)

* For yc<y<e,

f y+t+xtana (Eq. 6.5.1.1.2-22)
2x tan a

* For t<y<yD,

yD = 2(x+2t)tana (Eq. 6.5.1.1.2-23)

* For yRyD, fD =.

Integratingf over the full length of the drip shield (from -LDS /2 to +WLDS /2), as in Case 1,

gives the total water flux through a breach of width 21. The fraction F (= F2 /IF) of seepage
flux passing through the breach is:

F = 2L 12 f(y)dy (Eq. 6.5.1.1.2-24)

D= t(y)dy+ f (y)dy+ fody+ fc (y)dy + f' fD (y)dy] (Eq. 6.5.1.1.2-25)

e £tana
+ aa(Eq. 6.5.1.1.2-26)

LDs 2 LDs

For Case 2, the seepage flux passing through the breach is identical to Case I
(Equation 6.5.1.1.2-9). This is reasonable considering that F is independent of x. In other
words, the breach can be located at any distance from the crown, and the same fraction of
seepage flux will flow into it. The two cases are really a single case where the breach in Case 2
is simply located further from the crown than in Case 1.

6.5.1.1.2.3 Drip Shield Flux for an End-Located Patch

The drip shield design (BSC 2004 [DIRS 168275], Sheet 1) includes a connector guide at one
end and a connector plate at the other end that, being thicker than the plates comprising the top
and sides of the drip shield, should survive intact longer than the plates. These components will
prevent any rivulets from flowing off the ends of the drip shield. This will alter the fraction of
rivulet flow that enters patches that are located at the ends of the drip shield. If the patch is
located a short distance from the end, the space between the patch and the connector guide will
allow water diverted by the guide to flow down the drip shield instead of into the patch. This
distance is unknown, but for simplicity is chosen to be zero (i.e., if the patch is not coincident
with the connector guide, it behaves as a centrally located patch).
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Consider a breach that is located at one end of the drip shield. Figure 6.5-3 illustrates the
location and geometry for potential rivulet flows into a breach with length 2U and whose top
edge is located a distance of x from the crown. For simplicity in evaluating coordinates, the zero
point of the y-axis is again coincident with the center of the patch, and the end of the patch as
well as the drip shield are at y = -e.

-L B 0 C +1
I I I I I

D y, Distance along Crown

It I I i
" X I % I

I I
a %

I * : I

2I 1 II
. II " i

I II

O197ODR_03. -\

(x+2t)tana

Figure 6.5-3. Geometry and Nomenclature for an End-Located Breach with t > x tan or

The Points A through D are defined as above for Case 1, except that YA is beyond the end of the
drip shield. Distinguishing Point B is unimportant, because all rivulets originating to the left of
Point C flow completely into the breach.

YB =-e+xtana
Yc =t-xtan a

YD =t+(x+21)tana.

Consider first the case where I > x tan a, corresponding to Case I above.
result is independent of x, as seen above for the centrally located breach.
analysis corresponding to Case 2 above is not necessary. The fractionf of
patch over ranges ofy are:

(Eq. 6.5.1.1.2-27)

It is shown that the
Therefore, a second
rivulet flow into the

* For yS-t =-LDs/2, f =°.

* For -tIy•yc,

o =1 (Eq. 6.5.1.1.2-28)

* Foryc<y<t,

f -y+t+xtana
c= 2xtan a (Eq. 6.5.1.1.2-29)
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* For e<y<YD,

D +1+(x+2t)tana (Eq. 6.5.1.1.2-30)

fe=2(x +21) tan a

* For Y2yD, fD+ =°.

Integrating f over the full length of the drip shield (from -LDSI 2 to +LDs /2) gives the total

water flux through a breach of width 21!. The fraction F (= F2 /F,) of seepage flux passing
through the breach is:

F I , f()dy (Eq. 6.5.1.1.2-31)
2L~s JLmI

2LDS [ffD + fft(Y) fft Dv)dY] (Eq. 6.5.1.1.2-32)

1! ttan a
e + t(Eq. 6.5.1.1.2-33)

LDS 4LDS

Thus, the seepage flux fraction F for breaches at the end of the drip shield is independent of the
distance x from the crown. The only difference from centrally located breaches is the term that
accounts for flow into the side of a breach [t tana/(4LDs)]. Since only one side of the breach is
accessible to rivulet flow, the flow through the one side of the breach at the end of the drip shield
is just half of the flow through two sides in a centrally located breach.

As seen above, for a small rivulet spread angle, the portion of the flow into a breach that enters
through the side is small. For an end breach, that fraction is even smaller. In the example given
in Section 6.5.1.1.2.1, for a mean spread angle of a = 13.2°, flow through the sides of the breach
accounts for only about 1/10 of the total. For an end breach, based on Equation 6.5.1.1.2-31,
side flow will account for only 6 percent in this example. In Section 6.5.1.1.2, experimental
results are discussed that show the spread angle is approximately 13.2° and that the amount of
seepage flux that actually enters a breach varies widely. Differences of 6 percent are negligible.
Since the end-located breach model (Equation 6.5.1.1.2-31) applies only to breaches that are
exactly at the ends of the drip shield, which will be an infrequent occurrence, it is reasonable to
ignore the distinction between end breaches and centrally located breaches.

Then the flux through one patch in the drip shield is:

=F S tana ( (Eq. 6.5.1.1.2-34)
LDS 2 ).
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6.5.1.1.2.4 Analysis of Breached Drip Shield Experiments

The breached drip shield experiments (BSC 2002 [DIRS 158193]; BSC 2003 [DIRS 163406])
provide estimates of the rivulet spread factor from which the spread angle a can be determined
(DTN: MO0207EBSATBWP.022 [DIRS 163400]), the splash radius from drops falling from the
roof of the drift to the crown of the drip shield (DTN: MO0207EBSATBWP.022
[DIRS 163400]), and the flow into breaches from a number of discrete drip locations
(DTN: MO0207EBSATBWP.023 [DIRS 163402]). In addition, the tests characterized the flow
behavior on the drip shield surface, determining that flow occurs as rivulets rather than as film
flow.

In Splash Radius Test #1 (DTN: MO0207EBSATBWP.022 [DIRS 163400]), water was dripped
onto the drip shield crown, and the distance that the water splattered was measured. In
12 separate sets of measurements (Table 4.1-4), using from I to 90 drips, splash distances to the
right ranged from 1.6 cm (single drip) to 63.2 cm (49 drips); splash distances to the left ranged
from 1.6 cm (single drip) to 72.5 cm (60 drips). Tests using larger numbers of drips tended to
result in larger maximum splash distances. "Outer fringe" measurements using more than
20 drips ranged from 31.5 cm to 72.5 cm, whereas "inner cluster" measurements using more than
20 drips ranged from 25.0 cm to 48.0 cm. The definition of the grouping as "outer fringe" and
"inner cluster" was not specified, but the results indicate a distribution of splashed water heavily
weighted to a median radius of about 40 cm.

The splash radius is useful for providing a distribution of rivulet origins based on limited
experimental data. In the flow tests, water was dripped onto the drip shield in only a few discrete
locations. In order to make greater use of the data to determine the uncertainty in applying the
drip shield flux splitting submodel (Equation 6.5.1.1.2-34), the distribution of splattered water
can be treated as multiple drip locations in comparing Equation 6.5.1.1.2-34 to the experimental
data.

Rivulet spread was measured in single patch q(film) tests (DTN: MO0207EBSATBWP.023
[DIRS 163402]), multiple patch tests (DTN: MO0207EBSATBWVP.024 [DIRS 163401]), and in
bounding flow rate tests (DTN: MO0207EBSATBWP.025 [DIRS 163403]). Table 4.1-3
summarizes the maximum rivulet spread to the left and right of a straight line down the drip
shield from the drip impact point. The rivulet spread data are analyzed in Microsoft Excel
spreadsheet: Flux Split Drip Shield Model, Worksheet: Spread angles, which is documented in
Appendix C. The results-the mean and range of spread angles-are reported in Section 6.5.1.1.2.

Rivulet spread measurements at the top edge of patches in the drip shield mockup are used. The
distance x from the drip location on the crown of the drip shield to the point of measurement is
determined from the drawing of the drip shield mockup shown in Figure 4.1-1, which is
reproduced from Howard (2002 [DIRS 161516], p. 14). Various dimensions used in the
Microsoft Excel spreadsheet analysis of the data are listed in Table 6.5-1. Because the drip
shield top surface is a circular arc (Figure 4.1-1), the 16.5° line is at half the distance from the
crown to the 330 line, or 0.43 m from the crown.
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Table 6.5-1. Dimensions Used in the Analysis of Breached Drip Shield Experiments, Based on
Dimensions Shown in Figure 4.1-1

Dimension Calculation Distance (m)
Crown to 330 line 2.44 m - 0.94 m - 0.64 m 0.86
Crown to 16.50 line % distance from Crown to 330 line 0.43
Crown to top edge of Patch 4 2.44 m - 0.94 m - 0.135 m 1.365
Crown to top edge of Patch 5 2.44 m - 0.94 m - 0.64 m 0.86
Crown to transition line 2.44 m - 0.94 m 1.50
16.50 line to transition line 0.43 m (Crown to 16.50 line)+ 0.64 mn 1.07
16.5° line to 330 line % distance from Crown to 330 line 0.43
16.50 line to Patch 4 0.43 m (Crown to 16.50 line)+ 0.64 m - 0.135 m 0.935
16.5° line to Patch 5 1/2 distance from Crown to 330 line 0.43
330 line to Patch 4 0.64 m - 0.135 m 0.505
330 line to transition line 0.64 m 0.64
% distance between Crown and 16.50 /4(0.43 m [Crown to 16.50 line]) + 0.43 m (Crown to 1.15
line to Patch 4 16.50 line) + 0.64 m -0.135 m
Source: Howard 2002 [DIRS 161516J, p. 14.

Since the experiments involved dripping at a few discrete locations, it is not possible to calculate
the flux through the drip shield as given by Equation 6.5.1.1.2-34 using experimental data.
Instead, the fractionfof dripping flux at an individual drip location that flows into a given breach
can be computed for the tests and compared with the fraction expected using one of the
Equations 6.5.1.1.2-1 to 6.5.1.1.2-6 (Case 1) or 6.5.1.1.2-19 to 6.5.1.1.2-23 (Case 2). The
appropriate equation to be used depends on the drip location relative to the breach. The
variability in the experimental values (f,,P,) and comparisons with calculated values (Icak) show

the range of uncertainty in the drip shield flux ratio F = F2 /F1 . The values of tar, and f¢,,,C
are calculated in Microsoft Excel spreadsheet: Flux Split Drip Shield Model,
Worksheet: f calculations, which is documented in Appendix C.

Experimental data from two breaches are pertinent to this analysis-Breach 4 and Breach 5.
Breach 4 straddled the transition line between the top of the drip shield and the vertical side, with
the top edge 136.5 cm from the crown. Breach 5 was located on the top of the drip shield, about
halfway between the crown and the transition line, with the top edge 86 cm from the crown.

Table 6.5-2 shows the fraction of the total dripping flux that entered a breach in each of 14 tests.
The data sources are single patch q(film) test results (DTN: MO0207EBSATBWP.023
[DIRS 163402]), multiple patch test results (DTN: MO0207EBSATBWP.024 [DIRS 163401]),
and bounding flow rate test results (DTN: MO0207EBSATBWP.025 [DIRS 163403]), and are
given in Table 4.1-2. The results are compared with calculated fractions for the mean spread
angle as well as for the spread angles corresponding to plus or minus one standard deviation
from the mean rivulet spread angle. The experimentally observed fractions, fe,,,, were
calculated assuming that the water that flowed down the side of the drip shield where the
breaches were located was half of the total dripping flux. This is necessary for flop, to be
consistent with the fractions in Sections 6.5.1.1.2.1 and 6.5.1.1.2.2, which are the fractions of
flow down one side of the drip shield that enters a breach.
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Table 6.5-2. Comparison of Experimental Breach Inflow Fractions with Model Calculations from
Appendix C

y Drip x, Vertical
Location Distance from feare

Relative to Crown (drip)
Drip Location Breach Breach Center to Top of

(Test Description) No. (cm) Breach (cm) fexp a=8.90  a=13.20 offl17.30

8 ctm right of Patch 4 4 8 136.5 0.247 0.629 0.423 0.318

Patech 5 centerline (Q[fiim 5 0 86.0 0.258 1.000 0.672 0.504

4 c m left of PatTth 5 5 -4 86.0 0.136 0.854 0.680 0.504

Patch 4 centerline (Q[film] 4 0 136.5 0.236 0.634 0.423 0.318
T est) _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _

27 cm right of drip shield
center (Multiple Patch 5 -27 86.0 0.033 0.117 0.244 0.504
Test) .

27cm left of drip shield 4 27 136.5 0.019 0.236 0.323 0.318
center (Multiple patch test)____
81 cm left of drip shield
center (Multiple Patch 4 -27 136.5 0.031 0.236 0.323 0.318
Test) . . -

81 cm right of drip shield
center (Multiple Patch 5 27 86.0 0.032 0.117 0.244 0.504
Test)
54 cm left of drip shield
center (High Flow Rate 4 0 136.5 0.275 0.634 0.423 0.318
Test)
54 cm left of drip shield
center (Low Flow Rate 4 0 136.5 0.177 0.634 0.423 0.318
Test)
27 cm left of drip shield
center (High Flow Rate 4 27 136.5 0.020 0.236 0.323 0.318
Test)
27 cm left of drip shield
center (Low Flow Rate 4 27 136.5 0.013 0.236 0.323 0.318
Test)
27 cm right of drip shield
center (High Flow Rate 5 -27 86.0 0.013 0.117 0.244 0.504
Test)
27 cm right of drip shield
center (Low Flow Rate 5 -27 86.0 0.065 0.117 0.244 0.504
Test) I

Mean 0.111 0.414 0.380 0.398
Std. Dev. 0.106 0.305 0.144 0.096
Median 0.049 0.236 0.323 0.318
Minimum 0.013 0.117 0.244 0.318
Maximum 0.275 1.000 0.680 0.504
DTNs: MO0207EBSATBWP.023 [DIRS 163402]; MO0207EBSATBWP.024 [DIRS 163401];

MO0207EBSATBWP.025 [DIRS 163403].
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The experimentally observed fraction of drip seepage flowing into a breach varies widely. This
variability is primarily due to the drip location-when the drip location is centered over the
breach, much of the flow enters the breach, and when the drip is far off to the side of a breach,
little of it enters the breach. However, the variability also includes differences in drip rate, the
distance from the crown to the breach, evaporation from the drip shield surface, and random
variability in drop splashing and rivulet flow behavior.

The fraction of drip seepage flowing into a breach calculated from the model is found always to
be higher than observed experimentally, particularly when the drip location is far from the
breach. When the drip location is well away from the patch center, and little water flows into the
breaches (ffsp, less than about 0.1), the model overestimates the experimental fraction

increasingly as the estimated spread angle increases (see Table 6.5-3). In contrast, the model
predicts that ever-increasing amounts of water flow into a breach as the spread angle increases.
This can be seen in Equation 6.5.1.1.2-34, which shows that the flow into breaches is
proportional to (I + 1/2 tan a), so as the spread angle a increases, so does the flow into breaches.
Evaporation also plays a part. The model assumes no evaporative losses (Assumption 5.2),
whereas evaporation from the drip shield occurred in the experiments because the relative
humidity was less than 100 percent. Using a larger spread angle in the model results in increased
predicted flow into a breach, whereas evaporation consistently reduces the experimentally
measured inflow. Thus, ignoring the observed occurrence of evaporation in the development of
the drip shield flux splitting submodel will overestimate the transport of radionuclides.

When the drip location is directly above the breach, the model agrees more closely with
experiments as the spread angle increases. Again, the model generally overestimates the flow
into breaches. In this case, as the estimated spread angle increases, less flow into breaches is
predicted, so the model agrees more closely with experiments.

A major reason for the differences between the flux splitting submodel calculations and the
experimental results is that splashing of the drops when they impinged on the drip shield resulted
in a dispersed source of rivulets. In contrast, the model supposes that the entire dripping flux
flows down the drip shield from the point of impact. Splattering spreads the dripping flux over a
wide span of the drip shield crown. The splash radius tests recorded splashes that extended up to
72.5 cm from the drip location, with an "inner cluster" radius of 25 to 48 cm
(DTN: MO0207EBSATBWP.022 [DIRS 163400]). In three of the q(film) rivulet flow tests,
lateral splash distances ranging from 54.5 cm to 86 cm from the drip point on the crown were
observed (DTN: MO0207EBSATBWP.023 [DIRS 163402], Drip Location: Patch 5, center,
crown; Patch 4, center, crown; and Patch 4, 8 cm right of center, crown). Since a large portion of
the dripping flux in the tests splattered beyond the range of rivulet flow into individual breaches,
the flow into breaches was much less than predicted by the model. Thus, ignoring the observed
occurrence of splattering in the development of the drip shield flux splitting submodel will
overestimate the transport of radionuclides.
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Table 6.5-3. Additional Comparisons of Experimental Breach Inflow Fractions with Model Calculations
from Appendix C

Drip Location feak - Garmf _ak I f*Jrm

(Test Description) f.or a=8.90  a=13.2° a=17.30  a=8.90  a=13.2' a=17.30

8 cm right of Patch 4 centerline 0.247 0.382 0.176 0.071 2.545 1.713 1.286
(Q[filml Test)__ _ _ _ _ _ _ _ _

Patch 5 centeline 0.258 0.742 0.414 0.246 3.876 2.604 1.955
(Q~filml Test)__ _ _ _ __ _ _ _ __ _ _ _ _ _ _ _ _

4 cm left of Patch 5 cente)ine 0.136 0.718 0.544 0.368 6.277 4.998 3.707
(Q ffilm i Test) _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _

Patch 4 centerline (Qifilm] 0.236 0.398 0.187 0.082 2.686 1.794 1.347
T est)__ _ _ _ __ _ _ _ __ _ _ _ __ _ _ _ __ _ _ _

27 cm right of drip shield 0.033 0.085 0.212 0.472 3.606 7.515 15.507
center (Multiple Patch Test)__ _ _ _ __ _ _ _ _ _ _ _ _ _ _ _ _ _

27 cm left of drip shield center 0.019 0.217 0.304 0.299 12.393 17.016 16.722
(Multiple patch test) _

81 cm left of drip shield center 0.031 0.205 0.293 0.287 7.720 10.600 10.417

81 cm right of drip shield 0.032 0.085 0.212 0.472 3.662 7.632 15.750

54 cm left of drip shield center 0.275 0.359 0.148 0.043 2.306 1.540 1.156

54 cm left of drip shield center 0.177 0.456 0.246 0.140 3.574 2.387 1.792
(Low Flow Rate Test) __ _ _ _ _ _ __ _ _ _ _ _

27 cm left of drip shield center 0.020 0.215 0.303 0.298 11.693 16.055 15.777
(High Flow Rate Test)__ _ _ _ _____ _ _ _ _

27 cm left of drip shield center 0.013 0.223 0.310 0.305 18.286 25.108 24.673
(Low Flow Rate Test)__ _ _ _ _ _ _ _ _ _ _ __ _ _ _ _

27 cm right of drip shield 0.013 0.104 0.231 0.491 9.064 18.888 38.978
center (High Flow Rate Test) _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _

27 cm right of drip shield 0.065 0.053 0.180 0.440 1.815 3.781 7.804
center (Low Flow Rate Test) I .
Mean 0.111 0.303 0.269 0.287 6.393 8.688 11.205
Std. Dev. 0.106 0.221 0.107 0.155 4.885 7.672 11.033
Median 0.049 0.220 0.239 0.298 3.769 6.256 9.110
Minimum 0.013 0.053 0.1484 0.043 1.8145 1.540 1.156
Maximum 0.275 0.742 0.5439 0.491 18.286 25.108 38.978
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Table 6.5-4. Water Collected in Drip Shield Experiment Q(film); Drip Location: Patch 4, 8 cm Right of
Center, Crown

Water Collected In
Each Group of

Collection Station Initial Mass (g) Final Mass (g) Net Water Mass (g) Collection Stations (g)
Input Water -50.32 -228.52 -178.20 178.20
Guter 1-1 7.652 16.434 8.782 36.351
Gutter 3-1 7.611 8.677 1.066
Gutter 3-2 7.600 23.213 15.613
Gutter 3-3 7.612 8.899 1.287
Gutter 3-4 7.521 17.124 9.603
Breach 2 107.02 109.00 1.98 24.00
Breach 4 107.60 129.62 22.02
Drip Shield OUT 1 7.634 8.738 1.104 72.685
Drip Shield OUT 2 7.578 19.681 12.103
Drip Shield OUT 3 7.574 34.446 26.872
Drip Shield OUT 4 7.702 40.308 32.606
DTN: MO0207EBSATBWP.023 [DIRS 163402].

One other cause for the discrepancies between experimental and predicted flow fractions is that,
in the model, all dripping flux flows down the drip shield surface. In the experiments, a large
amount of water remained on the drip shield as splattered drops that had not yet grown large
enough to flow down the surface. For example, Table 6.5-4 shows the amount of water collected
in the first experiment listed in Table 6.5-2. Of the 178.2 g of water that was dripped onto the
surface, only 60.35 g was collected from the breaches or drainage gutters, whereas 72.685 g, or
41 percent, that remained on the surface ("Drip Shield OUT" entries). This is a source of
uncertainty in the experimental results that could be reduced by increasing the duration of the
experiment far beyond the one-hour length of the test, but is inherent in the experiment and
cannot be eliminated. The result is that less of the dripping flux actually flowed down the drip
shield surface than is predicted by the model. This also causes the model to overestimate the
fraction that flows into breaches, and, therefore, overestimates the transport of radionuclides.

Results presented in Table 6.5-2 and Table 6.5-3 show a large uncertainty in the fraction of
rivulet flow that enters breaches. The integrated fraction of flow into breaches, which is the
desired result, is not readily discerned from the uncertainty in the inflow fractions, even though
the flows obtained experimentally are more clearly quantified.

Another approach, which is used to develop an uncertainty factor for use in TSPA-LA, is to
apply the integrated flow fraction approach to a drip shield whose length is about as wide as the
splash diameter. If the rivulet source is dispersed along the crown, the integrated flow into a
breach, Equation 6.5.1.1.2-34, can be applied. However, instead of the full drip shield length,
the splash diameter is used for L,.. Thus, for the breached drip shield experiments, LDs has a
range that is double the measured range for "inner cluster" splash radius (25 to 48 cm, as
discussed at the beginning of this section, Section 6.5.1.1.2.4), or 50 to 96 cm.
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The uncertainty in the effective drip shield length and in the spread angle is accounted for in a
parameter fDs, and the fraction of seepage flux that enters a breach F2 IF,, is written as in
Equation 6.3.2.4-2:

F2/IF, = l(I +Ltn 2)a S (Eq. 6.5.1.1.2-35)

In this approach, the uncertainty factor fDs is obtained by replacing F2 IF, with flp,, the

experimental fraction of drip flow that enters a breach:

ADS F21IF.
f Is £ tan a

- fl (Eq. 6.5.1.1.2-36)

.L(1+ tanaj

The range of values for fDs is obtained by evaluating it with the appropriate minimum and

maximum values of LDs and a so as to minimize and maximize fDs. The minimum value of

fDs, using LDs =50cm and a= 17.30, is fDs =3.205ft,, = 0.356 using the mean value of

0.111 for fLro,,. The maximum value of fDs, using LDs = 96 cm and a = 8.90, is

fDs = 6.5947f,,P, = 0.732 using the mean value of 0.111 for fe, . Because zero must be the low

end of the range of fDs, these estimates are regarded as a range for the maximum value of fDS.
By treating the experimental drip shield as a segment whose length is the splash diameter, a
maximum value of 0.36 to 0.73 for the flux splitting uncertainty factor fds is obtained.

It is also reasonable to use the median value for f,,, (0.0486) instead of the mean to define the

range for fDs. In this case, fDs would range from 0.16 to 0.32, a factor of 2.3 lower than when
the mean is used, which gives some indication of the degree of uncertainty in the experimental
measurements and the resulting flux splitting submodel.

The drip shield flux splitting submodel, Equation 6.3.2.4-4, includes the rivulet spread angle, a .
As discussed in Section 6.3.2.4, this equation can be simplified by lumping the uncertainty in
a with the range in fDs. In Section 6.5.1.1.2, a was found based on experiments to range from

about 8.90 to 17.30. The uncertainty in a appears as a factor (I + tan a /2), ranging from 1.08 to
1.16, which multiplies fDs, resulting in a range for the product fA~ =(l+tana/2)f,,. The
maximum for fDs based on experimental results is (1.16)(0.73) = 0.85 (using the maximum

spread angle of 17.30 in the factor (I +tan a /2) and the minimum spread angle of 8.90 to define

fDs).
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The sampled parameter is then fL, and the drip shield flux splitting algorithm is:

[ minF ]F (Eq. 6.5.1.1.2-37)

which is identical to Equation 6.3.2.4-6. Using the higher value of maximum for fDs of 0.85 is
both more reliable, being based on experimental data, and overestimates releases of
radionuclides by predicting a higher water flow rate through the drip shield. The range for fs
to be used in TSPA-LA is 0 to 0.85. A uniform distribution is appropriate for fD5 because
insufficient data are available to define any other distribution.

6.5.1.1.3 Water Flux through a Breached Waste Package

The submodel for flow through a breached waste package is conceptually identical to the
submodel for flow through a breached drip shield. Key features listed at the start of
Section 6.5.1.1.1 apply to both the drip shield and waste package cases. The waste package and
drip shield flow submodels differ in two important respects: (1) the radius of curvature of the
waste package is less than that of the drip shield; and (2) the nominal corrosion patch size as
modeled by WAPDEG (BSC 2004 [DIRS 169996]) is smaller for a waste package than for the
drip shield. These differences have no affect on the formulation of the waste package flow
model. However, they have an affect on the values of uncertainty parameters that are part of the
model. Because experiments were performed on a breached drip shield but not on a breached
waste package, application of drip shield data to the waste package flow model introduces
additional uncertainty in development of the model; however, these uncertainties cannot be
quantified.

The water flux through a breached waste package, F4 , as developed in Section 6.3.3.2, is given
by:

F imin NbW;" Ttwpf,' ,F2] (Eq. 6.5.1.1.3-1)

where F2 is the flux through the breached drip shield. This is a simplification of a slightly more
rigorous expression:

F4 =1min 4Nt,,wp I+ 2 )tfwpF2J (Eq. 6.5.1.1.3-2)

which explicitly accounts for the rivulet spread angle a. Because a is an uncertainty parameter
itself, it can be lumped in with the parameter fwp to give fwp. Equation 6.5.1.1.3-2 is
considered first in order to examine the dependence on a.
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As with the drip shield model, the primary mechanism for water to enter breaches is via rivulet
flow that originates from an area around the point of drip impact. The rivulets spread out in a
delta formation from the point of impact defined by a half-angle, a, and the lateral spread of the
rivulet flow is given by 2xtana, where x is the distance from the crown to the top edge of the
breach. The smaller radius of curvature of the waste package would be expected to result in a
smaller spread angle, although the difference may be lost in the variability and uncertainty of
rivulet flow. The radius of curvature of the drip shield is 1.40 m, whereas waste package radii
range from 0.859 m for a 21-PWR (BSC 2004 [DIRS 169472], Table 1) to 1.063 m for a
5 DHLW/DOE SNF - Short (BSC 2004 [DIRS 169472], Table 1).

Rivulet spread measurements at the 16.50 line, at the 330 line, and at the transition line between
the curved top surface and the vertical side of the drip shield are used. The distance x from the
drip location to the point of measurement is determined from the drawing of the drip shield
mockup shown in Figure 4.1-1, which is reproduced from Howard (2002 [DIRS 161516], p. 14);
various dimensions used in analyzing the data are listed in Table 6.5-1. The rivulet spread angle
data are analyzed in Microsoft Excel spreadsheet: Flux Split Waste Package Model, Worksheet:
Spread angles, which is documented in Appendix D.

To capture some of the effect of the smaller radius, namely the steeper incline closer to the
crown, the data from drip locations that are off the crown of the smooth drip shield surface
experiments are used to develop parameters for the waste package model. The results varied
widely. In 20 measurements at the 330 line with drips at the 16.50 line, the mean spread angle
was 17.00 (:l 1.20 = one standard deviation). In 17 measurements at the transition line with drips
at the 16.5° line, the mean spread angle was 11.1 0 (14.1 °). In 10 measurements at the transition
line with drips at the 330 line, the mean spread angle was 11.50 (±3.30). For all 47 measurements
the mean spread angle was 13.70 (L8.20), which is just slightly larger than the spread angle
measured for drips on the crown of the drip shield, although the variability is greater (standard
deviation of 8.20, compared with 4.10 for drips from the crown). Utilizing all of the data
available, the spread angle for rivulet flow on the waste package can be assigned a mean value of
about 13.70 and a range (L one standard deviation) from 5.5° to 22.00.

The splash distance is uncertain for drip locations off the crown. In four of the q(film) rivulet
flow tests, maximum lateral splash distances ranging from 56 cm to 122 cm from the drip point
were observed (DTN: MO0207EBSATBWP.023 [DIRS 163402], pp. 14, 16, 18, and 20) for
drip locations at the 16.50 line. However, no further observations indicated any change in the
"inner cluster" splash distance range of 50cm to 96cm from Splash Radius Test #1
(DTN: MO0207EBSATBWP.022 [DIRS 163400]).
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An uncertainty factor f ,,p that can be obtained by replacing the fraction F4 lF2 with f,.,:

_P F4 /F2

e(~ 01+tan a)

e 2 (Eq. 6.5.1.1.3-3)

e + tana)

The range of values for fwp is obtained by evaluating it with the appropriate minimum and

maximum values of L1,p and a so as to minimize and maximize fby. The half-width of the

patch used in the experiments (f= 13.5 cm) is used to evaluate fp. The minimum value of

fwp, using L, =50 cm and a = 22.00, is fwp =3.081 f,, = 0.909 using the mean value of

0.295 for f, . The maximum value of fwp, using Lutp =96 cm and a = 5.5°, is

f,.p = 6.784f,,, = 2.001 using the mean value of 0.295 for ftp .

A much lower range could also be justified by using the median inflow fraction of 0.014 instead
of the mean (0.295) to define fwp. In this case, fwp would range from 0.043 to 0.095, which
demonstrates the large degree of uncertainty in the experimental measurements and the resulting
flux splitting submodel. The values for fwp discussed in this section actually represent a range

for the maximum value of fwp, since the minimum must be zero.

If the factor (I + 1/2 tan a) that accounts for the rivulet spread angle is lumped in with fWP, the

sampled uncertain factor fwp has an upper bound (using the maximum rivulet spread angle,

a =220) of 2.41. The range for fwp to be used in TSPA-LA is 0 to 2.41. fwp is assigned a
uniform distribution.

6.5.1.2 EBS Transport Model

The EBS transport model consists of mass balances on radionuclides. The transport model is
more complex than the flow model for two basic reasons. First, the transport model is
necessarily transient because the mass of each radionuclide at any particular location is
dependent on its history (i.e., how far it has traveled, the quantity remaining at the source, and
the extent of radioactive decay or ingrowth). Second, several complex interacting processes
occur in transport, including dissolution and precipitation, sorption, advective transport,
diffusion, and colloid-facilitated transport. The term "colloid-facilitated transport" includes
numerous phenomena, including adsorption and desorption of radionuclides onto mobile and
immobile colloids, capture of colloids by solid surfaces and the air-water interface, filtering,
dispersion, and diffusion. Transport can take place at any degree of water saturation greater than
zero, so the model has to account for water saturation. Dissolution and precipitation may occur
at finite rates or sufficiently fast to reach equilibrium. Solubility limits that determine whether,
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or to what extent, these processes occur are dependent on the chemical environment of the EBS.
The EBS transport model applies to the waste package, the invert, and the invert/UZ interface.

Mass Balance for Dissolved and Reversibly and Irreversibly Sorbed Radionuclides in the
Aqueous Phase

As with the flow model, the details of pore structure within the EBS are not important, and
macroscopic mass balances using phenomenological rate expressions are appropriate. The
starting point is the equation of continuity, or mass balance equation, for each dissolved
radionuclide species i (Bird et al. 1960 [DIRS 103524], p. 561):

lop,-= _V * J, + Ql + .(Eq. 6.5.1.2-1)at

Here, p, is the mass concentration of dissolved radionuclide species i (kg i m 3 bulk volume), J,
is the mass flux vector (or mass specific discharge) (kg m-2 s') of dissolved radionuclide species
i in the mobile water phase and accounts for advection, hydrodynamic dispersion, and diffusion
of the dissolved radionuclide species i. The term Qf is the net rate on a bulk volume basis
(kg m-3 s1 ) of the various mass transfer processes, including reversible and irreversible sorption
onto solid stationary materials in the EBS, dissolution and precipitation, and the various colloid-
facilitated transport processes. The reaction term, r,, accounts for radioactive decay and
ingrowth on a bulk volume basis (i.e., production by decay of the parent of i) (kg m'3 s-'). Each
of these terms is expanded and described in more detail below, then simplified as appropriate for
application in the TSPA-LA model.

It is convenient to develop the transport model following the approach normally taken in the
literature (Corapcioglu and Jiang 1993 [DIRS 105761], pp. 2217 to 2219; Choi and
Corapcioglu 1997 [DIRS 161621], p. 306), with an emphasis on colloid-facilitated transport,
since the complexity of those processes tends to dominate the analysis. First, Equation 6.5.1.2-1
is rewritten in terms of concentrations of radionuclides in an unsaturated porous medium. The
density, or mass concentration, of dissolved radionuclide species i is given by:

pi = CAS (Eq. 6.5.1.2-2)

where C, is the concentration on a water volume basis of radionuclide species i (kg m3), s is
the porosity (mi3 void m3 EBS) of a representative elemental volume of EBS, and S. is the
water saturation (mi3 water m73 void). The expression for p, is inserted into Equation 6.5.1.2-1,
resulting in

(Ra =-V-J, +Q," +r,. (Eq. 6.5.1.2-3)at
The concentration C, is constrained by the solubility limit, CI, which is defined in Dissolved
Concentration Limits of Radioactive Elements (BSC 2004 [DIRS 169425], Table 8-3) for each of
14 elements (U, Np, Pu, Am, Ac, Th, Tc, C, 1, Ra, Pa, Pb, Cs, and Sr). The solubility limits for
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U, Np, Pu, Th, Am, Ac, and Pa are given as functions of pH, CO2 fugacity, and fluoride
concentration.

The mass flux vector is expressed as

J, = -ISD 1 VC, +q.C, (Eq. 6.5.1.2-4)

where D, is the hydrodynamic dispersion coefficient of species i (m2 s-'), and q,, is the specific
discharge vector, or Darcy velocity, of water (m s"). The specific discharge vector is related to
the water flow rates F. (M3 s') in each pathwayj of the EBS flow model (Section 6.5.1.1) by:

ql = ij (Eq. 6.5.1.2-5)

where A is the spatially dependent cross sectional flow area within the pathwayj (mi2 ), and i is a
unit vector in the direction of the flow path. Because of the complex flow geometry in the EBS,
assigning a value to A is not always straightforward; for example, for pathway 4
(Section 6.5.1.1), flow through the waste package, A can be the cross sectional area of corrosion
patches or some fraction of the cross sectional area of a waste package.

The hydrodynamic dispersion coefficient, D,, can be expressed in terms of two components
(Freeze and Cherry 1979 [DIRS 101173], pp. 389 to 390):

aO + D,,, (Eq. 6.5.1.2-6)

where a is the dispersivity (m), v is the average interstitial water velocity ((m sI), and D-/, is

the effective molecular diffusion coefficient (m2 s-1). The dispersivity can be further broken
down into lateral and longitudinal dispersivities. However, the dispersivity in the EBS is ignored
(see Section 6.3.1.2). Consequently, the hydrodynamic dispersion is accounted for solely by
molecular diffusion. The free water diffusion coefficient for self-diffusion of water, Do, is used
as a bounding value of the molecular diffusion coefficient for all radionuclides in the EBS.
Modifications to the diffusion coefficient Dmi for the porosity, saturation, temperature and
uncertainty within the invert are described in Section 6.3.4.1. Modifications to the diffusion
coefficient for the porosity and saturation within the waste package are described in
Section 6.5.1.2.1. The effects of concentrated solutions are ignored. Throughout the
mathematical description of the radionuclide transport, D, represents the effective diffusion
coefficient for species i.

The term Q;I (kg m-3 s') in Equation 6.5.1.2-3 is expanded to account for individual

contributions of different processes to radionuclide transport:

QI
t r r _ -QI.-Q.z±Qim1 em (Eq. 6.5.1.2-7)
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The first term is the source term, Qkd, accounting for the rate of dissolution of species i, and

Qlrcp is the rate of precipitation of species i. If the concentration of species i is below the

solubility limit, then Qp,,tp = 0; otherwise, the precipitation rate is determined from the mass

balance so as to honor the solubility limit.

The next six terms in Equation 6.5.1.2-7 account for sorption-related processes. Qts Vis the net
rate of reversible sorption of radionuclide species i onto the stationary solid matrix (internal
waste package corrosion products and invert matrix). Q,"v is the net rate of irreversible
sorption of radionuclide species i onto the stationary solid matrix (internal waste package
corrosion products). Q9,.m is the net rate of reversible sorption of radionuclide species i onto
mobile colloid surfaces. Development of this term requires assumptions regarding the
reversibility of radionuclide sorption onto colloids and is discussed below. QImV is the net rate
of irreversible sorption of radionuclide species i onto mobile colloid surfaces.

Q,¢ and QZ,,' are the net rates of sorption of radionuclide species i onto immobile colloid
surfaces captured by the stationary solid matrix and by the air-water interface, respectively. Wan
and Wilson (1994 [DIRS 124994]) found that "particle transport was tremendously retarded by
the air-water interface acting as a strong sorption phase" (Choi and Corapcioglu 1997
[DIRS 161621], p. 301). However, as a bounding assumption (BSC2004 [DIRS 170025],
Assumption 5.4), sorption by the air-water interface is assumed not to occur (Qj'" = 0).
Distribution coefficients for sorption onto the stationary solid matrix and onto immobile colloid
surfaces will generally be different. However, it is difficult to distinguish among various types
of matrixes and immobile colloids. Therefore, no distinction is made, and the term Ql¢¢ (sorption

onto immobile colloids) is lumped in with Q7,v or Q,,"' (sorption onto the stationary solid
matrix). Sorption and retardation in the waste package is discussed in more detail in
Section 6.3.4.2.

Qtm, is the net rate of interface transfer of dissolved mass between the continua in a dual
continuum. The sign of this transfer term is determined by the sign of the concentration
difference between the media and which medium is associated with the mass balance equation.
This term is included even though it is zero in the single-continuum domains that represent the
EBS in the EBS RT Abstraction in order to keep the mass balance equations as generally
applicable as possible. In particular, the equations apply in the dual-continuum invert model
presented as an alternative conceptual model in Section 6.6.4.

Qmbed is the rate of mass conversion from dissolved state to embedded state onto waste form
colloids for radionuclide species i. Radionuclides become embedded only in waste form
colloids, not in iron oxyhydroxide or groundwater colloids. The conversion rate to embedded
species is represented by a first order conversion of the species in solution:

Qlmbd = A C (Eq. 6.5.1.2-8)
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where is the Ambed is the first order rate constant (sI) for mass conversion from the dissolved
state to the embedded state onto waste form colloids for radionuclide species i.

Decay and ingrowth are expressed as:

Al =(Eq. 6.5.1.2-9)

Radionuclide species i is produced by the decay of its parent species at a rate proportional to the
concentration of the parent, C1p (kg ma3), and the parent species decay constant, A2P (s~'). The

decay constant is related to the half-life, 112 Ip .(s), of the radionuclide by:

Ap= ln(2) (Eq. 6.5.1.2-10)
t112.1p

Similarly, species i is lost by decay at a rate AC, (kg m 3 s ), where A, is the decay constant for

species i (s'), defined analogously to A,,. The term " in the production rate is the

dimensionless ratio of the mass (kg) of species i produced by decay of the parent species to the
mass (kg) of the parent species lost by decay. This is equal to the ratio of the atomic weight of
species i to that of its parent for species that have just one parent. In TSPA-LA, each
radionuclide is modeled as having at most one parent, which is implied in Equation 6.5.1.2-9.

Transport of dissolved and reversibly sorbed radionuclide species i in the aqueous phase is then
given by:

(_S_., = V. (OS.DVCI)-V q.C,
at

+ Qld- Qjp,,,.p- _Qv- _Qmv - Qrev - Qlr~. (Eq. 6.5.1.2-1 1)

±Qjmt~Q~m+lASw(A2,ppp -AC),

which is essentially identical to Equations 19 and 20 by Choi and Corapcioglu (1997
[DIRS 161621], p. 306), with the addition of decay and ingrowth terms and a dissolution source
term, Qdp. A further modification of the equations by Choi and Corapcioglu involves the

diffusive term, V-(SWDVC,), which Choi and Corapcioglu write as V-[DV(qWOC,)]. This
form of the term incorrectly allows diffusion to occur in the absence of a concentration gradient
as long as the water content, OS, varies.

The source term for radionuclide species i reversibly sorbed onto the stationary solid matrix
(corrosion products or invert matrix) is given by:

=8(pbK6,C) Pb(kPr,, K., ,C,d- A I, K (Eq. 6.5.1.2-12)

ANL-WIS-PA-00O001 REV 01 6-83 November 2004



EBS Radionuclide Transport Abstraction

where Pb is the dry bulk density of the stationary solid matrix (kg m-3 bulk volume). A linear
adsorption isotherm is used for the relationship between the aqueous and solid phase equilibrium
concentration, expressed in terms of a sorption distribution or distribution coefficient of the
dissolved species i, Kd,, (m3 water kg" solid [more typically reported in units of ml g-1]). Kdj,

depends both on the radionuclide species i being sorbed and on the solid substrate, either
stationary iron oxyhydroxide corrosion products or invert material or both, in this case.

The source term for radionuclide species i irreversibly sorbed onto the stationary solid iron
oxyhydroxide corrosion products is given by:

QU = PscpkCi, (Eq. 6.5.1.2-13)

where Ycp is the specific surface area of iron oxyhydroxide corrosion products [m2 CP kg-' CP],

and k, is the irreversible forward rate constant (m3 water mn2 CP s-1). The reaction is modeled as
first order in the solution concentration.

The source term for radionuclide species i reversibly sorbed onto the mobile colloids is given by:

-: O[OS. (KdWC¢WFCC, + KdCFECFC + - )c1]
at

+ V * (JkWF + JkFRO. + JG.) (Eq. 6.5.1.2-14)

- OS,. [A, (CFWF + CIPCFMO + C,. )-A " , (CMFF + CI.FIX + CkGW)] X

where Cl,;,F, CkFeOx, and C,¢w are the concentrations on a water volume basis of radionuclide
species i reversibly sorbed onto the mobile waste form, iron oxyhydroxide (FeOx), and
groundwater (GW) colloids, respectively (kg i mi3 water). The subscript ip refers to the parent of
radionuclide species i. The terms CwF, CCFm, and C w are the concentrations on a water
volume basis of mobile waste form, iron oxyhydroxide, and groundwater colloids, respectively
(kg colloid m73 water). The Kd values of radionuclide species i for the respective colloids are
KdCwF, KdiCFEO~, and KdJGw (typical units: ml g i).

The vectors for mass fluxes of colloids, JkwF, JIFOXX and J1Gw, are:

JICWF = - SWDCV(KdjCwFCCwFCI) + qwKdcIFC¢SSFCI (Eq. 6.5.1.2-15)

JICFeOX = -SWDV(KdIFCOrCCFMC ) +qKd CFCCFOXC (Eq. 6.5.1.2-16)

JG= W ) + = ... V.KdwC CwC¢GwCI . (Eq. 6.5.1.2-17)

The source term for radionuclide species i irreversibly sorbed onto the mobile iron oxyhydroxide
corrosion products colloids is given by:

Q,'l' = CFm Y, ki C (Eq. 6.5.1.2-18)
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where Y, is the specific surface area of mobile corrosion products colloids (m2 colloids kg"
colloids), and k, is the forward rate constant for irreversible sorption (m3 water m2 FeOx
colloids s"). k, for mobile iron oxyhydroxide corrosion products colloids is the same as for
stationary iron oxyhydroxide corrosion products. The reaction is modeled as first order in the
solution concentration. Irreversible sorption onto mobile colloids occurs only onto mobile iron
oxyhydroxide corrosion products colloids, not onto mobile waste form or mobile groundwater
colloids. As discussed earlier, radionuclides may become embedded in waste form colloids,
which has a similar net effect as irreversible sorption but is modeled as a distinctly separate
process.

The term Qjm, is the net rate of interface transfer of dissolved and reversibly sorbed mass
between the continua in a dual continuum material (as in the dual continuum invert alternative
conceptual model; see Section 6.6.4) on a bulk volume basis (kg m 3 s-1). It is given by
(Corapcioglu and Wang 1999 [DIRS 167464], p.3265; Gerke and van Genuchten 1996
[DIRS 167466], p. 345):

Qm.t = Yd [(C )intra- (Cl )Inter]

+;v, 1 . -_, \(Eq. 6.5.1.2-19)

+ (1cceO) intr - (CickeO)inter+ (C1cGW) intra - (CGW)interb]

In a single-continuum material, Qimi = 0. The dissolved and colloid mass transfer coefficients,

yd and y, respectively, depend on which continuum the mass balance represents. For the
dissolved mass transfer term:

Yd = m for the intragranular mass balance, (Eq. 6.5.1.2-20)

rd =a Swjnra '' , for the intergranular mass balance, (Eq. 6.5.1.2-2 1)

where a is the first-order mass transfer coefficient of the form:

8d2 Di, (Eq. 6.5.1.2-22)

hi is a dimensionless geometry-dependent coefficient, d is a characteristic length (m) of the
matrix structure (e.g., half the aggregate width or half the fracture spacing), and D, is an
effective diffusion coefficient (cm2 s~) that represents the diffusion properties of the interface
between the two continua for radionuclide species i. Because the intergranular continuum is
open pore space, diffusion is expected to be controlled by the diffusive properties of the
intragranular continuum. Thus, D1e is taken to be the effective diffusion coefficient in the

intragranular continuum. The colloid coefficient rc is evaluated similarly to the dissolved
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coefficient, but uses an effective colloid diffusion coefficient to evaluate a in
Equation 6.5.1.2-22. The mass transfer function between the two invert continua is described in
Section 6.6.4.1.

In a dual-continuum material, the intergranular porosity fnter and intragranular porosity Hera are

defined as follows. Let VP be the total volume of pore space in the bulk material, which has a

total volume of V,. The intergranular pore space has a total volume designated by V I and a

pore volume of Vp Inter 'Similarly, the intragranular pore space has a total volume designated by

V, and a pore volume of Vpn1 ra. IV =Vp Intra +Vp intr and V, = V, ,a +Vite,. The
porosities are defined as:

0111=VP-inter
V (Eq. 6.5.1.2-23)

and

OM" = intra
VK (Eq. 6.5.1.2-24)

The total bulk porosity of the material is:

V
-1 = PE = Ojn",r + q ...tra * (Eq. 6.5.1.2-25)

The parameter witner is the ratio of the intergranular continuum volume to the total bulk volume:

VI inter
Winfer V (Eq. 6.5.1.2-26)

Then C inter is the ratio of intragranular continuum volume to intergranular continuum
U

1
,nter

volume:

V1 - -Inter
Winter = V _Vinter V

I I, V t1 inter
Winter VIinter . Iinfer VI-ne

VI

(Eq. 6.5.1.2-27)
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Mass Balance for Irreversibly Adsorbed Radionuclides on Iron Oxyhydroxide Corrosion
Products and Colloids

The mass balance for irreversibly adsorbed radionuclides on mobile iron oxyhydroxide colloids,
which originate in the corrosion products, accounts for advection, diffusion, and decay and is
given by:

a = t V )+ Q;ZV ± Q:r , (Eq. 6.5.1.2-28)

+OSw,, AP r'P'C,;,O. "Iwf ClcM,'O

where

= rv [(ct 1 ) (c:~ )rr]' (Eq. 6.5.1.2-29)

X ,-o.x= -S. DV(C,:F-). +q.ClcF, (Eq. 6.5.1.2-30)

C:LF',O_, is the concentration of radionuclide species i irreversibly adsorbed onto iron
oxyhydroxide colloids on a water volume basis (kg i m-3 water). The source term for
radionuclide species i irreversibly sorbed onto the mobile corrosion products colloids, Q2"¢mm, is
given by Equation 6.5.1.2-18.

The mass balance for irreversibly adsorbed radionuclides on stationary iron oxyhydroxide
corrosion products accounts for decay and is given by:

O(1SwClCPFOX) =Q13 +O r _ -2CI f-rre ) (Eq. 6.5.1.2-31)
at wIp1 pP~~ "j-CPFeOx .512)

where C#crPFvO,, is the concentration of radionuclide species i irreversibly adsorbed onto iron
oxyhydroxide corrosion products on a water volume basis (kg i m 3). The source term for
radionuclide species i irreversibly sorbed onto the solid stationary iron oxyhydroxide corrosion
products, Q~' ", is given by Equation 6.5.1.2-13.

Mass Balance for Waste Form Colloid Particles

The waste form colloids are generated in the waste form domain and are transported in
accordance with an advective/diffusive mass balance. The waste form colloid concentration is
subject to stability constraints based on the local domain chemistry. The iron oxyhydroxide and
ground water colloids both exist in the corrosion products and invert domains, and their
concentrations are dependent on the local domain chemistry (BSC 2004 [DIRS 170025]).
Hence, no transport mass balance equations are required for iron oxyhydroxide and ground water
colloids.
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The mass balance for waste form colloidal particles suspended in the aqueous phase can be
expressed as (Choi and Corapcioglu 1997 [DIRS 161621], p. 302):

a ts,, V_ JWF -QWF -QUF -Q¢IVFf+QgYFS ±QCllFn,. (Eq. 6.5.1.2-32)

C,;vF is the concentration of suspended waste form colloids in the aqueous phase (kg waste form
colloids m 3 water), and JcwF is the mass flux vector of waste form colloids (kg m2 s'1). QcIF

(kg n3 sI) is the net rate of waste form colloid capture on the solid surface, with Qi7VF

(kg m 3 s") representing capture at the air-water interface. As mentioned earlier, the latter is
neglected. The term Qis$Ffg is the net rate of waste form colloid removal from suspension

(kg m33s7) by means of physical filtering (pore clogging, sieving, and straining) and by
gravitational settling. Both of these processes are neglected as bounding assumptions (BSC 2004
[DIRS 170025], Section 6.3.1). Although colloid capture is akin to sorption and a different
process from physical filtration, the net effect is indistinguishable from physical filtration, and it
is also, too, is neglected (Q,,vF =0).

With these assumptions, Equation 6.5.1.2-32 simplifies to:

a(OS CCIF)=-V JCWF + Q ±F ± QCIVF., (Eq. 6.5.1.2-33)

The source term, QCwFS (kg mn3 st), in Equation 6.5.1.2-33 represents the formation or
degradation of waste form colloids. Colloid formation may be rate limited, or it may be
instantaneous, with equilibrium between the colloids and their dissolved components. In either
case, colloid stability is strongly dependent on the chemical environment, specifically on the pH
and ionic strength of the aqueous phase. The colloid source term is the subject of Waste Form
and In-Drift Colloids-Associated Radionuclide Concentrations: Abstraction and Summary
(BSC 2004 [DIRS 170025]), and is discussed further below.

QCWFml is the net rate of interface transfer of waste form colloidal mass between the intergranular
and intragranular continua in a dual continuum model, such as the dual continuum invert
alternative conceptual model (Section 6.6.4). For a single continuum, QCIF m, = 0 . The sign of
this transfer term is determined by the sign of the waste form colloid concentration difference
between the media and which medium is associated with the mass balance equation. This is just
the colloid transfer term in Equation 6.5.1.2-32:

Qc'Fmi = rc[(CcWF)ira - (CF),flngr] (Eq. 6.5.1.2-34)

Since Equation 6.5.1.2-34 is for the waste form colloid particles themselves, as opposed to
radionuclides sorbed onto the particles, there are no decay or ingrowth terms.
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The mass flux vector for waste form colloids is expressed as (Choi and Corapcioglu 1997
[DIRS 161621], p. 303, Equation 4):

icWF = iCB + JcMD + qWCcwF

= -WDBVCCWF - S.D DVCcg.F + qwCcwF

=-jS.DcVCc-F + q.CwF,

(Eq. 6.5.1.2-35)

where subscript B refers to Brownian diffusion, and MD refers to mechanical dispersion. The
mechanical dispersion and Brownian diffusion terms can be lumped together in a colloid
hydrodynamic dispersion term with a colloid dispersion or diffusion coefficient D" (m2 s-'). The
diffusion coefficient of colloids is estimated to be a factor of 100 less than that of the free water
diffusivity (Section 6.3.4.4) (i.e., D,=DO/1OO). The mass balance on waste form colloid
particles, Equation 6.5.1.2-33, then becomes:

a(0?SsWCC.F) V V (S'WDCVCCWF) -V * (q.C¢IF) + QCWFSat W( ]

±~ Y, [(CIWF J. - (CO171w, I ane

(Eq. 6.5.1.2-36)

Mass Balance for Embedded Mass on Waste Form Colloids

The mass balance for the radionuclide species i embedded on waste form colloids is:

a( j- =v. (S D Vcembed) V. (q Crmbed)

at
+ .,r,1,.e 1Pz ~Acembed )+ OS. Qe~

(Eq. 6.5.1.2-37)

where Cimbed and CPm~b'd are the concentrations of species i and the parent of species i,

respectively, embedded on waste form colloids.

Inserting the source terms into Equation 6.5.1.2-11 gives the equation for
radionuclides dissolved in the aqueous phase and reversibly sorbed:

aOS >RC,]=V -(O.DVC,)
at

+ V. (OS.DCV[(KdCWFCC.F + KC,,. + K.,,. C..J)C,

-V * [q. (I + Kd,.FCIIF + KFIICSF¢O. + KCGWCG, )C ]
+ Q Q-e., - (PbsCP + OSCCF,(YS)kIC, -"'C

± r¢[(Ck + CkFrO + CkG ).. - (CkWF +CkFOr + CkG),.,,.]

+ OS.[-r R,,C. -2wR.C,],

the transport of

(Eq. 6.5.1.2-38)
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where

Rfi=I+ pbKd, + KdpCjvy + Kdi¢FO.,XCCFOX +Kd+ ,,GC~ji, (Eq. 6.5.1.2-39)

and Rfp is the corresponding factor for the parent species ip of radionuclide species i:

Rfip =I+ "d +KdpWAFCcF+KdprFrCcFfOx+KdpCGWCcGW. (Eq. 6.5.1.2-40)

In Equation 6.5.1.2-38, the left side of the equation represents the accumulation of dissolved and
reversibly sorbed radionuclide species i. The term in brackets is the mass of species i present in
a unit bulk volume of EBS, so the equation units are mass of species i per unit bulk volume of
EBS per time. The first term on the right side represents the rate of diffusion of dissolved
species i in the aqueous phase. The second term accounts for diffusion of mobile colloids on
which species i is adsorbed. The third term is the rate at which species i dissolved mass and
mass reversibly sorbed to mobile colloids is transported by advection. The fourth and fifth terms
represent the net rate of dissolution and precipitation of species i, respectively. The sixth term is
the conversion rate due to irreversible sorption on both iron oxyhydroxide corrosion products
and colloids. The seventh term is the rate of irreversible capture of species i by embedding in
waste form colloids. The eighth and ninth terms represent respectively the mass flux of
dissolved and reversibly sorbed species i between the continua in a dual-continuum material; for
a single-continuum material, these terms are omitted. The last (tenth) term accounts for
ingrowth, or production of species i by decay of the parent of i, and decay of species i, as
dissolved species and as sorbed onto colloids and immobile matrix.

Inserting the source terms into Equation 6.5.1.2-28, the mass balance for irreversibly adsorbed
radionuclides on iron oxyhydroxide corrosion product colloids becomes:

'(OS-Ct1F,%a V * [OwSD¢V(Ckr¢CX ,%)]- V * ?CCFC

+ OSWCCFsCkIC,± YC [(CfjCF: ),,,,, , (CCO )iner ] (Eq. 6.5.1.2-41)
Mcy tirrrrerl Jpc~e~x+O!S. (AxTIP Cr^ C1',FV )

The source term in Equation 6.5.1.2-41, OS.C¢FOkC,, couples this equation to
Equation 6.5.1.2-38.

The mass balance for irreversibly adsorbed radionuclides on iron oxyhydroxide corrosion
products accounts for decay and is given by:

a(OSWC:CPFL=P kjCI + OS.)(A rI fCirr' r r" ). (Eq. 6.5.1.2-42)
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The source term in Equation 6.5.1.242, pbSCPkjCI, couples this equation to Equation 6.5.1.2-38.

For a single continuum medium with no colloids or corrosion products present,
Equation 6.5.1.2-38 reduces to the conventional advection/diffusion transport equation (with
source and sink terms):

(at V F=v- (OS.D VC,) - V * (qC') + Q'd - Q'P¢P (Eq. 6.5.1.2-43)

+ p -1 ICIRJf

with the conventional retardation factors for radionuclide species i and parent species ip,
respectively:

R =1+ pb Kdi. (Eq. 6.5.1.244)
OS.

and

RfPp =I + pbKd (Eq. 6.5.1.2-45)

Equations 6.5.1.2-38 (mass balance for dissolved and reversibly sorbed radionuclide species i),
6.5.1.2-41 (mass balance for radionuclide species i irreversibly sorbed to iron oxyhydroxide
colloids) and 6.5.1.2-42 (mass balance radionuclide species i irreversibly sorbed to iron
oxyhydroxide corrosion products) are solved simultaneously for all radionuclides to obtain the
dependent variables, C,, ClrF¢O and CJcpX,m, the concentration of dissolved radionuclide species
i, the concentration of species i irreversibly sorbed to iron oxyhydroxide colloids, and species i
irreversibly sorbed to iron oxyhydroxide corrosion products, respectively.

The initial conditions are C, = CFON =CKpFOX =0 for all i. Upstream of the waste form
domain, all radionuclide concentrations are zero. Consequently, the upstream boundary
maintains a zero flux condition. Radionuclide concentrations will remain zero until a waste
package failure occurs. A treatment of the zero concentration boundary within the UZ is
provided in Section 6.5.3.6. The radionuclides are released or mobilized within the waste form
domain. Flow is expected to be predominately downward. Then the resulting transport will be
in 'a downward direction from the waste form to the corrosion products, which will accumulate in
the bottom of the waste container. From the corrosion products, the radionuclide will migrate
down to the invert, and from there it will enter the UZ. The representation for the radionuclide
transport is consequently a one-dimensional mass balance equation for radionuclide species. For
the one-dimensional EBS radionuclide transport model (in the downward +z-direction), the
specific discharge (Darcy velocity) vector, q, is in the downward +z-direction only and is

denoted by q. = qj,, where i is a unit vector in the z-direction, and qw: is the scalar specific
discharge in the z-direction (zero in the other two directions). In one dimension, the mass
balance equations can be written as scalar equations and are summarized as follows.
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The one-dimensional mass balance equation describing transport of dissolved and reversibly
sorbed radionuclide species i in (from Equation 6.5.1.2-38) is:

a [NS.RC,]= (OS.D, ,)
at az~w z~

+ a (.D, a [(KdicWFC1WF + KdIFeOxICFcO + KdcGWC£W)CI,

- [qw: (I + Kdjc;YFCCWF + Kd.-cFoxCcFeox + Kdi,&;,CCG1V )c1]az
+~d Qii - + XSWCCF¢ C)kCIC, - 2etmbedC, (Eq. 6.5.1.2-46)

± rd [(Cl )infra - (C, )intcr I
± ra [(CrcWF + CICFOCX + CICW, )Jntra - (CKOF + CIcFeOx + CicGW)Jnter ]

+ OSW [A,,rlP'RCp - ACC ]-

Similarly, the one-dimensional mass balance equation for irreversibly sorbed radionuclide
species i on iron oxyhydroxide colloids (from Equation 6.5.1.241) is:

a(iSSC,) a Em (Da EcF'O ) a-(qwC )
ft Az t w A IcFeOX ) a3 W ICFeOX

+OS. C k ± y [(CicF,),lra (CF. ),/ner] (Eq. 6.5.1.2-47)

+OS"('1,prJ, CpcFra. A1C,M/OJ-

The one-dimensional mass balance equation for irreversibly sorbed radionuclide species i on iron
oxyhydroxide corrosion products is the same as Equation 6.5.1.2-42, since there is no advection
or diffusion of corrosion products:

At p C x CP I IC (Eq. 6.5.1.248)

The one-dimensional mass balance equation for waste form colloid transport (from
Equation 6.5.1.2-36) is:

a3(OS.CcWF) =a Da C A
at a: a J az (Eq. 6.5.1.2-49)

+ Q i fT [(CCIYF )Intra - (CC.F )Jnter ]I

Within the waste package, the media supporting transport are represented as single continua. In
the UZ, however, the bulk medium is conceptualized as a dual continuum, characterized by two
sets of local-scale properties unique to each continuum. Transport in the dual continuum media
is represented by a mass balance equation for each continuum. The single invert continuum
interfaces a dual continuum (fracture/matrix) UZ medium. Advective transport from the invert
enters both the UZ fracture and matrix continua.
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The diffusive fluxes to the dual UZ continua are determined from the flux continuity at the
interface. This requirement states that the diffusive flux exiting the invert domain is equal to the
sum of the diffusive fluxes entering the two UZ continua. The diffusive flux split will depend on
the diffusive properties in the invert domain and both UZ continua together with the
concentration gradients across the interface.

For discussion of the diffusive flux treatment at the invert/UZ interface consider a diffusive flux
term, either aqueous or colloid flux, within the transport mass balance equation. Let

denote the spatial location of the invert/UZ interface. Then for z < Z the diffusive flux for

radionuclide species i at a location within the invert domain is:

ac (Eq. 6.5.1.2-50)

where 0, is the porosity of the single-continuum invert domain.

For z>z~ntefac 9 the diffusive fluxes within the UZ matrix and UZ fracture media are,
respectively,

O.S..DI az , (Eq. 6.5.1.2-5 1)

OfS 4fD ac.

For the case with no advection, the mass transport via diffusion across this
by the flux continuity condition at the interface:

,S., Di, aC =.S..Dim a + OfSfDir acifaz z az+

(Eq. 6.5.1.2-52)

interface is coupled

(Eq. 6.5.1.2-53)

where

a and a

are the derivative from the left and the derivative from the right, respectively, at the interface.

The waste form colloids are generated in the waste form domain and are transported in
accordance with an advective/diffusive mass balance. The waste form colloid concentration is
subject to stability constraints based on the local domain chemistry. The waste form colloids
transport both reversibly sorbed radionuclide mass and embedded (irreversibly sorbed)
radionuclide mass. The iron oxyhydroxide colloids exist in the corrosion products and invert
domains, and their concentrations are dependent on the local domain chemistry. The iron
oxyhydroxide colloids transport both reversibly sorbed and irreversibly sorbed radionuclide
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mass; the irreversibly sorbed radionuclides are sorbed onto the surface of these colloids, rather
than being embedded within the colloid matrix, as are the radionuclides associated with the
waste form colloids. The ground water colloids exist in the corrosion products and invert
domains, and their concentrations are dependent on the local domain chemistry. The ground
water colloids transport only reversibly sorbed radionuclide mass. The iron oxyhydroxide
corrosion products are immobile and found only in the corrosion products domain. These
corrosion products support both reversibly sorbed and irreversibly sorbed radionuclide mass.
Since corrosion products are immobile, all radionuclide mass sorbed to corrosion products is not
transported but is retarded.

All of the features of the EBS radionuclide transport abstraction are accounted for in
Equations 6.5.1.2-38, 6.5.1.2-36, 6.5.1.241, and 6.5.1.2-42 (or the one-dimensional versions of
these equations, Equations 6.5.1.2-46, 6.5.1.249, 6.5.1.2-47, and 6.5.1.248, respectively),
including invert diffusion, retardation in the waste package, in-package diffusion, and transport
facilitated by reversible and irreversible colloids. Implementation of these equations into
TSPA-LA involves additional simplifications and restrictions that are discussed in Section 6.5.3.

6.5.1.2.1 Mathematical Description of In-Package Diffusion Submodel for Commercial
Spent Nuclear Fuel Waste Packages

The objective of the in-package diffusion submodel is to quantify the uncertainty in the effective
diffusion coefficient for diffusion of radionuclides through a breached waste package. Transport
within the waste package can occur through advective or diffusive mechanisms. Advective
transport occurs when a radionuclide, either as a dissolved species in an aqueous solution or
attached to a colloidal particle, moves with a flowing fluid. Diffusive transport occurs when a
radionuclide, either as a dissolved species in aqueous solution or attached to a colloidal particle,
moves from a region of high concentration to a region of lower concentration in water that may
be stagnant or flowing. Both advective and diffusive transport occur for those waste packages
exposed to a seep environment in the repository. Only diffusive transport is anticipated to occur
in those waste packages in the dry (no-seep) regions of the repository. In-package diffusion is an
important process for release of radionuclides from the waste package, especially if no seepage
occurs in large portions of the repository. This section provides a model to enable the impact of
in-package diffusion on repository performance to be quantified.

The focus in this submodel is on diffusive releases from CSNF waste packages in no-seep
regions of the repository. In a no-seep environment, the water saturation inside the CSNF waste
package is computed as a function of relative humidity. In a seep environment, the water
saturation in a CSNF waste package is set to 1.0, and is not dependent on the relative humidity in
the waste package. For HLW packages, the water saturation is set to 1.0 in both seep and
no-seep environments independently of the relative humidity in the waste package. HLWV
packages are treated differently from CSNF waste packages because the hygroscopic nature of
HLW glass will result in a comparatively high water saturation at lower relative humidities than
for CSNF.

In the EBS transport base model, the waste package is considered to be adjacent to the invert for
purposes of calculating diffusive releases. This eliminates any resistance to diffusion between
the waste package and the invert and maximizes estimated releases. If the first breaches are
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stress corrosion cracks in the lid welds, the earliest diffusive path is through these cracks. The
length of the diffusive path is taken to be the distance through the multiple lids on the waste
package. This implies that the entire radionuclide inventory of the waste package is modeled as
lying at the inside surface of the lid, which provides the maximum concentration gradient over a
short distance, thereby maximizing calculated diffusive releases.

In reality, the internal components of the waste package will degrade slowly over thousands of
years, keeping much of the radionuclides suspended within a crumbling framework, but
nevertheless well dispersed throughout much of the interior of the canister. Even in its fully
degraded state, when all internal components are completely corroded, the interior will consist of
a large mass of porous corrosion products slumped in the bottom of the breached waste package,
with radionuclides dispersed throughout. This dispersion inside a waste package is simply the
result of the steel baskets, side guides, and inner vessel corroding at a faster rate than the
Zircaloy fuel rods and assemblies. Thus, the actual diffusive path length can be greater than just
the thickness of the lids, which reduces the rate of diffusive releases in comparison to the model
where the radionuclide source is modeled as being adjacent to the interior surface of the waste
package.

In a no-seep environment, the interior of a breached waste package will generally not be fully
saturated with water. In this case, the only water present may be a thin film of adsorbed water
that offers only a small diffusive area, which further hinders diffusive releases from the waste
package.

These two conditions-a longer diffusive path length and a much smaller cross sectional area for
diffusion-can delay or reduce the rate of predicted diffusive releases of radionuclides from the
waste packages, relative to the EBS transport base model.

6.5.1.2.1.1 Conceptual Model for the Commercial Spent Nuclear Fuel In-Package
Environment

Fuel rods are expected to be robust because the Zircaloy cladding around the fuel pellets is
corrosion-resistant; at 1000C, the cladding remains intact for at least 100,000 years (CRWMS
M&O 2000 [DIRS 136058], p. 48) barring damage from rockfalls. However, some fuel rods
may be damaged while in use or during handling and shipping to the repository. A number of
mechanisms cause fuel rod failure inside a reactor core, including damage from debris striking
the rods, manufacturing defects, radiation-enhanced corrosion resulting in splitting of the rods,
localized corrosion, and chafing where the rods contact the assembly spacer grids. Fuel rod
cladding that has not failed (i.e., become perforated) is predicted to remain intact for the
regulatory period (BSC 2004 [DIRS 170023], Section 1). Cladding that has failed is assumed to
undergo instantaneous axial splitting after a waste package is breached (BSC 2004
[DIRS 170023], Assumption 5.3), exposing the fuel to the environment. These failed rods
release radionuclides through diffusion once a waste package is breached, when a continuous
film of liquid water is assumed (Assumption 5.5) to cover all the internal components of the
waste package.

Baskets and guides support fuel rod assemblies inside a waste package for CSNF. These support
components are fabricated from carbon steel and will begin to corrode once the waste package is
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breached. Corrosion begins when the relative humidity is sufficient to produce aqueous
conditions on the surface. The presence of deliquescent salts can result in aqueous conditions if
the in-drift humidity is higher than the minimum deliquescent point of the salts (Campbell and
Smith 1951 [DIRS 163817], p. 237). As the support components become thinner due to
corrosion, they will weaken and eventually allow fuel rod assemblies to fall to the bottom of the
waste package.

Corrosion of the internal support components will increase the surface area for adsorption of
water and increase the area for diffusive transport, resulting in greater diffusive releases from the
waste package. The fuel rods could also be bent if sections of the support components fail
sooner than other parts. This could result in enhanced rod failure rates, with a greater mass of
radionuclides available to diffuse out of a waste package.

The waste package inner vessel, made of Stainless Steel Type 316, has a long lifetime as
computed from known general corrosion rates. However, the potential performance credit of the
stainless steel inner vessel is not included in the nominal TSPA-LA analysis. As with the
baskets and other waste form components (except for the fuel rods), the degradation of the inner
vessel will provide additional surface area for adsorption of water and additional cross-sectional
area for diffusion of radionuclides through the water film.

6.5.1.2.1.2 Adsorption of Water Vapor in Commercial Spent Nuclear Fuel Waste
Packages

All surfaces exposed to water vapor will adsorb water. The amount of adsorbed water vapor
depends principally on the nature of the material and the relative humidity. In many cases, the
first layer of water adsorbed is chemically bound to the surface (McCafferty and
Zettlemoyer 1971 [DIRS 154378], p. 239) and is difficult to remove except at high temperatures,
higher than will exist in the repository. Subsequent layers are less tightly bound, being attracted
simply by van der Waals forces to lower water layers. The first few layers of water often form
an ice-like structure with little mobility. As the relative humidity approaches 100 percent, the
outer layers of water begin to behave more like bulk liquid; at 100 percent relative humidity,
bulk condensation of water occurs, forming a liquid phase.

Except for inert metals such as gold and platinum, most metals form a passivating oxide surface
layer when exposed to oxygen or water. Oxygen diffuses slowly through the oxide layer; the
resistance to oxygen diffusion protects the metal underneath. In the case of Alloy 22, stainless
steel, Zircaloy, and aluminum-metals found in the waste package or waste form-the surface
oxide layer is passivating. Thus, all metals in a waste package contain a surface oxide layer on
which water adsorption takes place.

Adsorption isotherms define the amount of water adsorbed as a function of relative humidity or
relative pressure, provided sufficient time is allowed for equilibrium to be achieved. Extensive
measurements have been made for a few substances, such as iron oxide and titanium oxide, but
adsorption isotherms are only available for a few materials. Isotherms for metal oxides found in
waste packages have been measured for NiO, Fe2O3, and ZrO2. Isotherms for other major
components of stainless steel, such as Cr2O3 and Mo203, are not readily available. However, the
oxides of iron, nickel, and zirconium make up the bulk of oxides in a package and are
representative of in-package materials. Figure 6.5-4 presents the adsorption isotherms for Fe2O3 ,
NiO, and ZrO2.
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Figure 6.5-4. Comparison of Adsorption Isotherms for Water Vapor on Fe2 O3 , NiO, and ZrO2

6.5.1.2.1.2.1 Iron Oxide Isotherm

The isotherm for adsorption of water onto a-Fe2 O3 , a form of hematite, has been extensively
measured and reported in the literature (McCafferty and Zettlemoyer 1970 [DIRS 154382];
Jurinak 1964 [DIRS 154381]). These measurements are directly relevant to the repository
because (1) hematite will be the predominant form of iron oxide in a degrading waste package
(YMP 1998 [DIRS 104441], p. C-23), and (2) hematite will comprise the bulk of the corrosion
products in the waste package, because iron is the largest constituent of waste package internal
components, as shown in Table 6.5-9 for the three major types of steel used in the 21-PWR
waste package components. The contents of Table 6.5-9 are derived from compositional data
presented in Table 4.1-10.
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Jurinak (1964 [DIRS 154381], p.486) provides a functional relationship for the coverage
(i.e., number of monolayers of water adsorbed) as a function of relative humidity based on the
Frenkel-Halsey-Hill (FHH) equation for multilayer adsorption:

glo D / P.)(= _ vk (Eq. 6.5.1.2.1-1)

where

p. = partial pressure of water (Pa)

P0

k
S

V
V.

vapor pressure of water (Pa)
FHH adsorption isotherm fitting parameter (dimensionless)
FHH adsorption isotherm fitting parameter (dimensionless)
volume of water vapor adsorbed at reference conditions (m3 H2 0 kg-' Fe2O3 )
volume of adsorbed water vapor that provides a one-monolayer coverage on the
surface (m3 H2 0 kg" Fe2O3).

The ratio of water vapor partial pressure to vapor pressure is the relative humidity (RH). The
ratio of V to V. is the number of monolayers of water (i.e., the number of layers of individual
water molecules) adsorbed on the surface, assuming complete and uniform coverage. Letting
Se = V/ V,,, and RH = pI /p, and making use of the relationship to convert base 10 logarithms

to natural logarithms (logORH=logiOe'nR1 =lnRHlogjOe), Jurinak's correlation may be
written in general terms with parameters k and s:

ln(RH) =- k~o1 e
(0 = (6O0 elo e( '

l=( k ) 3 l(H)]-I$S

(Eq. 6.5.1.2.1-2)

(Eq. 6.5.1.2.1-3)or

For Fe2O3, k= 1.1 and s = 2.45 (Jurinak 1964 [DIRS 154381], p. 486):

or

ln(RH) ==-2.5328()-2.4 1

0,e = I1.461296[- ln(RH)]0.......

(Eq. 6.5.1.2.1-4)

(Eq. 6.5.1.2.1-5)

This isotherm is plotted in Figure 6.5-4.

The average thickness of a monolayer of water can be computed from the cross-sectional area of
a water molecule. Holmes et al. (1974 [DIRS 154379], p. 368) use a value of 10.6 A2 for the
cross-sectional area of a water molecule. Jurinak (1964 [DIRS 154381]) assumes a
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cross-sectional area of 10.8 A2 for a water molecule. McCafferty and Zettlemoyer (1970
[DIRS 154382], p. 453) report a single value of 10 m2 gl for "nominal argon surface area" and
assume a cross-sectional area of the water molecule of 10.6 A2. Gregg and Sing (1982
[DIRS 153010], p. 188) state that a "close-packed" monolayer of water corresponds to a figure
of 10.5 A2 for the cross-sectional area of a water molecule. In this report, a value for the
cross-sectional area of a water molecule of A. = 10.6 A2 per molecule (McCafferty and

Zettlemoyer 1970 [DIRS 154382], p. 454) is used. Using a water density at 251C of
p, =997.0449 kg m-3 (Weast 1985 [DIRS 111561], p. F-5), the thickness of a water

monolayer, ifa is:

M"

18.01528x10-3 kg

20 olmoec (Eq. 6.5.1.2.1-6)
(10.6x 10-0 997.0449 kg(6.02214199x 1023 molec

molec m 3  mol

-2.83xI0-'0 m,

where NA is Avogadro's number (Lide 2002 [DIRS 160832], p. 1-7), and M,, is the molecular

weight of water (kg moll).

At 50'C, the density of water is 988.0363 kg mn3 (Weast 1985 [DIRS 111561], p. F-5) and the
adsorbed water monolayer thickness is 2.85 x I 010 m, which shows that the monolayer thickness
sensitivity to temperature is small.

The adsorption isotherm for water vapor on ZrO2 at 25'C (Holmes et al. 1974 [DIRS 154379],
p. 367, Figure 3) is shown in Figure 6.5-4 as monolayers of water adsorbed; Table 6.5-5 lists the
same data, taken from Figure 3 of Holmes etal. and given in units of mg water adsorbed
gl ZrO2 . The conversion from mg gl to monolayers adsorbed is made using 14.5 m2 go for
specific surface area (Holmes et al. 1974 [DIRS 154379], p. 368; average of 2 values):

C 214.5 m Y1801528x103 mgH 2O0
15g ZrO 2 ) mol ) mg H 2 0

2 = 4.092 /monolayer.
106I 0 m 6.24l97023 molecule) g ZrO2(10.6 x1 0.20 M 6.0221419947x1

molecule mol

(Eq. 6.5.1.2.1-7)
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Table 6.5-5. Adsorption of Water on ZrO2 at 250C, Outgassed at 5000C

RH Water Adsorbed on ZrO2 (mg 94a)

0.010 5.54

0.050 6.92

0.100 7.76

0.150 8.53

0.200 9.12

0.300 10.4

0.400 11.52

0.500 12.80

0.600 14.56

0.658 16.00

0.700 17.81

0.784 24.00

0.840 32.00

0.880 40.00

0.917 48.00

0.947 56.00

Source: Holmes et al. 1974 [DIRS 154379], p. 367; taken from 'Adsorption'
curve on Figure 3.

6.5.1.2.1.2.2 Behavior of Thin Water Films

In this section, the behavior of thin films of water is described. It is assumed in the EBS RT
Abstraction that continuous thin films of adsorbed water will cover all surfaces inside a breached
waste package and that these films behave the same as bulk liquid (Assumption 5.5). In order to
understand the bounding nature of this assumption and how it leads to overestimating releases of
radionuclides from the EBS, it is necessary to understand the actual behavior of thin films.

Water at solid surfaces varies in nature from a highly structured form on hydrophilic substrates
to a loose, entropic form on more hydrophobic substrates possessing hydrophilic sites (Lee 1994
[DIRS 154380], p. 74). The adsorption of water on solids depends on the capacity of the surface
to orient the water dipoles, usually with the proton outward. Near polar surfaces of solids such
as metal and oxides, the cause of the orientation of water molecules at the interface could be
either hydrogen bonding or dipole-dipole interactions, depending on the chemical nature of the
solid. Depending on the dissimilarity between the ordered (dipole-dipole), induced structure
near the interface and the bulk structure, various thicknesses of the ordered layers are possible
(Lee 1994 [DIRS 154380], p. 75).

The structure of liquid water is considered to consist of unbonded molecules and of molecules
hydrogen-bonded in clusters that have a mean size of about 90 molecules at 0C (Lee 1994
[DIRS 154380], p. 79). At hydrophilic surfaces, such as oxides, the structure of water resembles
that of ice (McCafferty and Zettlemoyer 1971 [DIRS 154378], p. 239). This behavior is
attributed to the existence of a monolayer in which the adsorbed water is held rigidly to the solid
surface at fixed sites. The first layer is localized by double hydrogen bonding of a single water
molecule to two surface hydroxyls. This highly constrained first layer relaxes in the next layers,
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where the water molecules start to possess a rotational degree of freedom, being singly
hydrogen-bonded. The second layer becomes more ordered when hydrogen bonds to a third
layer, and so on, until the ordering effect of the surface is overcome and bulk liquid layers form
farther from the surface. On a hydrophobic surface, such as silica, different behavior is
observed. When half of the surface hydroxyls on silica are occupied by water, the water starts to
agglomerate into clusters instead of adsorbing uniformly over the surface.

Layers of water adsorbed on an oxide surface can promote lateral ion movement, which sets up
localized electrochemical cells due to inhomogeneities in the underlying metal (Lee 1994,
[DIRS 154380] p. 141). Such cells promote localized corrosion. Surface water dipoles may act
to shield oxygen ions from an internal field that promotes ion movement. On the other hand, the
gel-like structure of a metal oxyhydroxide may not support the charge separation that normally
accounts for the field-driven process. Instead, ion movement may take place under the influence
of a concentration gradient. The first layers of adsorbed water often do not contain ions from the
solid (Lee 1994 [DIRS 154380], p. 73). This says that multiple water layers are needed in order
for solid species (such as radionuclides) to dissolve and diffuse.

6.5.1.2.1.3 Specific Surface Areas of Component Materials

6.5.1.2.1.3.1 Specific Surface Area for Metal Oxides

Most studies of the nature of adsorbed water at solid surfaces have been done with solid powders
whose specific surface area is at least 5 m2 gl. Such high interfacial areas are required for
sufficient sensitivity in the measurements of adsorbed mass using routine gravimetric techniques.
However, the use of surface areas of 10 to 20 m2 g4 typical of the samples used in adsorption
studies for Fe2O3 and ZrO2 results in predicted quantities of adsorbed water being larger than
might be realistically expected for materials with lower specific surface area such as hematite
corrosion products, resulting in an overestimation of the amount of radionuclides released by
purely diffusive mechanisms.

Values for the specific surface area of a-Fe2O3 (hematite) shown in Table 6.5-6 range from
1.8 to 21.4 m2 g91. At the low end is "natural" hematite, with a specific surface area of 1.8 m2 g'
(Langmuir 1997 [DIRS 100051], Table 10.2). At the high end is a sample of Fe2O3 used in an
analysis of its catalytic activity (Briand et al. 2001 [DIRS 161617], Table 4). Morimoto et al.
(1969 [DIRS 162877], Table I) and Tamura et al. (1999 [DIRS 161625], Table 1) each report
two values for Fe2O3 samples prepared by different methods that differ by factors of 1.5 and 2.8,
respectively. These results illustrate how the method of preparation can have a large effect on
the specific surface area of a material. Gregg and Sing (1982 [DIRS 153010], p. 188) report
surface area measurements of a material identified only as "iron oxide" by mercury porosimetry
and by nitrogen adsorption.

Jurinak (1964 [DIRS 154381), p.480) measured surface area of Fe2 O3 by nitrogen adsorption
ranging from 9.60 to 9.70 m g", whereas water adsorption surface areas ranged from 6.52 to
9.10 m gl. It was concluded that about one-third of the Fe2O3 is covered with chemisorbed
water that, unless removed by activation (i.e., heating to at least 4250 C), blocks water adsorption
sites on the surface. The latter value (9.10 m2 g4) is used in sample calculations in the EBS RT
Abstraction, because it is consistent with the water adsorption isotherm of Jurinak that is used.
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The value of 10.0 m2 g-1 reported by McCafferty and Zettlemoyer (1970 [DIRS 154382], p. 453)
is close to that of Jurinak and is consistent with their water adsorption isotherm, which is used in
Section 7.2.1 to corroborate the isotherm of Jurinak (1964 [DIRS 154381]).

The specific surface area of Fe2O3 plays an important role in the EBS radionuclide transport
abstraction because all corrosion products are assumed to be hematite (Assumption 5.6). It is
appropriate to account for the uncertaint. in the measured values of the specific surface area by
sampling the value. A range from 1.0 m g" to 22 m2 gl covers the range of observed values. A
uniform distribution is assigned to this parameter in order to achieve an unbiased sampling of the
full range of variability.

In example calculations in Section 6.5.1.2.1 (e.g., Tables 37 and 38), a value of 9.1 m2 g-l
obtained by Jurinak (1964 [DIRS 154381], p. 480) is generally used in order to be consistent
with the water vapor adsorption isotherm of Jurinak that is used in the in-package diffusion
submodel. However, it is appropriate in the in-package diffusion submodel to use any value of
specific surface area for Fe2Q3 within the range specified for this uncertain parameter.

Table 6.5-6. Specific Surface Area of Fe2O3

Specific Surface Area (M2 g4') Source

9.1 Jurinak 1964 [DIRS 1543811, p. 480
10 McCafferty and Zettlemoyer 1970 [DIRS 1543821, p.453
13.3- 14.3 Gregg and Sing 1982 [DIRS 1530101. Table 3.17
21.4 Briand et al. 2001 IDIRS 1616171, Table 4

14.5 Morimoto et al. 1969 [DIRS 162877], Table I (treated at 2500C; from
calcinations of FeSO 4.7H 20)

21.2 Morimoto et al. 1969 [DIRS 162877], Table I (treated at 2500C; from
calcinations of a-FeOOH)

15.9 Tamura et al. 1999 [DIRS 161625]. Table I (NaOH method)
5.60 Tamura et al. 1999 (DIRS 1616251, Table 1 (Grignard method)
1.8 Langmuir 1997 [DIRS 1000511, Table 10.2 (natural hematite)
3.1 Langmuir 1997 [DIRS 1000511, Table 10.2 (synthetic hematite)

For ZrO2, Holmes et al. (1974 [DIRS 154379], pp. 367 to 368) measured specific surface areas
by nitrogen adsorption and by argon adsorption; the average value was 14.5 m2 gel.

The products of the corrosion of all internal waste package components except for fuel rods and
SNF are assumed to be Fe2Q3 (hematite) (Assumption 5.6). The bulk of the mass of materials in
a CSNF waste package, excluding the SNF itself and the outer corrosion barrier of the waste
package, consists of various types of steel. The iron content of these steels (see Table 6.5-9
below) ranges from 61.935 weight percent (Type 316, used in the inner vessel;
DTN: M00003RIB00076.000 [DIRS 153044]) to 98.37 weight percent (A 516 carbon steel,
used in the basket components; DTN: M00107TC240032.000 [DIRS 169970]). It is thus
reasonable to treat all corrosion products as iron oxide, specifically Fe2O3 (hematite), for which
specific surface area and adsorption data are readily available. The specific surface areas of
some other waste package component corrosion products are shown in Table 6.5-7, which
demonstrates that the bulk of corrosion products exhibit similar adsorption characteristics.
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Table 6.5-7. Specific Surface Area of Various Waste Package Corrosion Products

Corrosion Specific Surface
Product Area (Mg) Source

Cr203  3.0 Briand et al. 2001 [DIRS 1616171, Table 4
1.09 Tamura et al. 1999 [DIRS 1616251, Table I

12.0 Nagao et al. 1995 IDIRS 1628781, p. 222
NiO 1.1 Briand et al. 2001 [DIRS 1616171, Table 4

22.4 Matsuda et al. 1992 [DIRS 154383], p. 1839
(for NiO(II)1

CoO 0.4 Briand et al. 2001 IDIRS 1616171, Table 4
MoO 3  5.0 Briand et al. 2001 IDIRS 161617], Table 4
U02  0.4 BSC 2004 [DIRS 167618], Table 6-9 (Group
(SNF) 8b)

TiO2  9.94 Morimoto et al. 1969 [DIRS 1628771. Table I
ZrO2 14.5 Holmes et al. 1974 [DIRS 154379], p. 368;

average of 2 values
39.0 Briand et al. 2001 IDIRS 1616171, Table 4

6.5.1.2.1.3.2 Interior Surface
Package

Area for Commercial Spent Nuclear Fuel Waste

The internal surface area of an as-emplaced waste package (i.e., in an undegraded state)
containing CSNF can be approximated if the dimensions and numbers of fuel rods, baskets, side
guides, and other support components are known. Since the surface area will increase by orders
of magnitudes as the waste package components degrade, the initial surface area is useful only as
a limiting value, but one that can be estimated accurately (unlike the surface area of corrosion
products). Typical measurements for a 21-PWR waste package are used (BSC 2004
[DIRS 169472], Table 1). The surface areas of fuel assembly spacer grids and end connections
are ignored. The total internal surface area of a 21-PWR waste package as emplaced is
approximately 1061 m2. The surface area of basket components is computed as shown in
Table 6.5-8 (footnote h) by dividing the total mass of each component by the density of the
material (which gives the volume of material), then dividing by the thickness of the component.
This results in the area of component material as though it were a plate, ignoring the area of
edges. To account for both sides of the component being exposed to air and able to adsorb
water, the area is multiplied by two.

The calculation of pore volume for a CSNF waste package is also summarized in Table 6.5-8.
From these results, the initial porosity of an average 21-PWR waste package is determined to be
5.63/9.62 = 0.58.
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Table 6.5-8. Characteristics of a 21-PWR Waste Package

Total Total
Qty.In Massb Density Surface Volume1

Component Dimensions WPb(kg) m Area (M2 ) (M )
Fuel Rods 0.94996 cm ODC,;5.544 _ 636.93 1.513

384.962 cm length.e 554 - - 669 .1
Basket Side Guide 9.525 mm thickness 16 24.9 7.850d 10.66h 0.051
Basket Side Guide Stiffener 9.525 mm thickness 32 0.615 7 ,85 0d 053h 0.003
Basket End Side Guide 9.525 mm thickness 32 32.7 7,85 0d 2 7.99h 0.133
Basket End Guide Stiffener 9.525 mm thickness 64 1.38 7,850 2.36 h 0.011
Basket Comer Guide 9.525 mm thickness 16 40.1 7 850d 17.16 0.082
Basket Comer Guide Stiffener 9.525 mm thickness 32 2.07 7 1850d 1.77h 0.008
Fuel Basket A-Plate 7 mm thickness 8 86.8 7,760" 25.57 0.089
Fuel Basket B-Plate 7 mm thickness 8 86.8 7 760" 25.57h 0.089
Fuel Basket C-Plate 7 mm thickness 16 45.8 7,760" 26 98h 0.094
Fuel Basket D-Plate 6.35 mm thickness 8 27.4 2,700 25 .5 7h 0.081
Fuel Basket E-Plate 6.35 mm thickness 8 27.4 |2,700 25.57h 0.081
Basket Tube 4,572 mm length';

231.648 mm interior
dimensionk; 21 159 7 ,8 50 d 181.59 0.425
241.173 mm exterior
dimension

m

Inner Vessel 1.4859 m ID;
1.5875 m ODk; 1 9,920 8,000a 49.10 1.240
4.5847 m cavity length'

Inner Lid 1.4859 m vessel ID" 1 739 8000 3.37 0.088
0.0508 m thickness1

Total Surface Area 1,061 -

Total Volume' 9.62
Total Solids Volume _ | 3.99
Total Vold Volume 6.63
* Thicknesses from BSC 2004 [DIRS 169472], Table 2.
b Quantity (number) and mass of components in a 21-PWR waste package from BSC 2004 [DIRS 169472], Table 2.
cDOE 1992 [DIRS 102588], Volume 1, p. 2A-30. 264 rods/assembly. W1717WL chosen as average assembly.
d ASTM A 20/A20M-99a [DIRS 147578] (A 516 carbon steel).

Kogler 1996 [DIRS 107760], p. 17 (Neutronit A 978).
ASTM G 1-90 IDIRS 103515], p. 7, Table X1 (Al 6061).

g DTN: M00003RIB00076.000 [DIRS 153044] (316 stainless steel).
h Surface Area = 2mN/(pAx); m = mass (kg); N = quantity; p = density (kg ma); Ax = thickness (m); '2' accounts for

2 sides of a plate; edges ignored.
Volume enclosed by Alloy 22 outer corrosion barrier having an inside diameter of 1.597 m (BSC 2004
(DIRS 166953], Section B-B) and inside length of 4.80374 m = 5,024.4 mm (total length, BSC 2004
(DIRS 166953], Section A-A) - 25.4 mm (lid lifting device thickness, BSC 2004 [DIRS 167394], Detail C) -
101.6 mm (bottom skirt, BSC 2004 [DIRS 167394], Detail B) - 25.4 mm (top outer lid thickness, BSC 2004
[DIRS 167394], Detail A) - 25.4 m (bottom outer lid thickness, BSC 2004 [DIRS 167394], Detail B) - 30.16 mm
(middle lid to outer lid gap, BSC 2004 [DIRS 167394], Detail A) - 12.7 mm (middle lid, BSC 2004 [DIRS 167394],
Detail A).

'Except for fuel rod volume, Volume = mN/p. See footnote h for nomenclature.
k BSC 2004 [DIRS 166953], Section B-B.
'BSC 2004 [DIRS 166953], Section A-A.
m Outside dimension = inside dimension + 2 x thickness = 9.12 in. (BSC 2004 [DIRS 166953], Section B-B) +
2 x 3/16 in(BSC 2004 [DIRS 169472], Table 2) = 231.648 mm + 2 (4.7625 mm) = 241.173 mm.

n BSC 2004 [DIRS 167394], Details A and B.
ID = inside diameter, OD = outside diameter, WP = waste package
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An estimate of the waste package porosity in a fully degraded state can be obtained using the
total potential equivalent mass of Fe2O3 in a 21-PWVR from the corrosion of non-SNF
components as shown in Table 6.3-4. The 19,440 kg equivalent mass of corrosion products from
the iron comprising the steel internal components has a volume of (density of Fe2O3 from Weast
(1985 [DIRS 111561], p. B-104):

19440 kg Fe2O3 = 3.710 m3 Fe2 03* (Eq. 6.5.1.2.1-7a)

5240 kg Fe2O3
m3 Fe2O3

The internal volume of a 21 -PWR waste package outer corrosion barrier, with an inside diameter
of 1.597 m and length of 4.8038 m, is 9.62 m (from Table 6.5-8). The 5,544 fuel rods have a
total volume of 1.513 in3 . Then the void volume that can be occupied by corrosion products
is 8.110 m3. If the corrosion products are uniformly dispersed throughout that volume, their
porosity is: I - (3.710/8.110) =0.54.

Lamination and flaking of corrosion products is expected to redistribute this material within the
waste package pore space (Knight 1982 [DIRS 106733], p. 50), rather than leave it uniformly
distributed throughout the waste package void volume. If the oxide settles to the bottom of a
waste package, the physical geometry of the granular iron oxide that has settled can be
represented by that of tightly packed sand, which has a solid content of 58 percent (Brown and
Richards 1970 [DIRS 131479], Table 2.2), or a porosity of 0.42 (CRWMS M&O 1997
[DIRS 102824], p. 29). This value (0.42) for corrosion products porosity within a waste package
has been used in criticality studies (CRWMS M&O 1997 [DIRS 102824], p. 29) and in an
independent performance assessment of the Yucca Mountain repository (EPRI 2000
[DIRS 154149], p. 6-21 to 6-22). A porosity of 0.4 has been used in other criticality studies
(YMP 1998 [DIRS 104441], p. C-23 to C-25) and in a model of diffusive releases from breached
waste packages (Lee et al. 1996 [DIRS 100913], p.5-67). A value of 0.4 is used for porosity of
corrosion products in TSPA-LA.

In the calculation shown in Table 6.5-8, all the fuel rods are intact. The surface area of intact
fuel rods accounts for about 62 percent of the total initial surface area. SNF pellets are generally
highly fractured and can contribute to the surface area available for adsorption when a waste
package is first breached. However, water adsorbed on the fuel itself constitutes the "rind" water
(i.e., water in the conceptual waste form domain). It does not directly affect diffusion to the
exterior of the waste package because the fuel is the source, rather than part of the corrosion
products that comprise the diffusive path to the exterior.

Over time, the surface area of steel corrosion products would be expected to increase relative to
the surface area of ZrO2, since the cladding is predicted to degrade and fail at a slower rate than
iron-based materials. In principle, the surface area inside a waste package can be computed as a
function of time, if the degradation rates of the basket components and the stainless steel inner
vessel and the failure rate of fuel rods are known. The calculation is complicated by the different
compositions of each component of the waste package. Spatial variability in degradation rates
due to variations in accessibility to water vapor further complicate the picture. For example, the
fuel rod assemblies in 44-BWR waste packages are enclosed in flow tubes that provide added
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protection from corrosion over 21-PWR fuel rod assemblies. However, an average corrosion
rate for a 21-PWVR waste package provides a reasonable approximation from which surface areas
and quantities of adsorbed water can be computed.

The complete degradation of a 21-PWR waste package gives an estimated upper bound on the
surface area available for adsorption. For this bounding estimate, the assumption is made that all
corrodible material inside a 21-PWR waste package completely oxidizes to Fe2O3 . The mass of
each major component for four types of waste package is listed in Table 6.3-4. The amounts and
composition of each waste package component are converted to total moles of material in
Table 6.5-9.

The masses of materials differ little between the two types of waste packages for commercial
SNF (21-PWR and 44-BWR), and all other types of packages comprise a much smaller fraction
of the total waste in the repository. Therefore, the calculation is performed for the 21-PWR
waste package as representative of all packages in the repository. Suppose that the stainless steel
inner vessel fully corrodes, but that the Alloy 22 outer corrosion barrier remains intact (except
for breaches, the sizes of which are neglected). Also suppose that the Zircaloy fuel claddings
and assembly grid spacers do not degrade because the Zircaloy will remain uncorroded for tens
of thousands of years after the steel has fully corroded.

Based on the elemental composition of each material shown in Table 6.5-9, the mass of each
material listed in Table 6.5-8 is converted to moles by element. The moles of material, now
considered to be iron, are summed, and the stoichiometrically equivalent amount of Fe2O3 in the
waste package is determined. Using the measured surface area of Fe2O3, the total surface area
for adsorption is calculated for the basket materials and inner vessel. This value provides an
upper bound estimate for the surface area for adsorption in a completely degraded waste
package.

The total amount of material in a 21-PWR waste package (treated as though it were iron) is
346,330 mol (see lower right-hand entry in Table 6.5-9). This iron will oxidize to 27,700 kg
Fe2Q3. Using a specific surface area of 9.1 m2 gl for the oxide (Jurinak 1964 [DIRS 154381],
p. 480), the estimated upper bound for total surface area for adsorption in a 21-PWR waste
package is 2.5 x 108 m2/package.

This approach differs from that used to estimate retardation in the waste package in that the latter
used only the actual iron content of waste package components to determine the adsorptive
capacity of corrosion products. Both approaches are bounding for their intended purposes. For
the retardation calculation, the mass of sorbant in the waste package is underestimated, which in
turn underestimates the amount of retardation that occurs in the waste package, maximizing the
releases of radionuclides. For in-package diffusion, the surface area for adsorption of water is
overestimated, resulting in an overestimation of diffusive releases. The higher estimate of total
corrosion products mass is used in this section to analyze the relationship between corrosion
products mass and waste package water saturation. However, for consistency, the mass
developed for modeling in-package retardation (19,440 kg; see Table 6.3-4) is used in the EBS
transport abstraction.
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The surface area of the interior of a waste package at any particular time is estimated by
interpolating between the surface area when the waste package is initially breached and the area
at the time when the internal components are fully corroded. The latter is the estimated lifetime
of each component that is determined by dividing the thickness of each component by the
corrosion rate of the material that makes up the component under some given conditions.

For simplicity, the components are considered to be composed of either stainless steel or carbon
steel. The maximum thickness of stainless steel in the interior of a waste package is 5 cm, which
is the thickness of the inner vessel (BSC 2004 [DIRS 169472], Table 1; BSC 2004
[DIRS 166953], Section B-B). The maximum thickness of any carbon steel component is
10 mm (BSC 2004 [DIRS 169472], Table 1).

The corrosion rates for the two types of steel are known with some uncertainty, as shown by the
data presented in Table 4.1-1 for carbon steel and for stainless steel
(DTN: MO0409SPAACRWP.000 [DIRS 172059]). The data set used is for corrosion rates at
601C in simulated dilute well J-13 water. The average corrosion rate for carbon steel is
77.43 gum yf l, with a standard deviation of 8.83 ptm yrf- (DTN: MO0409SPAACRWP.000
[DIRS 172059]). An empirical cumulative distribution function developed in
DTN: MO0409SPAACRWP.000 [DIRS 172059] is used for parameter CSCorrosionRate to
be sampled in TSPA-LA. The TSPA-LA implementation in GoldSim requires that the
cumulative distribution functions (CDFs) cover the entire range of probabilities of 0.0 to 1.0. To
accommodate this, another row for the zeroth percentile is added using a corrosion rate that is
slightly lower than the minimum in the empirical cumulative distribution function (ECDF); this
row is 65.76 tim yr t and zero probability.

The mean corrosion rate for Stainless Steel Type 316L is 0.248 jm ye', with a standard
deviation of 0.146 jim yr-' (DTN: MO0409SPAACRWP.000 [DIRS 172059]). The data set used
is for corrosion rates in fresh water for the temperature range of 50'C to 1000C. An ECDF
developed in DTN: MO0409SPAACRWP.000 [DIRS 172059] is used for parameter
SSCorrosionRate to be sampled in TSPA-LA. As with carbon steel, the TSPA-LA
implementation in GoldSim requires that the CDFs cover the entire range of probabilities of
0.0 to 1.0. To accommodate this, another row for the zeroth percentile is added using a corrosion
rate that is slightly lower than the minimum in the ECDF; this row is 0.03699 jim ye' and zero
probability.

From these rates and the thicknesses of the steel components, the lifetime of each type of steel is
computed. From Table 6.3-4 above, carbon steel comprises about one-third of the total mass of
steel in a CSNF waste package (30 percent in a 21-PWR; 33 percent in a 44-BWR). Based on
this fraction, the surface area is interpolated over time. More details of the implementation of
this interpolation scheme are presented in Section 6.5.3.2.

Although this interpolation provides a reasonable means for approximating the surface area of
the interior of a waste package over time as it degrades, there is still uncertainty as to the actual
surface area. The corrosion rates themselves are uncertain. In addition, many factors affect the
surface area of the corrosion products. The chemical and physical conditions under which
corrosion takes place impacts the morphology of the corrosion products. Seismic occurrences
and collapse of the internal components as they degrade will affect the surface area. The
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hematite samples used in adsorption isotherm measurements are typically finely ground and
highly purified, and have a higher specific surface area than typical corrosion products. At the
same time, the morphology of corrosion products inside a waste package over the course of
thousands of years is so uncertain that specific surface areas higher than purified hematite are
possible.

Therefore, when the surface area of the corrosion products is computed, it is justifiable to factor
in this uncertainty by using a sample specific surface area for corrosion products, ranging from
1.0 m2 g-I to 22 m2 g-l. This range is large enough to reflect the uncertainty in the condition of
the corrosion products. It reflects the uncertainty observed in measurements of the specific
surface area of hematite (Table 6.5-6), as well as the fact that iron oxides do not adhere to the
metal surface and may slough off in a finely divided state. Swelling as oxygen is incorporated
into the crystal structure may provide a mechanism for breaking up the corrosion products more
finely. Under certain conditions, iron oxyhydroxide colloid particles (0.001 to I glm) having a
potentially enormous surface area may form in the waste package (BSC 2004 [DIRS 170025],
Section 6.3.1.3). At the same time, in such a static environment as an enclosed waste package,
where, as is the case here, no water is flowing through the waste package to stir up or erode the
corrosion products, it is unlikely that such finely divided materials will form. The range attempts
to account for the absence mechanisms that actively break up the mass of corrosion products, the
lack of water with which to suspend and move particles apart, and the possibility that swelling
against enclosures may agglomerate particles into low-surface-area masses.

Table 6.5-9. Elemental Composition of Each Waste Package Material in a 21-PWR

Stainless Steel
Type 316 A 616 Steel Neutronit A 978 Aluminum 6061 Total

Material
Mass 10 0o kg , 900 kg k 2,120 k 440 kg

wt%' mol wtob Mol Wt% ' mol wt% d mol mol
Fe 61.935 119,780 98.37 98,630 66.06 25,100 0.7 60 243,570
Mo 3.00 3.380 0 0 2.2 490 0 0 3.860
Cr 18.00 37,390 0 0 18.5 7,550 0.35 30 44,970
Ni 14.00 25,760 0 0 13.0 4.700 0 0 30,460
Al 0 0 0 0 0 0 95.85 15.570 15,570

Other 3.065 5,930 1.63 1,630 0.24 90 3.1 240 7,900
Total 100 192.240 100 100,260 100 37,930 100 15,900 346,330

Source: Material mass: Table 6.3-4.
NOTE: 'Other' is treated as iron.

'Composition: DTN: M00003R1B00076.000 [DIRS 153044].
bComposition: DTN: M00107TC240032.000 [DIRS 169970].
Ccomposition: KOgler 1991 [DIRS 155761]. p. 15.
dComposition: ASM 1979 [DIRS 154085], p. 115.
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6.5.1.2.1.4 Cross-Sectional Areas, Diffusion Path Lengths, and Effective Diffusivity

6.5.1.2.1.4.1 Diffusion Coefficient in the Waste Package

The rate of diffusion of radionuclide species i, q, (kg i s'), from a waste package to the exterior
is given by:

q, = -DA A-
aC (Eq. 6.5.1.2.1-8)

-DA AC,AX'

where

D, = the effective diffusion coefficient (m2 s'l)

A = the cross-sectional area of the diffusive pathway (mi2 )

C, = the concentration of the radionuclide (kg m 3)
x = the length of the path (m).

Note that the effective diffusion coefficient, D3, as defined and used in this section, implicitly
includes the effects of porosity, saturation, and tortuosity. The amount of water vapor that
adsorbs on a surface is determined from the iron oxide adsorption isotherm discussed in
Section 6.5.1.2.1.2.1. This provides the thickness of the water film. To calculate the
cross-sectional area of the pathway, the width of the water film is also needed. Because of the
difficulty in characterizing the waste, both initially and after it degrades, calculation of this width
(and consequently, the cross-sectional area) is complex. The length of the diffusive path is also
variable because the radionuclide sources may develop at random locations within a waste
package and the path length will depend on the geometry of the film connecting the source to a
breach. Finally, the effective diffusion coefficient itself depends on the complex interactions of
source term composition, water chemistry, porosity, water saturation, and temperature, none of
which can be characterized in a deterministic fashion. Thus, each term in the above equation-
D,, A, and Ax-needs to be sampled, and a reasonable range and distribution for each has to be
determined. All three terms are interrelated through the geometry used for the waste package
interior, and all are effectively a function of relative humidity and time.

Cross-Sectional Area of the Diffusive Pathivay

This section describes alternative methods for computing the cross-sectional area of the diffusive
pathway. The area used for TSPA-LA calculations is presented in Section 6.5.3.1.

In the simplest model, a single fuel rod fails in one location, a point source, and an adsorbed
water film covers the fuel rod and provides direct connection to a breach. In this case, the
cross-sectional area for diffusion, Af, is that of the film uniformly covering the cylindrical fuel
rod. The thickness of the film is obtained from the adsorption isotherm of water vapor adsorbed
on ZrO2 at the known relative humidity.
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Thus,

A 4 = 4(do+2:f -do] (Eq. 6.5.1.2.1-9)

=; PTIf (do + to )

where do is the outer diameter of the fuel rod (m) and if is the adsorbed water film thickness

(m). In this simple case, the minimum path length, Ax, would be the shortest distance along a
solid surface from a fuel rod to the exterior of a waste package. This minimum length is 7 cm,
which is the combined thickness of the waste package outer corrosion barrier and inner vessel.
The maximum value for Ax would be the length of a fuel rod (151.560 in = 3.85 m; DOE 1992
[DIRS 102588], Volume 1, p. 2A-30) plus the maximum distance from a fuel rod to the exterior
(approximately the inside diameter of a waste package outer corrosion barrier, 1.597 m;
BSC 2004 [DIRS 166953], Section B-B), for a total of 3.85 m + 1.597 m = 5.45 m.

The adsorbed water film on ZrO2, as shown in Figure 6.5-4, is 10 monolayers thick at about
88 percent relative humidity, the highest humidity value shown in Figure 6.5-4 for ZrO2. From
Equation 6.5.1.2.1-6, the thickness of a water monolayer is tif= 2.83 x 10.10 m, so the water

layer thickness at 88 percent relative humidity is 2.83 x 10-9 m, and the cross-sectional area on a
0.94996-cm diameter fuel rod is:

A =42.83 x10-9 mX9.4966 x iO3 m + 2.83 x 109 m]

= 8.44 x 10-" M2  (Eq. 6.5.1.2.1-10)

= 8.44 x 10-5 mm2 .

This is a small area through which radionuclides can diffuse, and releases from a single failed
rod would be negligible on the basis of this area alone. Even if the average 2.2 rods per
assembly (EPRI 2001 [DIRS 100444], p. 4-1), or 46.2 rods per 21-PWR waste package, have
failed prior to emplacement, the total cross-sectional area of adsorbed water films on fuel rods
for a waste package is only 3.9 x 103 mm2 . While this is small, it shows that a reasonable
quantitative estimate of diffusive releases from a breached waste package can be obtained.

Another approach to determining the cross-sectional area is to ignore the dispersion of water
over all surfaces within a waste package. Suppose that all the water adsorbed on surfaces is
collected into a tube, connecting the source to the exterior surface. As shown in Table 6.5-8
above, the total initial surface area in a waste package is 1,061 m2 . Most of the surfaces are
oxidized steel, so it is appropriate to use the Fe2O3 adsorption isotherm. From
Equation 6.5.1.2.1-5, at an example 95 percent relative humidity, the amount of water adsorbed
is 4.91 monolayers. Using a monolayer thickness of 2.83 x 1 010 im, the water film is
1.39 x 109 m thick. The total volume of adsorbed water is then 1.47 x 104 iM3 . If the length of
the diffusion pathway is the total outside length of a waste package (4.8974 m, see in
Table 6.5-11, Note e), then the cross-sectional area for diffusion is 3.00 x 10 7 M2 = 0.30 mm2,
equivalent to a square about 0.55 mm on a side. This is a large area for diffusion, considering
that diffusion will take place for thousands of years. Porosity, saturation, and tortuosity are
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factors that would retard radionuclide transport, and these factors have been neglected in this
approach. This is therefore a bounding estimate for cross-sectional area.

At the other extreme in time and waste package condition, consider the cross-sectional area
available when the interior of a waste package is fully degraded, at least to the extent that all
iron-containing basket and inner vessel components have completely corroded. The Alloy 22
outer corrosion barrier should still be largely intact at this point; a number of general corrosion
patches will have penetrated the waste package, but it will still provide some overall structural
support. By this time, a large number of fuel rods will have failed by localized corrosion or axial
splitting, but the Zircaloy spacer grids will provide enough support to hold assemblies together
and support assemblies collapsed on top of them. Interspersed throughout the assemblies are
porous corrosion products. Under this condition, the source is dispersed throughout the waste
package interior. Diffusion will occur through the porous medium in which all surfaces are
coated with the thin film of adsorbed water.

The cross-sectional area can be estimated for this degraded state. The fully degraded surface
area is determined in Section 6.5.1.2.1.3.2 to be 2.5 x 108 M2 . At an example 95 percent relative
humidity, the film thickness is 1.39 x lef m, so the diffusion area over a path the length of a
waste package is 0.071 m2 , equivalent to a square about 0.27 m on a side. This provides an
upper bound on the cross-sectional area for diffusion in the waste package.

A more realistic estimate must take into account the saturation and porosity of the corrosion
products. For porous media such as soils, the diffusion coefficient is reduced by a tortuosity
factor (a function of porosity and saturation) to account for the increased path length and
decreased cross-sectional area of the diffusing solute in an unsaturated porous medium. In the
absence of an advective flux and negligible vapor phase transport, one-dimensional transient
diffusion is given by Fick's second law of diffusion (Bird et al. 1960 [DIRS 103524], p. 558):

ac a2C
AC ax2  (Eq. 6.5.1.2.1-11)

where C is the concentration of a solute (kg mn3), and Ds is the effective diffusion coefficient
(mi2 S1).

Archie 's Lav

Archie's law, discussed in Section 6.3.4.1.1, gives the diffusion coefficient as a function of
porosity and saturation in a partly saturated, granular medium as:

D, = Do0 3"S2, (Eq. 6.5.1.2.1-12)

where 0s is the porosity, and S,, is the liquid saturation of the porous medium, and Do is the free
water diffusion coefficient. Diffusion coefficient D, is an effective value that implicitly includes
the effect of porosity, saturation, and tortuosity in a porous medium. As such, it is defined
differently from the coefficient Don1 defined in Section 6.5.1.2, which applies to a bulk liquid
phase without modification for porosity, saturation, or tortuosity. The exponents in Archie's law
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are typical values, and will vary for different materials (Bear 1988 [DIRS 101379], p. 116).
Whereas exponents of 1.863 are used for invert materials, based on experimental measurements
of diffusion coefficients for crushed rock, the typical values (1.3 and 2) are used throughout this
section to estimate in-package diffusion coefficients for corrosion products.

Effective Water Saturation

The effective water saturation, S, is obtained from adsorption isotherms as a function of
relative humidity. Per Assumption 5.6, all corrosion products are assumed to be Fe2O3 . The
water saturation is given by:

SWe = N , (Eq. 6.5.1.2.1-13)

where

V, = the volume of water adsorbed (mi3 H20 kg-' Fe2O3)

Vamp = the pore volume of a waste package (M3 pore volume)

Sim = the surface area of a waste package (mi2 )

SN2 = the specific surface area of the porous degraded waste form (i 2 kg-' Fe2O3).

Since V,, is normalized to the mass of Fe2O3, it must be multiplied by (sWP/sN2) to obtain the

volume of water in an entire waste package. V, Is,, is the volume of water adsorbed per unit

surface area, which is multiplied by the total surface area of the waste package to get the volume
of water adsorbed in the entire waste package; it is divided by the pore volume of the waste
package to obtain the saturation. V s,,, is obtained from an FHH multilayer adsorption

isotherm model (Jurinak 1964 [DIRS 154381], p.486), shown in Section 6.5.1.2.1.2.1, that gives
the fractional surface coverage, or number of monolayers tea covering a surface
(Equation 6.5.1.2.1-1 with terms rearranged):

.= (Eq. 6.5.1.2.1-14)

where

Vm = the volume of adsorbed water vapor that provides a one monolayer coverage on
the surface (mi3 H20 kg-' Fe2O3)

inm = the mass adsorbed per unit mass of adsorbent (kg H20 kg" Fe2O3)

mm = the specific mass of one monolayer of adsorbate per unit mass of adsorbent (kg
H 2 0 kg" Fe2O3 ).

ANL-WIS-PA-000001 REV 01 6-112 November 2004



EBS Radionuclide Transport Abstraction

The specific mass of a monolayer adsorbate on Fe2 0 3 is:

SN2 Mw
m AN

9100 m o- kgH 2 0 I kg
910 kFCCF (18.01528x10 mo II0

m 2320 M moleculeO (Eq. 6.5.1.2.1-15)

(lo.6 x lo.20 m )6.022 xlo20m
1 molecule62 mol

= 7mg H20
g Fe2 03

Suppose that bulk liquid properties apply to the adsorbed water, in particular that the density of
adsorbed water is equal to that of liquid water. Then

ma = Pw.w (Eq. 6.5.1.2.1-16)

and

mm = PwVm (Eq. 6.5.1.2.1-17)

Combining these expressions with the definition of Os,,

m. = nlm0a

AWNAa

= PWVW.

Then the quantity (Vw /SN, ) needed for the saturation is:

(Eq. 6.5.1.2.1-18)

VW MW

SN2 PWANA

PWAWN oglO H

(Eq. 6.5.1.2.1-19)
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Inserting this expression into S,. gives the effective water saturation of the entire waste
package:

SWe V. S WP
N2 

1
WP

__ (Eq. 6.5.1.2.1-20)
sWp M. ( -1.1 2.45

V1,,p pIAW4NA logl 0 RH

The parameters used in this expression include the surface area and void volume of the waste
package. The surface area can vary over five orders of magnitude, from an initial value of
1,061 m2 to a fully degraded state value of 2.5 x 108 M2 . The initial void volume, as shown in
Table 6.5-8, is 5.63 m . This void volume will decrease and the surface area will increase as
corrosion products form, since the oxides occupy greater volume and have a greater surface area
than the metals from which they are formed. However, the change depends on time and extent
of corrosion, so for simplicity the initial void volume is used for all times. To give some idea of
the effect of water saturation on surface area, some values of saturation are listed in Table 6.5-10
for various relative humidity values. The value used for the density of water is 988.0363 kg m 3

at 50'C. It is clear that the saturation can change enormously between the initial condition when
the surface area is on the order of 1,000 m2 to the time when the steel components are fully
degraded.

Effective Diffusion Coefficient

Inserting S,, for S,, in the expression for the diffusion coefficient, Equation 6.5.1.2.1-12, and

using water density at 500C and the initial waste package porosity of 0.58 (Section 6.5.1.2.1.3.2,

DJ = ?3' 3SWDo

=01.3 S MP M- Y2 2 62Do (Eq. 6.5.1.2.1-21)

2

( log= RH )D (Eq. 6.5.1.2.1-22)

= 1.39 x 10-211S2(- log 0 RH)-08 1 6DO.

For consistency with other uses of adsorption models, natural logarithms are used instead of base
10 logarithms, using the relation:

- log1o RH = _logio(nRH )= -In RH logioe (Eq. 6.5.1.2.1-23)
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Then the final expression for the diffusion coefficient is:

D = 2.75 x 10-21 s2 (- In RH)-0 81 6 D (Eq. 6.5.1.2.1-24)

Table 6.5-10 lists some values of D5 IDO using Equation 6.5.1.2.1-24 for initial and fully

degraded state surface areas over a range of relative humidity values, showing the range of
factors that impact the diffusion coefficient. Thus, initially, due to the low surface area available
for water adsorption, the diffusion rate is negligibly small, whereas when the internal
components of the waste package are fully corroded, the water saturation is sufficiently high that
diffusive releases can be large.

Table 6.5-1 0. Values of Effective Water Saturation and Diffusion Coefficient Normalized to the Diffusion
Coefficient in Water for Waste Package Surface Areas and Relative Humidities (RH)
Using Equation 6.5.1.2.1-24

sV=1I 061 n? sw 2.5x1 08 m 2

RH SI DdDo SI. 0JDo
0.1 5.6 x 108 1.6 x 10o-' 0.013 8.7 x 10-5

0.2 6.4 x 108 2.1 x 10.15 0.015 1.2 x 10'4

0.3 7.2 x 10' 2.6 x 10-15 0.017 1.5 x 10'4

0.4 8.1 x 108 3.3 x 10-15  0.019 1.8 x 10-4

0.5 9.1 x 108 4.1 x 10-" 0.021 2.3 x 10'4

0.6 1.0 x 107 5.3 x 10-15  0.024 3.0 x 10-4

0.7 1.2 x 10-1 7.1 x 10.15 0.028 4.0 x 10-4

0.8 1.4 x 107 1.0 x 10-14 0.034 5.8 x 10'

0.9 2.0 x i0 7  1.9 x 10-14 0.046 1.1 x 103

0.95 2.6 x iO 7  3.5 x 10-14 0.062 1.9 x 10O
0.99 5.1 x 10-7 1.3 x 10-1 3 0.12 7.3x 103

6.5.1.2.1.4.2 Diffusion Coefficient in General Corrosion Patches and Corrosion Products

If radionuclide sources (i.e., failed fuel rods) are distributed uniformly throughout a waste
package, then the source can be thought of as residing at the inside surface of the waste package,
particularly if the inside of the package is largely degraded. In this case, the diffusive path is
short: the distance through the breach in the outer corrosion barrier. The cross-sectional area for
diffusion is the area of the water film covering the material that fills the corrosion patch. If the
corrosion patch is mostly empty space, then diffusion must occur through a much smaller area
around the perimeter of the breach. This situation will occur if the corroded Alloy 22 falls away,
leaving a gaping hole where the breach occurs. In any event, the size of the breach, rather than
the diffusive path area inside the waste package, is the limiting factor for diffusion out of a waste
package.
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The nominal area of a single general corrosion patch is fixed in the current waste package
degradation model, WAPDEG (BSC 2004 [DIRS 169996]). The diffusive area of the corrosion
products domain is the total area of all waste package breaches, including corrosion patches and
stress corrosion cracks and is determined differently for each scenario class, as discussed in
Section 6.5.3.1.1.

The diffusion coefficient in the corrosion products is given by Archie's law, Equation
6.5.1.2.1-12, as a function of porosity and saturation. The water saturation within the corrosion
products, S,,,cp can be obtained as a function of RH using Equation 6.5.1.2.1-20, replacing the

waste package pore volume, Vwp, with Vcp, the pore volume of the corrosion products, and

replacing the waste package surface area, Swps with scp, the surface area of the corrosion
products (in2 Fe2O3), given by:

SCP = mCPSCP

= PFOXVCPYCP I, 2 }P (Eq. 6.5.1.2.1-25)

In this equation, mcp is the mass of corrosion products (kg Fe2O3). The ratio of surface area to
pore volume of the corrosion products can be expressed as:

VP = PFCO.SCPI i ). (Eq. 6.5.1.2.1-26)

Using a solid density for Fe2O3 of PFmOX =5,240 kg m-3 (Weast 1985 [DIRS 111561], p. B-104),

the density of water at 50'C, the specific surface area of corrosion products (Ycp) in units of

M 2 kg-', and a porosity for corrosion products, kCP, of 0.4 (Section 6.5.1.2.1.3.2), the effective
saturation of the corrosion products is given by:

S .C.= SCP M. 0.
Vcp PWAWNA

-PFeOxSCpMW 1-4 ( -1-1__ 0(Eq. 6.5.1.2.1-27)
PWAWNA logR

-3.28x 10 6 cp(-InRH)

The equivalent of Equation 6.5.1.2.1-24, which gives the effective diffusion coefficient based on
Archie's law, can similarly be obtained for the corrosion products:

Do =qPSW CP Do

= (0.4)'3 [3.28x 1Os6,cp(- In RH)Y12245rD (Eq. 6.5.1.2.1-28)

=3.27x 10 ' 2 CP(-lnRH)0 DO.
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Using RH = 0.95 and yCP = 9.1 x 103 m2 kg" as an example, and with the self-diffusion

coefficient for water (Section6.3.4.1) of D0 =2.299x10 m2s', the effective diffusion
coefficient for the corrosion products using Archie's law (Equation 6.5.1.2.1-28) is
D, = 7.03 x 10-12 m2 s-1, or D D /DO= 3.06 x 10 3, for comparison with earlier estimates
(Table 6.5-10). For the range of porosities of geologic media, 0.25 to 0.7 (Freeze and
Cherry 1979 [DIRS 101173], p. 37), D, ranges from 1.53 x 10-1 I 2 s-l to 1.19 x 10.12 m2 s 1.

6.5.1.2.1.4.3 Diffusion Coefficient in Stress Corrosion Cracks

When stress corrosion cracks first appear and are the only breaches in the package, the steel
components will be largely intact. The surface area and diffusional cross-sectional areas of
internal components will be small compared to the diffusional cross sectional area of stress
corrosion cracks, resulting in a small diffusion coefficient. Since at this time this portion of the
diffusion pathway will have both a smaller diffusion coefficient and a smaller cross sectional
area, this pathway will control diffusive releases. Consider an example where 25 stress corrosion
cracks per waste package appear (BSC 2004 [DIRS 169996], Figure 26), which is an upper
bound estimate that occurs at approximately 300,000 years. With a cross sectional area of
7.7 x 106 rn2 for each crack (Section 6.3.3.1.2.1), the total area of stress corrosion crack
openings in this example calculation is 1.93 cm2. Since even the bounding estimate of initial
cross-sectional area for diffusion within a package is 3.00 x 10 7 m2 = 3.00 x 10 3 cm2, it is the
adsorbed water film inside the package that controls diffusive releases because the diffusional
cross-sectional area inside the waste package is much less than that of the stress corrosion cracks.
This conclusion is appropriate when corrosion products fill the stress corrosion cracks, as they
eventually will, and radionuclides diffuse through these products.

If the stress corrosion crack is not filled with corrosion products, diffusion can still occur through
an adsorbed water film on the sides of the stress corrosion cracks. In this case, the
cross-sectional area through the stress corrosion cracks is computed from the perimeter of the
stress corrosion crack and the film thickness. The maximum length of a crack is about 5 cm
(Section 6.3.3.1.2.1). Although a stress corrosion crack is theoretically ellipsoidal in shape, it is
so narrow that the perimeter is approximately tvice the length, or 10 cm. Using the example
above with 25 stress corrosion cracks/package, the total width of the diffusive path is 250 cm.
The water film thickness, assuming adsorption on Fe2Q3 at RH= 95 percent, as an example, is
1.39 x 10-9 m (4.91 monolayers of thickness if = 2.83x 10. i m), so the cross-sectional area for

diffusion on the sides of stress corrosion cracks is 3.5 x 10 5 cm2, or a factor of 100 less than the
high estimate for cross-sectional area inside the waste package (3.00x10 3 cm2). While it is not
unreasonable for the actual diffusive area inside the waste package to be at least two orders of
magnitude less than the high estimate, the area for diffusion along the walls of the stress
corrosion cracks is at least as small as the diffusive area in the interior of the waste package, and
may in fact be the controlling dimension. If the stress corrosion cracks are filled with corrosion
products, then the cross-sectional area inside the waste package is more likely to be controlling,
as discussed in the preceding paragraph.

Expressions for the effective saturation and diffusion coefficient based on Archie's law in a
stress corrosion crack are identical to those obtained above for general corrosion patches, as long
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as the same porous material properties are used. In Equation 6.5.1.2.1-27 (effective saturation),
the ratio of the surface area to the pore volume of patches, scp /VCP, is independent of the

dimensions of the penetration, since, from Equation 6.5.1.2.1-26,
SCPVcp=YCPpFO.(l- c)1cp , where YCP is the sampled specific surface area of Fe2O3

(mi2 kg"), whose density is PF¢OX (kg mr3), and porosity is Ocp. Hence, the effective saturation
and diffusion coefficient for a stress corrosion crack are identical to those for general corrosion
patches if the same porous material properties are valid.

6.5.1.2.1.5 Diffusive Path Length

For stress corrosion cracks, the diffusion path length may be as long as the waste package or
longer, depending on the tortuosity. It may also be only a few centimeters, the shortest distance
from a fuel rod through a stress corrosion crack to the exterior of a waste package. The distance
for corrosion patches is generally shorter, since by the time the general corrosion patches occur,
the waste package should be filled with porous corrosion products through which a more direct
path will exist from failed fuel rods to the exterior.

When a package is first breached and the interior components have not yet degraded (except for
the few initially failed fuel rods), a range of path lengths can be estimated with some certainty.
As the steel components inside a package corrode, the diffusion path will become more tortuous
on a microscopic scale, but more direct on a larger scale. The uncertainty in cross-sectional area
for diffusion increases, whereas the range and uncertainty in porosity, saturation, and path length
remain small in comparison.

6.5.1.2.1.6 Comparison of Diffusive Release Estimates

In Table 6.5-11, the cross-sectional diffusion areas are summarized for the conditions described
above. In addition, the quantity DA/Ax=-q,/AC, is computed to provide a consistent
comparison among the different states and conditions for a waste package. Based on these
results, the highest releases are predicted to occur when all the adsorbed water is consolidated
into a single bulk water pathway in a package with fully degraded internal components.
However, this result is based on the most extreme degradation state and on the bounding
approach to calculating diffusive releases from a waste package. More realistic estimates for this
quantity range from 10'5 to 10.11 m3 s-1.
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Table 6.5-11. Summary and Comparison of Cross-Sectional Areas for Diffusion for Various
Configurations at a Relative Humidity of 95 Percent

Path Diffusion DIA
Component/ Lengtho Cross-Sect. Coefficient ' Ax

Configuration Diffusive Path _ Area (mm) (Mi2 s1l) 3 1)

Initial WP surface Axially through full 4.90 0.297 2.299x10- 1.4x1016
consolidated length of WP

Initial WP surface Axially through full 4.90 0.405 2.299x10-9 1.9x10'¶6
consolidated; 46.2 failed length of WP
fuel rods

Initial WP surface Axially through full 4.90 14.0 2.299x10' 6.6x1015
consolidated; no length of WP
cladding_
Initial WP surface as Axially through % length 2.45 1.73x10 8.O0XI&"d 5.7x10-2
porous medium of WP
Stress corrosion cracks Axially through stress 0.068 b 193 7.03x1l 12  2.0x10-14
(filled with porous corrosion cracks in lids
corrosion products)
Fully degraded WP Axially through % length 2.45 7.5x104 2.299x109 7.0x10l
surface consolidated of WP
Fully degraded WP; Axially through % length 2.45 1.73x106c 4.46x10-12 3.2x1012
porous medium of WP
Corrosion patch (1) Radially outward 0.02 2.346x104 7.03x10-12  8.2x10 12

through 1 patch in Alloy
22

Corrosion patches (10) Radially outward 0.02 2.346x105 7.03x10D12 8.2x1011
through 10 patches in
Alloy 22 outer corrosion
barrier

'Self-diffusion coefficient of water (Mills 1973 [DIRS 133392], Table l1l) is used except for porous media in waste
packages and in corrosion patches, which use effective diffusion coefficients.

bFor 21-PWR; thickness of closure end lids plus the air gap between lids:
Middle lid thickness: 12.7 mm (BSC 2004 [DIRS 167394], Detail A).
Middle lid to outer lid gap: 30.16 mm (BSC 2004 [DIRS 167394], Detail A).
Outer lid thickness: 25.4 mm.
Total top lids thickness: 68.26 mm (BSC 2004 [DIRS 167394]. Detail A).

cWP cross section; inner diameter = 1.4859 m (BSC 2004 [DIRS 169472]; BSC 2004 [DIRS 166953], Section B).
dDDO = 3.08x10'-4 (Equation 6.5.1.2.1-24, using Initial surface area swp = 1,061 m 2waste package).
021-PWR outside waste package length is the distance from the outside of the top lid to the outside of the bottom
lid, and is given by the overall length minus the length of the skirt around the bottom minus the thickness of the
lifting device on the top lid:

Total length: 5,024.4 mm (BSC 2004 [DIRS 166953], Section A-A).
Bottom skirt length: 101.6 mm (BSC 2004 [DIRS 167394], Detail B).
Too lid liftina device thickness: 25.4 mm.
Total waste package length:

WP = waste package
4,897.4 mm (BSC 2004 [DIRS 167394]. Detail C).
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6.5.1.3 Nomenclature

Symbols used in Sections 6, 7, and 8 are summarized in Table 6.5-12.

Table 6.5-12. Nomenclature

Variable Definition Units Where First Used
A Cross sectional area of diffusive or flow pathway m2  Eq. 6.5.1.2-5
Af Cross sectional area for diffusion on exterior of an m2 Eq. 6.5.1.2.1-9

intact fuel rod

Af Diffusive area of UZ fracture cell m2  Eq. 6.5.3.5-21

Ag Surface area of crushed tuff granule m2  Section 6.6.4.1

Al Invert cross sectional area (circle segment) m2  Eq. 6.5.3.3-2

A, Diffusive area of invert cell m2  Eq. 6.5.3.5-21

A4,1  Intercepted flow area of a drift over the length of M2  Eq. 6.5.3.3-12
one waste package ___ ___6.5.3.3-12

AIIUZ Diffusive area between invert and UZ cells m2  Eq. 6.5.3.3-4

A, Diffusive area of UZ matrix cell m 2Eq. 6.5.3.5-21

A.¢CCross sectional area of stress corrosion crack cm2  Eq. 6.6.2-8

Effective cross sectional area of stress corrosion cm2  Section 6.6.2
crack

Auz Projected area of UZ normal to vertical flux Eq. 6.5.3.6-1

At Cross sectional area of water molecule Table 4.1-9;
____ ______ ____ ___ ___ Eq. 6.5.1.2.1-6

a One-half the length of a stress corrosion crack m Eq. 6.3.3.1-1

a Constant in equation for binary diffusion dimensionless Eq. 6.6.2-6
coefficient _ _ _ _ _ _ _ _ _ _ _ _ _ _ _

a Empirical parameter in Archie's law dimensionless Eq. 6.3.4.1.1-1

ag Effective length of tuff granule matrix pore system m Section 6.6.4.1

b One-half the stress corrosion crack gap width m Section 6.3.3.1.2.1

b Exponent in equation for binary diffusion dimensionless Eq. 6.6.2-6coefficient _ _ _ _ _ _ _ _ _ _ _ _ _ _ _

b Slope of the In V versus In curve dimensionless Eq. 6.6.5.1-2

Concentration of mobile iron oxyhydroxide (FeOx) kg m3  Eq. 6.5.1.2-14
colloids _ _ _ _ _ _ _ _ _ _ _ _

Cc r Concentration of mobile groundwater (GW) kg mr Eq. 6.5.1.2-14
colloids _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _

CCWF Concentration of mobile waste form colloids kg M4 Eq. 6.5.1.2-14

C; Concentration of radionuclide species I kg me Eq. 6.5.1.2-2

C~embed Concentration of radionudlide species Ilembedded kg m3 Eq. 6.5.1.2-37
on waste form colloids kgmeq.__.5.1.2-37

n Concentration of radionuclide species in the kg m3 Eq. 6.5.3.5-11
________ invert cell__ _ _ _ _ _ _ _ __ _ _ _ _ _ _ _ _ _

C Concentration of radionuclide species I at the kg m3 Eq. 6.5.3.5-11
_________ Interface between the invert and UZ cells _ m_ ________.

ANL-WIS-PA-000001 REV 01 6-120 November 2004



EBS Radionuclide Transport Abstraction

Table 6.5-12. Nomenclature (Continued)

Variable Definition Units Where First Used
C Concentration of radionuclide species I in the UZ kg m3  Eq. 6.5.3.5-12

'ar fracture cell

Cim Concentration of radionuclide species I in the UZ kg m3 Eq. 6.5.3.5-13
m_ matrix cell

Clnew 'New' Input concentration of radionuclide species kg m4 Eq. 6.6.1.2.1-1

Cl,01I -Old' input concentration of radionuclide species i kg m3 Eq. 6.6.1.2.1-1

Cembed Concentration of parent /p of radionuclide species kg m3 Eq. 6.5.1.2-37
ip i embedded on waste form colloids kgmEq.6.5.1.2-37

CiCFC(, Concentration of radionuclide species I sorbed kg m Eq 6512-14
onto mobile iron oxyhydroxide (FeOx) colloids .5
Concentration of radionuclide species I

CFeOx irreversibly adsorbed onto iron oxyhydroxide kg m4  Eq. 6.5.1.2-28
(FeOx) colloids
Concentration of radionuclide species I sorbed kg m3 Eq. 6.5.1.2-14
onto mobile GW colloids kgmEq.6.5.1.2-1

C Concentration of dissolved radionuclide species I kg m3  Eq. 6.5.1.2-50
in corrosion products domain or cell
Concentration of radionucdide species I

CP!eox irreversibly adsorbed onto iron oxyhydroxide kg m4 Eq. 6.5.1.2-31
corrosion products
Concentration of radionuclide species lat the

CICPfinvit interface between the corrosion products and kg m4 Eq. 6.5.3.5-7
invert cells

C Concentration of radionuclide species isorbed kg m3  Eq. 6.5.1.2-14
onto mobile waste form colloids

C11 er Concentration of dissolved radionuclide species I kg M,3  Eq. 6.5.1.2-51
in invert intergranular continuum kgmEq.6.5.1.2-51

C Concentration of dissolved radionuclide species i kg m4  Eq. 6.5.1.2-52
in invert intragranular continuum gm____-

CIp Concentration of parent ip of radionuciide kg m0 Eq. 6.5.1.2-9
1 P species i

Concentration of parent ip of radionuclide species
CipFX isorbed onto mobile iron oxyhydroxide (FeOx) kg m3 Eq. 6.5.1.2-14

colloids
Concentration of parent ip of radionuclide species

cle, x irreversibly adsorbed onto iron oxyhydroxide kg m3  Eq. 6.5.1.2-28
(FeOx) colloids

C Concentration of parent ip of radionuclide species kg m4 Eq. 6.5.1.2-14Ipc~GW' Isorbed onto mobile (GW) colloids 9____._._._-

rirrv Concentration of parent ip of radionuciide species
iPCPFeOx I irreversibly adsorbed onto iron oxyhydroxide kg m4  Eq. 6.5.1.2-31

corrosion products

C Concentration of parent ip of radionuclide species kg m3 Eq. 6.5.1.2-14
IPCWF i sorbed onto mobile waste form colloids kgmEq.6.5.1.2-14

c,, Maximum concentration (solubility limit) of kg m3  Eq. 6.6.1.1.2-1
radionuclide species i

C Maximum concentration (solubility limit) of kg m3 Eq. 6.6.1.2.2-9
radionuclide species I in 'new' chemistry kgmEq.6.6.1.2.2-9

c Maximum concentration (solubility limit) of kg m3 Eq. 6.6.1.2.2-9
sI~oi,' radionuclide species I in 'old' chemistry kgmEq.6.6.1.2.2-9

COV Coefficient of variance [= a(x)lE(x)] dimensionless Table 4.1-11

ANL-WIS-PA-O00001 REV 01 6-121 November 2004



EBS Radionuclide Transport Abstraction

Table 6.5-12. Nomenclature (Continued)

Variable Definition Units Where First Used

C02  Molar concentration of oxygen in air mol cM4  Eq. 6.6.3-2

C., Molar concentration of water vapor in air mol cm4  Eq. 6.6.2-5

DAB Binary diffusion coefficient cm2 sel Eq. 6.6.2-6

DB Diffusion coefficient for Brownian motion cm 2 sl Eq. 6.5.1.2-35

DC Colloid dispersion or diffusion coefficient m2 sel Eq. 6.5.1.2-35

DC_AIB Interface diffusive conductance between cell A cm3 el Eq. 6.5.3.5-6and cell B

DC B/C Interface diffusive conductance between cell B cm3 se Eq. 6.5.3.5-8
_BC and cell C _ _ _ _ _ _ _ _ _

D,,, Colloid diffusion coefficient m2 sel Eq. 6.3.4.4-1

D i Hydrodynamic dispersion coefficient, or effective m2 -1Eq. 6.5.1.24
diffusion coefficient, of radionuclide species i s

DCp Diffusion coefficient in corrosion products domain cm? sel Eq. 6.6.4-1

f Diffusive conductance in corrosion products cell cm3 se Eq. 6.6.4.2-1

Diffusive conductance between corrosion 3 -1
products cell and corrosion products interface cell cm s Eq.6.6.4.2-15

crDiffusive conductance between corrosion cm3 e-1Eq.6.6.4.2-16
products interface cell and invert intergranular cell

crDiffusive conductance between corrosion cm3 s*1 Eq.6.6.4.2-17
products interface cell and invert Intragranular cell

D Effective diffusive conductance between corrosion CM3 '1
cPrinter products cell and invert intergranular cell Eq. 6.6.4.2-8

Effective diffusive conductance between corrosion crn3 e1 E 6.6.4.2-9
C products cell and invert intragranular cell

Effective diffusive conductance between cm 3 s*1 Eq.6.6.4.2-10
intragranular and invert intergranular cells

D, Effective diffusion coefficient cm 2 se' Eq. 6.5.1.2-22

D Effective diffusion coefficient within the UZ cm2 s 1 Eq. 6.5.3.5-12
fracture cell

D Effective diffusion coefficient within the Invert cell cm2 se Eq. 6.5.3.5-11

Effective diffusive conductance between invert cn3 el Eq. 6.5.3.5-18
Af cell and UZ fracture cell

Effective diffusive conductance between Invert cmn3 e-1 Eq.6.5.3.5-19
Im cell and UZ matrix cell

D Diffusive conductance between the invert cell and c3 |
III-int the invert interface cell cm Eq. 6.5.3.5-25

A Diffusive conductance between the invert cm3 se Eq. 6.5.3.5-26
-Insif interface cell and the UZ fracture cell ._

Diffusive conductance between the invert cm3 se Eq. 6.5.3.5-27
I-Int/m interface cell and the UZ matrix cell
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Table 6.5-12. Nomenclature (Continued)

Variable Definition Units Where First Used
Dinter Diffusion coefficient for invert intergranular cm2 sa Eq. 6.6.4-2
_________ continuum _m _ _ _ _ _ _ _ _ _ _ _ _

D g"Zer Diffusive conductance in invert intergranular cell cm3 s' Eq. 6.6.4.2-2

Diffusive conductance between the invert
intergranular cell and the invert intergranular cm3 s - Eq. 6.6.4.2-19
interface cell
BDiffusive conductance between the invert
intergranular cell and the invert intragranular cm s Eq. 6.6.4.2-23
interface cell

D Diffusive conductance between the invert cm3 sl Eq. 6.6.4.2-24
intergranular cell and the UZ fracture cell

Dit Diffusion coefficient for invert intragranular cm2 51 Eq. 6.6.4-3
continuum _ _ _ _ _ _ _ _ _ _ _ _

1)m. Diffusive conductance in invert intragranular cell cm3 s. Eq. 6.6.4.2-3

D Diffusive conductance between the invert cm3 s Eq. 6.6.4.2-21
intragranular cell and the UZ matrix cell
Diffusive conductance between the invert
intragranular cell and the invert intragranular cm3 s3 Eq. 6.6.4.2-20
interface cell

Diffusive conductance between the invert cm3 31 Eq. 6.6.4.2-22
intragranular cell and the UZ fracture cell

D. Effective diffusion coefficient within the UZ matrix cm2 s2 Eq. 6.5.3.5-13
cell

1 Effective diffusive conductance between UZ 3 -1
baf fracture and matrix cells cm s Eq.6.5.3.5-20

Di.. Ion diffusion coefficient m2 51 Eq. 6.3.4.4-1

Dimit Diffusion coefficient measurement limit cm2 se Eq. 6.6.5.2-5

DAID Mechanical dispersion coefficient cm2 sel Eq. 6.5.1.2-35

D,, Molecular diffusion coefficient of species i m2 sl Eq. 6.5.1.2-6

D, Diffusion coefficient for saturated tuff matrix cm2 s' Eq. 6.5.3.6-2

D, Effective diffusion coefficient m2 se Eq. 6.5.1.2.1-8

Dr Diffusion coefficient at temperature T m2 s Eq. 6.3.4.1.2-1

DrT Diffusion coefficient at temperature To m2 s 1  Eq. 6.3.4.1.2-1

DVF Diffusion coefficient in waste form domain cm2 sel Table 8.2-1

DO Free water diffusion coefficient m2 se Eq. 6.3.4.1.1-10

D Molecular diffusion coefficient cm2 se' Table 7.2-1, footnote a

d Depth of stress corrosion crack m Figure 6.3-3

d Characteristic length of the tuff matrix structure m Eq. 6.5.1.2-22

dD Diameter of drift m Eq. 6.5.3.6-1
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Table 6.5-12. Nomenclature (Continued)

Variable Definition Units Where First Used

d, Geometric particle diameter mm Eq. 6.6.5.1-3

do Diameter of fuel rod m Eq. 6.5.1.2.1-9

E Modulus of elasticity Pa Eq. 6.3.3.1-1

E(x) Expected value of the K distribution ml g-1  Table 4.1-11

e Elementary charge C Table 7.2-1, footnote a
e Natural logarithm base dimensionless Eq. 6.5.1.2.1-2
F Faraday constant C mola Eq. 6.3.4.1.1.-6

F Fraction of seepage flux onto drip shield or waste dimensionless Eq. 6.5.1.1.2-7
package that flows into a breach

F Radionuclide release rate from waste package in k Eq 1.2.3-2
e altemative patch geometry model

F Diffusive flux of radionuclide species i in corrosion kg sEq. 6.6.4.2-1
'~products cell

F Diffusive fluxes of radionuclide species i within the kg s ' Eq. 6.5.3.5-12
'f UZ fracture cell _ _ _ _ _ _ _ _ _

FU Diffusive fluxes of radionuclide species iwithin the kg sel Eq. 6.5.3.5-11
invert cell__ _ _ _ _ _ _ _ _ _

F Diffusive flux of radionuclide species /in invert kg s" Eq. 6.6.4.2-2
linkr intergranular cell

Funt,0  Diffusive flux of radionuclide species i in invert kg se' Eq. 6.6.4.2-3
__________intragranular cell

F Diffusive fluxes of radionuclide species iwithin the kg s ' Eq. 6.5.3.5-13
UZ matrix cell _ _ _ _ _

Fj Volumetric flow rate or flux of water In flow path j m3 se Table 6.3-1; Eq. 6.5.1.1-5
_______ ( = to 8)

F Radionuclide release rate from waste package in kg s Eq. 6.6.1.2.3-1
pri primary patch geometry model _______

FW Volumetric flow rate of water m3 sir Eq. 6.5.1.1-4

Theoretical fraction of dripping flux falling at Point d E
At y<yA that flows into a drip shield breach dimensionless Eq. 6.5.1.1.2-2

f Theoretical fraction of dripping flux falling between -2
JA- Points-4 and B that flows into a drip shield breach dimensionless Eq. 6.5.1.1.2

Theoretical fraction of dripping flux falling at Point dimensionless Eq. 6.5.1.1.2-14
y>yB that flows into a drip shield breach d i mensionless ___ _6.5.1.1.2-14

f Theoretical fraction of dripping flux falling between
Ce Points C and +1 that flows into a drip shield breach dimensionless Eq. 6.5.1.1.2-5

f Calculated fraction of dripping flux that flows into dimensionless Section 6.5.1.1.2.4
a drip shield breachdiesols Setn651124

, Uncertain drip shield flux splitting factor dimensionless Eq. 6.3.2.4-2

Sampled drip shield flux splitting factor that
-'S accounts for rivulet spread angle uncertainty dimensionless Eq. 6.3.2.4-5

f Teoretical fraction of dripping flux falling at Point diesols Eq6.112-AD+ y>yD that flows into a drip shield breach dimensionless Eq. 6.5.1.1.2-6

Amat thatfraction of dripping flux dimensionless Section 6.5.1.1.2.4
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Table 6.5-12. Nomenclature (Continued)

Variable Definition Units Where First Used
Theoretical fraction of dripping flux falling between d E

ta Points -l and B that flows Into a drip shield breach dimensionless Eq.6.5.1.1.2-3
f Tearetical fraction of dripping flux falling between diesols Eq6.112-

,a Points -4 and D that flows into a drip shield breach dimensionless Eq.6.5.1.1.26

fvD Model validation uncertain drip shield flux splitting dimensionless Eq. 7.1.1.1-1

Model validation sampled drip shield flux splitting
fV factor that accounts for rivulet spread angle dimensionless Eq. 7.1.1.1-3

uncertainty
fdel validation uncertain waste package fluxdimensionless Eq.7.1.1.2-1

______i__ in factor dimensionlessEq._7_1_1_2_

Model validation sampled waste package flux
f, splitting factor that accounts for rivulet spread dimensionless Eq. 7.1.1.2-3

angle uncertainty

fYP Uncertain waste package flux splitting factor dimensionless Eq. 6.3.3.2-1

f,,, Sampled waste package flux splitting factor dimensionless Eq. 6.3.3.2-3

Theoretical fraction of dripping flux falling between d E
_ _ Points B and C that flows into a drip shield breach dimensionless Eq._6.5.1.1.2_4

G, Conductance of bulk porous medium S Eq. 6.3.4.1.1-5

Gw Conductance of water S Eq. 6.3.4.1.1-5

Hm Absolute humidity of air kg kg- Eq. 6.6.2-3

Hmoi Molal humidity of air mol morl Eq. 6.6.2-4

h Hydraulic head gradient in the invert m rm' Eq. 6.5.3.3-12

Unit vector in the x-direction or the direction of dimensionless Eq. 6.5.1.2-5
_ _ _ _ _ _ _ _ flow_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _

JcB Mass flux of waste form colloids due to Brownian kg m2 se' Eq. 6.5.1.2-35
____ ____ m otion__ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _

icxfD Mass flux of waste form colloids due to kg nf2 el Eq. 6.5.1.2-35
mechanical dispersion kgmi____ __________

JIF Mass flux of waste form colloids kg m-2 e' Eq. 6.5.1.2-32

j Mass flux (mass specific discharge) of kg m 2 s 1  Eq. 6.5.1.2-1
radionuclide species i__ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _

Total mass flux of mobile iron oxyhydroxide
JIkFOx (FeOx) colloids containing adsorbed radionuclide kg m-2 s-1  Eq. 6.5.1.2-14

species i
Total mass flux of mobile iron oxyhydroxide

kFeOx (FeOx) colloids containing irreversibly adsorbed kg m2s 1  Eq. 6.5.1.2-28
radionuclide species i
Total mass flux of mobile GW colloids containing kg r 2s~1  Eq. 6.5.1.2-14

_ adsorbed radionuclide species i kg m___ ___ ____ ___ ___

ntedWF Total mass flux of mobile waste form colloids kg m-2 s7' Eq. 6.5.1.2-14
contanin adsorbed radionuclide species I k q65121
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Table 6.5-12. Nomenclature (Continued)

Variable Definition Units Where First Used

Kd Sorption distribution (or distribution) coefficient ml g' Table 4.1-11

Sorption distribution (or distribution) coefficient of
K,6,F ox iron oxyhydroxide colloids containing adsorbed ml g- Eq. 6.5.1.2-14

radionuclide species i
Sorption distribution (or distribution) coefficient of

KdcG groundwater colloids containing adsorbed ml g- Eq. 6.5.1.2-14
radionuclide species i
Sorption distribution (or distribution) coefficient of

Kdic;lF waste form colloids containing adsorbed ml g 1  Eq. 6.5.1.2-14
radionuclide species i

K Sorption distribution (or distribution) coefficient of ml g Eq. 6.5.1.2-12
dips parent ip of radionuclide species i

Kds Sorption distribution (or distribution) coefficient of ml g1  Eq. 6.5.1.2-12
radionuclide species i

K. Unsaturated hydraulic conductivity of invert m se Eq. 6.5.3.3-12

k Boltzmann constant J K, Table 7.2-1, footnote a

k Parameter in FHH adsorption isotherm dimensionless Eq. 6.5.1.2.1-2

k irreversible forward rate constant m3 m 2 
el Eq. 6.5.1.2-13

km Intrinsic permeability of saturated tuff matrix m2  Eq. 6.5.3.6-3

kme Effective permeability of tuff matrix m2  Eq. 6.5.3.6-2

km Relative permeability of tuff matrix dimensionless Eq. 6.5.3.6-3

Diffusive lengths from the cell centers to the cell
A_____ interface within cell A m Eq. 6.5.3.5-5

Diffusive lengths from the cell centers to the cell
LB interface within cell B m Eq. 6.5.3.5-5

LDS Axial length of drip shield m Table 6.3-1

Patch Axial half-length of each drip shield patch due to m Table 6.3-1
-_____ general corrosion mTable_6.3-1

Lf Diffusive length within the UZ fracture cell m Eq. 6.5.3.5-12

LI Diffusive length within the invert cell m Eq. 6.5.3.5-11

Li,,er Diffusive length within the Invert intergranular cell m Eq. 6.6.4.2-2

Li,,,, Diffusive length within the Invert intragranular cell m Eq. 6.6.4.2-3

Lm Diffusive length within the UZ matrix cell m Eq. 6.5.3.5-13

Lwp Length of waste package m Table 6.3-1

LWPth Axial half-length of each drip waste package due m Table 6.3-1
_ to general corrosion

_ Average ionic conductance at infinite dilution S cm2 equivalenf1  Eq. 6.3.4.1.1-7

l0 lo Cationic and anionic conductance at Infinite S cm2 equivalenf 1  Eq. 6.3.4.1.1-6
+ I dilution _ cm____________63.4..1-
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Table 6.5-12. Nomenclature (Continued)

Variable Definition Units Where First Used
e One-half width of corrosion patch In drip shield m Eq. 6.3.2.4-2

WP One-half width of corrosion patch In waste m Eq. 6.3.3.2-1
____ ___ package__ _ _ _ _ _ _ _

MAO MB Molecular weights of components A and B g morl Eq. 6.6.2-6

Ma Molecular weight of air kg mor' Eq. 6.6.2-3

M, Molecular weight of water kg mor' Eq. 6.5.1.2.1-6

m Exponent on porosity in Archie's law dimensionless Eq. 6.3.4.1.1-1
m Mass of waste package internal components kg Table 6.5-8, footnote h

ma Mass of water adsorbed per unit mass of kg kg'. Eq. 6.5.1.2.1-14
adsorbent
Mass of corrosion products inside waste package; kg Eq. 6.5.1.2.1-25

M function of time I
Mass of corrosion products inside waste package

Mcf from complete corrosion of all steel internal kg Eq. 6.5.3.2-3
components

MCp1 Mass of corrosion products inside waste package kg Eq. 6.5.3.2-3
from corrosion of carbon steel
Mass of corrosion products inside waste package kg Eq. 6.5.3.24
from corrosion of stainless steel

m, Mass of radionudide species i in waste package kg Eq. 6.6.1.1.1-2

Rate of release of radionuclide species i into k q ....-
water in waste package 5- 1 Eq. 6.6.1.1.-1

mm Mass of one monolayer of adsorbate per unit kg kg' | Eq. 6.5.1.2.1-14
mass of adsorbent _________

n. Inistantaneous total mass of water within the walls kg Eq. 6.5.1.1-1

N Number of waste package internal components dimensionless Table 6.5-8, footnote h

NA Avogadro's number molecules morl Eq. 6.5.1.2.1-6

Nb Number of breaches (corrosion patches) in drip dimensionless Eq. 6.3.2.4-2shield obeh(oo o___idpinoeTl63

NbDs Number of breaches (corrosion patches) In drip dimensionless Table 6.3-1
____ ____ shield _ _ _ _ _ _ _ _ _ _ _

N~p Number of breaches (corrosion patches) In waste dimensionless Table 6.3-1
____ ____ package _ _ _ _ _ _ _ _ _ _ _

N, Number of breaches (corrosion patches) on crown dimensionless Eq. 6.5.1.1.1-6
________ of drip shield__ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _

ND Normal distribution dimensionless Eq. 6.3.4.1.1-16
Exponent on saturation or water content in power

n law dependence of diffusion coefficient (e.g., dimensionless Eq. 6.3.4.1.1-2
Archie's law)

f Time step number dimensionless Eq. 6.5.3.5-1
P Slope of the model function dimensionless Eq. 6.6.5.2-6

P Total pressure atm Eq. 6.6.2-6

Pa PC8 Critical pressure of components A and B atm Eq. 6.6.2-6
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Table 6.5-12. Nomenclature (Continued)

Variable Definition Units Where First Used

p, Partial pressure of water Pa Eq. 6.5.1.2.1-1

p Vapor pressure of water Pa Eq. 6.5.1.2.1-1

Q¢N'F Net rate of waste form colloid capture on the solid kg m3 s l Eq. 6.5.1.2-32

Int Net rate of waste form colloid capture at the air- kg m 3 s Eq. 6.5.1.2-32
QOUT water interface kg__Eq. __6_5_1__2_32

Net rate of waste form colloid removal from
g suspension by means of physical filtering (pore kg m-3 s Eq. 6.5.1.2-32

¢ cWFfg dogging, sieving, and straining) and by
gravitational settling
Net rate of interface transfer of waste form

QcwFm, colloidal mass between the continua in the dual kg rn 3 sl Eq. 6.5.1.2-32
continuum invert

QcwFJ Net rate of waste form colloid formation kg m-3 sel Eq. 6.5.1.2-32

Q, Volumetric discharge into the invert m3 
e Eq. 6.5.3.3-12

m Net rate of various mass transfer process kg m4 e Eq. 6.5.1.2-1
involving radionuclide species ikgm_______________
Net rate of sorption of radionuclide species I onto

Qtcc immobile colloid surfaces captured by the solid kg m 3 s Eq. 6.5.1.2-7
matrix

Net rate of sorption of radionuclide species I onto
Q 1f immobile colloid surfaces captured by the air- kg m3 so' Eq. 6.5.1.2-7

water interface
Rate of mass conversion from dissolved state to

Qmbed embedded state onto waste form colloids for kg m 3 sl Eq. 6.5.1.2-7
radionuclide species I

imV Net rate of irreversible sorption of radionuclide kg-3 e Eq. 6.5.1.2-7
Qicm species i onto mobile colloid surfaces kgm______________
QSlv Netrate of reversible sorption of radionuclide 3 -

cm species i onto mobile colloid surfaces kg m s Eq. 6.5.1.2-7

Qd Net rate of dissolution of radionuclide species i kg m3 e. Eq. 6.5.1.2-7

Net rate of interface transfer of dissolved mass k 3 -1 E 651.2-7
between the continua in the dual continuum Invert g m s q. -
Net rate of interface transfer between the continua

Q,' in the dual continuum invert of radionuclide kg m4 s Eq. 6.5.1.2-28
species i irreversibly sorbed onto mobile colloids

Qiprecip Net rate of precipitation of radionuclide species I kg m- sl Eq. 6.5.1.2-7

Irrer Net rate of irreversible sorption of radionuclide kg m3 s' Eq. 6.5.1.2-7
Qi species I onto the solid matrixm

arfy Net rate of reversible sorption of radionuclide kg m-3 s Eq. 6.5.1.2-7
Q:' species ionto the solid matrix

Q., Advective water volume flux per unit bulk volume m3 m4 yrl Eq. 6.5.3.5-3

q Rate of diffusion of water vapor through air mot ss Eq. 6.6.2-8

q, Rate of diffusion of radionuclide species I kg e' Eq. 6.5.1.2.1-8
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Table 6.5-12. Nomenclature (Continued)

Variable Definition Units Where First Used

q /nRate of water flow into waste package m3 
3s Section 6.6.1.1.1

n mw*New' rate of water flow Into waste package m3 s Section 6.6.1.2.1

'Oldd 'Old rate of water flow into waste package m3 s ' Section 6.6.1.2.1

q0. Rate of water flow out of waste package m3 s 1  Section 6.6.1.1.1

qo,.,new 'New" rate of water flow out of waste package m3 se Section 6.6.1.2.1

qwz Scalar specific discharge (Darcy velocity) of water -1' q 65124
in the downward +z-direction m s Eq. 6.5.1.246

q,, Specific discharge (Darcy velocity) of water m s Eq. 6.5.1.2-4

R2  Coefficient of determination dimensionless Figure 6.34

f Retardation factor dimensionless Eq. 6.3.4.2.2-1

Rfi Retardation factor for radionuclide species i dimensionless Eq. 6.5.1.2-38

R, Retardation factor for parent ip of radionuclide dimensionless Eq. 6.5.1.2-38
__ __ _ species i dimens______Eq._6_5_1_

RH Relative humidity kg kg ' Eq. 6.5.1.2.1-2

R, Resistance of a porous medium 0 Eq. 6.3.4.1.1-4

r o tColloid particle radius m Eq. 6.3.4.4-1

rc, Steel corrosion rate mol yr1  Table 6.6-1

rD Drift radius m Eq. 6.5.3.3-1

Reaction term accounting for decay and ingrowth kg m3s-' Eq. 6.5.1.2-1
________of species i

r;O, Ion radius m Eq. 6.3.4.4-1

Ratio of the mass of radionuclide species I
produced by decay of the parent species ip to the kg kg ' Eq. 6.5.1.2-9
mass of the parent species lost by decay

r1 Dissolution rate of the waste form kg 1 Eq. 6.6.1.1.1-1

r. Rate of production of water by chemical reactions kg s7' Eq. 6.5.1.1-1

ri Sampled value for the corrosion rate of carbon pm yfI Eq. 6.5.3.2-1
________steel myEq6.32-
r2 Sampled value for the corrosion rate of stainless -2

2 steel PM yr, Eq. 6.5.3.22

S,, Effective UZ fracture saturation m 3 m 4 Eq. 6.5.3.6-4

S, Water saturation m3 m 4 Eq. 6.5.1.2-2

S., Effective water saturation m3 m3  Eq. 6.5.1.2.1-13
5 we.CP Effective water saturation within a corrosion patch m3 M4  Eq. 6.5.1.2.1-27

________ or corrosion products m m_____6.5.1.2.1-27

wc Water saturation in corrosion products domain m3 m 3 Eq. 6.6.4-1
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Table 6.5-12. Nomenclature (Continued)

Variable Definition Units Where First Used

Sf UZ fracture water saturation m 3 m 3 Eq. 6.5.1.2-52

S"fr UZ fracture residual water saturation m3 m 3 Eq. 6.5.3.6-4

S., Invert water saturation m3 m 3 Eq. 6.5.1.2-50

Sw,, enr. Water saturation in invert intergranular continuum m3 m*3 Eq. 6.6.4-2

S Water saturation in invert intragranular continuum m3 m-3 Eq. 6.5.3.3-7

S.m UZ matrix water saturation m3 m 3 Eq. 6.5.1.2-51

S Exponent in FHH adsorption isotherm dimensionless Eq. 6.5.1.2.1-2

SCP Surface area of corrosion products m2 Eq. 6.5.1.2.1-27

_ Specific surface area of colloids m g Eq. 6.5.1.2-18

Specific surface area of iron oxyhydroxide m2 kg-1  Eq. 6.5.1.2-13
________ corrosion products
S Specific surface area of porous material obtained k E 6.5.1.2.1-13
A, by BET nitrogen adsorption measurements m g q. -

SHIP Internal surface area of waste package i 2 Eq. 6.5.1.2.1-13

T Temperature K Table 4.1-7

TA, T7 Critical temperatures of components A and B K Eq. 6.6.2-6

To Reference temperature K Eq. 6.3.4.1.2-1

£ Time s Eq. 6.5.1.1-1

tcorr Lifetime of steel yr Table 6.6-1

if Thickness of a water monolayer i Eq. 6.5.1.2.1-6

Time for a waste package to fill with water S Section 6.6.1.1

Lifetime of carbon steel yr Eq. 6.5.3.2-1

t2 Lifetime of stainless steel yr Eq. 6.5.3.2-2

Maximum thickness of the invert i Eq. 6.5.3.3-1

_ Average thickness of the Invert m Eq. 6.5.3.5-5

to Time of first breach of the waste package yr Eq. 6.5.3.2-3

£112.1p Half-life of parent ip of radionuclide species i S Eq. 6.5.1.2-10

u Ion mobility CM2 sm' VI Table 7.2-1. footnote a

v Volume of water vapor adsorbed at reference m3 kg-1  Eq. 6.5.1.2.1-1
conditions

V(t) Volume of water within a waste package at time t i 3 Section 6.6.1.1

V8  Volume of cell B m 3 Eq. 6.5.3.5-4

Vb Bulk volume of UZ matrix cell 3 kg' Section 6.5.3.6
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Table 6.5-12. Nomenclature (Continued)

Variable Definition Units Where First Used
Xr Pore volume (water volume when fully saturated) m3  Eq. 6.5.1 .2.1-25

CP of corrosion products - 25

V,=F Volume of degraded DSNF m3  Table 8.2-1

V Volume of crushed tuff granule m3  Section 6.6.4.1g

V Volume of water adsorbed that provides one m3kg' Eq. 6.5.1.2.1-1
monolayer coverage on the surface mkg_____6.5.1.2.1-1

7 new Volume of 'new' water in waste package 3  Section 6.6.1.2.2

old lume of 'old' water in waste package m3 Section 6.6.1.2.1

v Total volume of pore space in bulk invert m3  Eq. 6.5.1.2-23p

V Intr Intergranular pore space pore volume m3  Eq. 6.5.1.2-23p inver

V Intragranular pore space pore volume m3  Eq. 6.5.1.2-24

V, Bulk invert total volume n3 Eq. 6.5.1.2-23

V, ine lntergranular pore space total volume m3  Eq. 6.5.1.2-26

F I bntragranular pore space total volume m3  Eq. 6.5.1.2-27

Volume of water that can be retained within a 3
tub waste package before it overflows m Section 6.6.1.1

Vw Volume of water adsorbed m3 kg" Eq. 6.5.1.2.1-13

Yw, Volume of water in invert m3  Eq. 6.5.3.3-3

VwInter Volume of water in invert intergranular pore space m3  Eq. 6.5.3.3-6

V.,itra Volume of water in invert intragranular pore space Eq. 6.5.3.3-6

Vwp Pore volume of waste package 3  Eq. 6.5.1.2.1-13

v Average water velocity m yr' Eq. 6.3.4.2.2-1

vc Average contaminant front velocity m yr Eq. 6.3.4.2.2-1

JDs Total unfolded width of drip shield m Eq. 6.5.1.1.1-7

Iv, Width of top surface of invert m Eq. 6.5.3.3-1

v Volumetric ratio of the intergranular continuum 3 4 E. 5122
volume to the total bulk invert volume m m q. 6.5.1.2-26

Net mass flow rate of water across bounding k E 6.5.1.1-1
vw surfaces by mass transfer g s q.
x One-dimensional coordinate or distance m Figure 6.3-2
Y Distance along drip shield crown m Section 6.5.1.1.2.1

Distance along drip shield crown from center of
YA breach - farthest point to the left from which m Eq. 6.5.1.1.2-1

rivulets can enter breach
Distance along drip shield crown from center of

YB breach - farthest point to the left from which m Eq. 6.5.1.1.2-1
rivulets can enter top of breach
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Table 6.5-12. Nomenclature (Continued)

Variable Definition Units Where First Used
Distance along drip shield crown from center of

Yc breach - farthest point to the right from which m Eq. 6.5.1.1.2-1
rivulets can enter top of breach
Distance along drip shield crown from center of

YD breach - farthest point to the right from which m Eq. 6.5.1.1.2-1
rivulets can enter breach

z One-dimensional coordinate or distance m Eq. 6.5.1.2-46
z Valence of an ion dimensionless Table 7.2-1, footnote a

Zinletfaxe Spatial location of the corrosion products m Section 6.5.1.2
domain/invert interface m_______________

z+,Z- Valence of cation and anion, respectively; dimensionless Eq. 6.3.4.1.1-6
1magnitude only - no sign

AC, Concentration difference kg m3 Section 6.5.1.2.1.6

AC0 2  Oxygen concentration difference kg m3 Eq. 6.6.3-3

AC,, Water vapor concentration difference kg m4 Eq. 6.6.2-8

AF Difference between volumetric flow rate into and m3 soq.6.5.1.1-4
~" out of the EBS_ _ _ _ _ _ _ _ _

At Time to empty retained water in waste package s Eq. 6.6.1.2.3-2

At Time step size from the nro to the (n+1l)t tme s or yr Eq. 6.5.3.5-1

AwW Difference between mass rate of flow into and out kg s Eq. 6.5.1.1-1
______ of the EBS_ _ _ _ _ _ _

Ax Thickness or length of flow or diffusion path m Table 6.5-8, footnote h

(D Volumetric water content percent Eq. 7.2.1.2-1

AO Equivalent electrolyte conductance at infinite S cm2 equivalent1  Eq. 6.3.4.1.1-6
dilution

0 Colloid flux out ratio dimensionless Eq. 6.5.3.4-1

a Drip shield or waste package rivulet spread half radian or degree Eq. 6.3.2.4-2
angle__ _ _ _ _ _ _ _ _

a Dispersivity m Eq. 6.5.1.2-6
a First-order mass transfer coefficient el Eq. 6.5.1.2-20

Geometry-dependent factor in expression for
dual-continuum invert interface mass transfer dimensionless Eq. 6.5.1.2-22
coefficient .

Volume fraction of 'old' water in total water 3 43
volume of waste package m m Eq.6.6.1.2.1-2

r UZ active fracture parameter dimensionless Section 6.5.3.6

e Colloid mass transfer coefficient se Eq. 6.5.1.2-19

Yd Dissolved species mass transfer coefficient s5 Eq. 6.5.1.2-19

i Stress corrosion crack gap width m Eq. 6.3.3.1-1

8, Stress corrosion crack gap width, inner surface m Figure 6.3-3

8 Stress corrosion crack gap width, outer surface m Figure 6.3-3

4' Dimensionless surface-area-to-volume ratio dimensionless Section 6.6.4.1

17 Viscosity of water at temperature T Pa s Table 4.1-7
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Table 6.5-12. Nomenclature (Continued)

Variable Definition Units Where First Used

UT. Viscosity of water at temperature To Pa s Eq. 6.3.4.1.2-1

720 Viscosity of water at temperature T = 200C Pa s Table 4.1-7

O Volumetric moisture content percent Eq. 6.3.4.1.1-12

OC Critical volumetric moisture content percent Eq. 6.6.5.2-2

0 a Number of monolayers of adsorbed water dimensionless Eq. 6.5.1.2.1-2

,1nter Intergranular moisture content percent Eq. 6.6.5.1-5

moisture content of invert intragranular continuum percent Eq. 6.6.5.2-5

0m Moisture content of UZ matrix percent Eq. 6.5.3.6-2

Minimum volumetric moisture content for
_________diffusivity to be greater than limiting diffusivity percent Eq. 6.6.5.2-5

0, Saturated moisture content percent Eq. 6.6.5.1-2

Radioactive decay constant for species I s.1 or y f sEq. 6.5.1.2-9

Radioactive decay constant for parent ip of 1or Eq. 6.5.1.2-9
jP species i ___ ___6.5.1.2-9

Ambed First order rate constant for mass conversion from
dissolved state to embedded state onto waste s- or yr1  Eq. 6.5.1.2-8
form colloids for radionudide species I

Mean value dimensionless Eq. 6.3.4.1.1-16

Average linear interstitial water velocity m 1 Eq. 6.3.4.2.2-1

Average velocity of front of the contaminant m s' Eq. 6.3.4.2.2-1
cocnrto profilem q6.422-
Ratio of circle circumference to diameter dimensionless Eq. 6.5.1.2.1-9

P Density of waste package internal components kg m3 Table 6.5-8, footnote h

Pb Dry bulk density of the solid matrix kg mr Eq. 6.3.4.2.2-1

PFeOX Density of Fe2O3  kg m3 Eq. 6.5.1.2.1-25

pi Mass concentration of radionuclide species I kg mr Eq. 6.5.1.2-1

p5  Electrical resistivity of a porous medium 0 m Eq. 6.3.4.1.1-1

Bulk resistivity of a partially saturated porous 0 m Eq. 6.3.4.1.1-2
medium

P. Density of water kg m Eq. 6.5.1.1-4

PW Electrical resistivity of liquid water C) m Eq. 6.3.4.1.1-1

a Standard deviation dimensionless Eq. 6.3.4.1.1-16

C(x) Standard deviation of the Kd distribution ml g1  Table 4.1-11

a. Applied stress Pa Eq. 6.3.3.1-1

ag Standard deviation of the pore size mm Eq. 6.6.5.1-4

C Sample standard deviation dimensionless Section 7.3.1.2
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Table 6.5-12. Nomenclature (Continued)

Variable Definition Units Where First Used

3 Porosity m3 m* Eq. 6.3.4.2.2-1

cp Porosity of corrosion products m3 m3 Eq. 6.5.1.2.1-25

Of, Porosity of UZ fractures m3 m- Eq. 6.5.1.2-52

Xl Bulk porosity of invert m3 mEq. 6.5.1.2-25

rnter Porosity of invert intergranular continuum m 3 mEq. 6.5.3.3-10

9
n Porosity of invert intragranular continuum m 3 m 4 Eq. 6.5.3.3-7

9$m Porosity of saturated tuff matrix mr 3  Eq. 6.5.1.2-51

by Moisture potential J kg- Eq. 6.6.5.1-2

V, Air-entry moisture potential J kg 1  Eq. 6.6.5.1-2

ves Air-entry moisture potential at a bulk density of J kg' Eq. 6.6.5.1-3
1,300n kg m - _ _ __ _ _ __ _ _ _

Mass fraction of radionuclide species I released kg kg.' Eq. 6.6.1.1.1-1
per unit mass of waste form kg_____6.6.1.1.1-1

Del operator. i-+ j-+ k-, where I, J,
V ax 0y 8z m 1 Eq. 6.5.1.2-1

and * are unit vectors in the x-, y-, and z-
directions, respectively

BET = Brunauer, Emmett and Teller. CP = corrosion products; COV = coefficient of variance;
DSNF = defense spent nuclear fuel; FHH = Frenkel-Halsey-Hill adsorption isotherm equation

6.5.2 Base Case Model Inputs

Table 6.5-13 summarizes model inputs used in the EBS RTAbstraction that are sampled in the
TSPA-LA model calculations. The uncertainty associated with each parameter is indicated by
the range and distribution shown for the parameter and is discussed in this section.
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Table 6.5-13. Sampled Model Inputs Used In the EBS Radionuclide Transport Abstraction

Range and Type of
Input Name Input Description Input Source Distribution Uncertainty

InvertlDiffCoeflUncert invertdiffuslon coefident uncertainty Developed In Section6.3.4.1.1. based on 10 ; ND- Tnjncated Epistemic
Conca and Wight (1992 (DIRS 1004361, Flgure Normal DistribtJionf
2). Conca et al. (1993 IOIRS 1707091. Figure 2) Range: 10D

Mean p * 0.033;
Std. Dev. a - 0.218

KdAcFeOx.CP Xof Acon corrosion products DTN: LA0003AM831341.001 UDIRS 1487511 100-5.000 ml g' Epistemic&
SEP table S00191 002) Log-uniform Aleatoric

KdAmFeOxCP K4 of Am on corrosion products MTN: LA0003AM831341.001 ODIRS 1487511 100-S000 ml g" Epistemic &
SEPtableSOS191 002) Log-wiform Aleatortc

Kd_C_FeOxCP K, ofCon corrosion products DTN: LA0003AM831341.001 UDIRS 1487511 10-100 ml g1 Uniform Epistemic&
SEP table S00191 002) Aleatoric

KdCseOxCP 4 of Cs on corrosion products DTN: LA0003AM831341.001 ((DIRS 1487511 0-300 ml g; Beta Epistemic &
SEP table S0191 002) ENs) * 30: afx) * 30 Aleatoric

KdCIFeOxCP 4 of I on corrosion products DTN: LA0003AM831341.001 (IOIRS 1487511 0.0-0.6 mi g' Uniform Epistemic &
____ SEPtableS00191 001) Aieatoric

KdNpFeOxCP K, of Np on corrosion products DTN: LA0003AM831341.001 [DIRS 1487511 1-1,000 ml g Epistemic &
SEP table S00191 002) Log-uniform Aieatoric

KdPajeOxCP K, of Pe on corrosion products DTN: LA0003AM831341.001 UDIRS 148751] 100-1.000 ml 9' Uniform Epistemic &
SEP table S00191 002) Aleatoric

KduP_FeOxCP K, of Pu on corrosion products DTN: LA0003AiiMi31341.001 UDIRS 1487511 10--5.000 ml g" Epistemic &
SEP tabe S00191 002) Log uniform Ateatoric

Kd RaLFeOxCP K, of Ra on corrosion products DTN: LA0003AM831341.001 (DIRS 148751] 0-500 mi g'; Beta EpIstemic &
SEPtabe SN0191 002) Efx) * 30; afxJ ) 30 Aieatoric

KdSrjeOxCP K4 of Sr on corrosion products DTN: LA0003AM831341.001 ([DIRS 1487511 0-20 ml g'; Beta Epistemic &
SEP table S00191 002) E(x) * 10:; 4(x) * 2.5 Aleatoric

Kd'TcFeOx CP Kof Tcon corrosion products DTN: LA0003AM831341.001 (COIRS 1487511 0.0-0.6 mt g' Uniform Episternic&
SEPtabbeSN0191 001) Aieatoric

Kd_TbFeOxCP K4 of Th on corrosion products DTN: UA0003AM831341.001 ([DIRS 148751] 100-5,O0 ml g' Epistemic &
SEP table S00191 002) Log-uniform Aleatoric

KdUFeOxrP K. of U on corrosion products DTN: LA0003AM831341.001 (DIRS 1487511 100-1.000 ml g' EpIstemic &
SEP tableS001S1 002) Log-uniform Ateatoric

KdAcJnvert K4 of Ac on crushed tuff In the Invert Developed In Section 6.3.4.2.2 Rarge * 1000-10.000 Epistemic &
mt -g; Aleatoric
Mean * 5.500 ml o-';

____ ___ ___ ____ ___ ___ ___ Std Dev. 1..1,SO ml g"

KdAmmInvert K4 of Am on crushed tuff In the Invert DTN: LA0408AM831341.001 [DRS 171584] Renne 1N00-10.000 Epistemic &
mt 9; Aleatoric
Mean * 5 .5N mi 9g"
Std Dev. - 1.50 mi g

0
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Table 6.5-13. Sampled Model Inputs Used In the EBS Radionudide Transport Abstraction (Continued)

Range and Type of
Input Name Input Description Input Source Distribution Uncertainty

KdCsInvert K of Cs on crushed tuff In the Invert DTN: WA0408AM831341.001 [DIRS 1715841 1-15 ml g'; Uniform Epistemic &
____ ___ ___ ____ ___ ___Aleatoric

Kd_Npjnvert K, of Np on crushed tuff In the invert DTN: LA0408AM831341.001 [DIRS 1715841 (0,0) (0.5.0.5) (6.A1.0) Epstemic &
_ _ _ _ _ _ _ _ _ _ _ _Cumuilative Aleatoric

KdPaInvert Kr of Pa on crushed luff in Dv Invert DTN: LA0408AM831341.001 [DIRS 171584] Range - 1.oo0-10.000 Epistema c &
ml g;- Aleatoric
Mean * 5.500 ml g9;,

____ ___ ___ ___ ___Std. Dev. = 1.500 m! g-

KdPu lnvert K of Pu on crushed tuft In the Invert DTN: LA0406AM631341.001 PIRS 171584] (10.0) (70.l0.5 (200.1.0) Epvitemic &
__ _ _ _ __ _ _ _ __ _ _ _ __ _ _ _ __ _ _ _ _Cumulative Ajeatoric

KdRainvert K& of Ra on crushed tuff In the Invert DTN: LA0408AM831341.001 [DIRS 1715841 100-1.000 ml g9 Uniforrn Epltsemc&

KdSrjnvert K, of Sron crushed tuff in the Invert DTN: LA0408AM831341.001 (DIRS 1715841 10-70 ml 9"; Uniform Epistemic&
Aleatoric

KdTh_lnvert K, of Th on crushed tuff In the invert DTN LAO408AM831341.001 (DIRS 1715841 1.000-10,000 ml g' Epistemic &
Uniform Aleatoric

KdUclnvert K of U on corrosion products DTN: LA0408AAM831341.001 [DIRS 1715841 (0.0) (0.2.0.5) (4.1.) Eplslenmic &
__ _ _ _ __ _ _ _ _ _ _ _ _ __ _ _ _ __ _ _ _ _Cumulative Aleatoric

SSCorrosionRate Stainless steel corrosion rate DTN: M00409SPMCRWP.000 [DIRS 1720591; Rate ECDF Epistemic &
Spreadsheet ECDF._metals2.xis; Worksheet (Pm yr4) Aieatoric
*316 se. Columns L & M. 0.03699 o.ooo
Ros 5-15 0 037 0.063
Empirical cumulative distribution function 0.1016 0125

0.109 0.188
0.1524 0.250
0.184 0.313
0.177 0.375
0.2032 0.438
0.2288 0.563
0.254 0.750
0.2794 0.813
0.51 1.000

0

C.
C-

z
0



Y,

I

T

C0

10z

z
0

Table 6.5-13. Sampled Model Inputs Used In the EBS Radionuclide Transport Abstraction (Continued)

Range and Type of
Input Name Input Descriptlon Input Source Distributrion Uncertainty

CSCorrosionRate Carbon steel corrosion rate DTN: M00409SPMCRWP.000 Rate ECDF Epistemic &
[DIRS 1720591; Spreadsheet tun yr) Aleatoric
'ECDFjrmetals2.xls'; Worlrsheet 65.76 0.0oo
A51m-Carton Steer. Coiurnns 65.77 0042

B & C. Rows 5-30 0.4
Empirical cumtrlative distribution 66.75 0.083
fnction 69.84 0.125

70.00 0.167
71.25 0.208
72.21 0.250
72.64 0.292
72.87 0.333
72.89 0.375
73.47 0.417
74.29 0.458
74.51 0.500
74.60 0.542
75.41 0.583
77.31 0.625
79.29 0.667
80.00 0.708
80.87 0.750
83.26 0.792
83.68 0.833
83.74 0.875
85.68 0.917
90.97 0.958

10693 1.000
DirfPsthLengthCP_CSNF Ditfusive path length through corrosion products domain Developed In Section 6.5.3.1.1 0.02-0.859 m; Uniform Epistemic &

for CSNF packages Aleatoric
DikPath Length CPCDSP Ditfusive path length through corrosion products domain Developed In Section 6.5.3.1.1 0.025-1.063 m: Uniform Epistertic &

_ _ _ _ _ for codiswosal waste packages Aleatoric
SurfaceAreaCP Specifc aurface area of Fe203 corrosion products Developed In Section 6.5.1.2.1.3.1 1.0-22 m' g-'; Uniform Epistemic &

I _Aleatoric

0.

C

n,



Table 6.5-13. Sampled Model Inputs Used In the EBS Radionudide Transport Abstraction (Continued)

Range and Type of
Input Name Input Description Input Source Distribution Uncertainty

FluxSpiLODS.Uncert DS flux spitting uncertainty factor Developed in Section 6.5.1.1.2.4 0-0.85 Epistemic &
(dimensIonless); Aleatoric
Uniform ______

Flux_SptitLWP_Uncert WP flux spitting uncertainty factor Developed In Section 6.5.1.1.3 0-2A41 Epistemic &
(dimensionless); Aleatoric
Uniform

Fracture_Frequency UZ fracture frequency BSC 2004 [DIRS 1700401. Mean * 3.16 m'' Episterric
Appendix A. Table A-1 Std. Dev. * 2.63 m'"

Log-normal

UZFracturejFraction UZ fracture porosity BSC 2004 IDIRS 1700401 0-1 (fraction): Beta Epistemic
Appendix D, Table D-1 E(xJ=-9.6 8 1f;

__x)__2 82 - 10r

UZiMatrbxPorasity UZ matrix porosity BSC 2004 [DIRS 1700401, 0-1 (fraction); Beta Epistemkc
Appendix D. Table D-1 ENx) * 0.131;

_VWx) * 0.031
FractureSaturation Unsaturated zone fracture saturation Uniform sampling from 433 Provided In source DTN Episternic

(DTN: LBO307FMRADTRN 001 IDIRS 185451T) locations for each Infiltration case
FractureResldua Sat Unsaturated zone fracture residual saturation Uniform sampling from 433 Provided In soce DTN Epistemic

(DTN: LB0307FMRADTRN 001 IOIRS 165511) locations
Fraciure_PercolationFlux Unsaturated zone fracture percolation flux Uniform sampling from 433 Provided In source OTN Epistemic

(DTN: LB0307FMRADTRN.001 iDlRS 1654511) locations for each nfiltration case

Flow Focus Factor Unsaturated zone fracture percolation flow-focusing Uniform sampling from 433 Provided In source DTN Epistemic
factor (DTN: LB0307FMRADTRN 001 IDIRS 165I5110 locations for each Infiltration case

UZLMatrixSaturation Unsaturated zone matrIx saturation Uniform sampling from 433 Provided In source DTN Epislatric
(DTN: LB0307FMRADTRN001 IDIRS 1654511D locations for each Infiltration case

MatrixPercolataonFiux Unsaturated zone matrix percolation flux Uniform sampling from 433 Provided in source DTN Epistemic
(DTN: LB0307FMRADTRN 001 IDIRS 165511) locations for each Infitration case

MatrxRelPenmLow. Unsaturated zone relative permeability for an thVee Uniform sampling from 433 Provided In source DTN Epistermic
MatdxReLPerm Mean. Infiltration cases (DTN: LB0307FMRADTRN.001 locations for each Infiltration case
MatrIx Ret Penn High IDIRS 1654511)

*For distribution type beta. E(x) * expected value, a(x) * standard deviation.

CP * corrosion products, CDSP * codisposal. WP * waste package, BET * Brunsuer, Emmett and Teller, ECDF * empirical cumiuative distribution function

0

0

C.
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6.5.2.1 Invert Diffusion Coefficient

The invert diffusion coefficient is used to calculate the rate of diffusion of radionuclides through
the invert, after they have been released from the waste package. The uncertainty in the invert
diffusion coefficient is epistemic. The values were derived from measured values of diffusion
coefficients in various granular materials, including tuff. However, the data were scattered. This
was particularly true at lower values of volumetric water content, where experimental difficulties
are more pronounced - achieving uniform and consistent degrees of water saturation is difficult,
resulting in uncertainties in the actual water content. The use of electrical conductivity
measurements as an analog for diffusivity becomes more uncertain at low water content due to
uncertainty in the electrical connectivity between electrodes and the porous material as well as
between the particles themselves. The reported uncertainty approximates a normal distribution
for the residuals in the statistical fit to the experimental data. Uncertainty in the porosity of the
invert is subsumed by the greater uncertainty associated with the measurements of the diffusion
coefficient; thus the porosity uncertainty can be considered to be accounted for in the diffusion
coefficient.

6.5.2.2 Sorption Distribution Coefficients for Calculating In-Package Retardation

Sorption distribution coefficients (Kd values) are used to calculate sorption of radionuclides
inside a breached waste package. Selection of Kd values for the 12 radionuclides listed in
Table 6.5-13 is discussed in Section 6.3.4.2.2, where justification for the ranges is provided.

For iodine and technetium, the ranges are narrow (low uncertainty) because these elements have
been found to be largely nonsorbing in most media, including the iron oxyhydroxides that will
comprise the bulk of corrosion products. There is, however, still some uncertainty associated
with these elements because they do sorb strongly onto certain substances, such as copper oxide
and copper sulfide (Balsley et al. 1998 [DIRS 154439], Tables 1 and 2) and in oxidizing
conditions (Onishi et al. 1981 [DIRS 154420], Table 8.96). Although the composition of the
internal waste package components is known, the exact composition of the corrosion products
over time is uncertain. Furthermore, the sorptive behavior of iodine and technetium in a mixture
of corrosion products having a wide range of compositions is uncertain. Thus, assigning at least
a small range of uncertainty is appropriate, as is a uniform distribution.

Kd values for the other elements (Am, C, Cs, Np, Pa, Pu, Ra, Sr, Th, and U) considered in
calculating retardation in the EBS have been given wide ranges, reflecting the uncertainty in
their values for sorption on corrosion products inside the breached waste package. Most of these
elements are known to sorb strongly onto iron oxyhydroxides, as shown in Table 4.1-11. In
particular, the ranges of values shown in Table 4.1-11 for sorption on iron oxide illustrates the
large uncertainty in sorption distribution coefficients. One cause of this uncertainty is in the
determination of the Kd values themselves, which are inherently inaccurate for high (and low) Kd

values. When a great deal of sorption occurs, there can be large uncertainties associated with the
measurement of the small amount of radioactivity left in solution after sorption (BSC 2001
[DIRS 160828], p. 50). This results in large uncertainties in the calculated Kd. Because of these
uncertainties, most Kd values are only reported to one significant figure (BSC 2001
[DIRS 160828], p. 51). Distributions for sorption on iron oxide are uniform for C, 1, Pa, and Tc,

ANL-WIS-PA-00000I REV 01 6-139 November 2004



EBS Radionuclide Transport Abstraction

and log-uniform for Am, Np, Pu, Th, and U. Kd values are assigned beta distributions for Cs, Ra,
and Sr.

The Kd values for sorption on corrosion products for all radionuclides are sampled
independently. Although Kd values for certain groups of elements may in reality be coupled or
correlated due to their similar sorptive behavior and chemical response, the sparseness of data
and the inherent approximations in the linear Kd approach preclude correlating Kd values for
sorption on corrosion products.

Some aleatoric uncertainty exists for all of the Kd values in the uncertain chemistry of the water
that might result from changes in seepage water conditions and thermal events and processes that
could alter the concentration of dissolved species that affect sorption.

6.5.2.3 Sorption Distribution Coefficients for Calculating Invert Sorption

Sorption on crushed devitrified tuff in the invert also involves some epistemic uncertainty for
most radionuclides. The exceptions are C, I, and Tc, which do not sorb measurably on tuff (Kd
values are zero). As with Kd values for sorption on corrosion products, the invert Kd values also
involve some aleatoric uncertainty due to the unpredictable chemistry of the seepage water and
changes resulting from chemical processes that occur as EBS components degrade. Invert Kd

values are correlated as shown in Table 4.1-13 (DTN: LA031 IAM831341.001 [DIRS 167015]).
In the implementation of sorption distribution coefficients in the invert in TSPA-LA, the
devitrified tuff Kd values developed for the UZ submodel are assigned to the invert.

6.5.2.4 In-Package Diffusion Submodel

The corrosion rates for carbon steel and stainless steel are known with some uncertainty, as
shown in the data presented in Table 4.1-1 (DTN: MO0409SPAACRWP.000 [DIRS 172059]).
An empirical cumulative distribution function developed in DTN: MO0409SPAACRWP.000
[DIRS 172059] is used for parameter CS CorrosionRate to be sampled in TSPA-LA. An
empirical cumulative distribution function developed in DTN: MO0409SPAACRWP.000
[DIRS 172059] is used for parameter SSCorrosionRate to be sampled in TSPA-LA. In view
of the large range in the measured data even among multiple samples under identical conditions,
some epistemic uncertainty exists in corrosion rates. In addition, the future physiochemical
environment of the waste package interior will influence corrosion rates, as evidenced by the
variability in rates under different conditions (DTN: MO0409SPAACRWP.000 [DIRS 172059]).
Thus, aleatoric uncertainty also exists in the corrosion rates owing to the uncertain future waste
package environment.

The parameters Diff Path Length CP CSNF and Diff PathLength CP CDSP are developed
in Sections 6.5.3.1.1 and 6.5.3.1.2. These are the diffusion path lengths from the internal waste
package corrosion products domain to the invert domain of the EBS transport abstraction for
CSNF (e.g., 21-PWR and 44 BWR) and codisposal (CDSP) (e.g., 5 DHLW/DOE SNF - Short)
waste packages, respectively. The radionuclide source (failed fuel rods or glass logs) and the
porous corrosion products are treated as being uniformly distributed throughout the volume of
the breached waste package. Breached fuel rods or glass logs may lie adjacent to the interior of a
breach in the waste package or nearby. Some aleatoric uncertainty exists in the location of the
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radionuclide source embedded in the corrosion products. The minimum path length is the
thickness of the waste package outer corrosion barrier, 0.02 m for CSNF waste packages and
0.025 m for codisposal waste packages. The maximum is the radius of a waste package, 0.859 m
for CSNF waste packages and 1.063 m for codisposal waste packages. A uniform distribution is
appropriate for this parameter.

The parameter Surface Area CP, the specific surface area of corrosion products, is developed in
Section 6.5.1.2.1.3.1, wvhere uncertainties are discussed. This parameter accounts for the
uncertainty in the computed surface area of corrosion products that is available for water
adsorption inside a breached waste package. The calculated mass of corrosion products is
multiplied by their specific surface area to compute the bulk surface area. The uncertainties are
both aleatoric and epistemic. Unpredictable processes or events may occur that impact the
morphology of corrosion products and alter their surface area, including seismic events, collapse
of waste package internal structures, and changes in seepage rates. The nature of corrosion
products formed under the conditions in a breached waste package in a humid environment, from
a mixture of various types of steel, and their behavior in response to events and process that may
occur is also uncertain. Due to the sparseness of the data for the specific surface area of
corrosion products, only a uniform distribution can be justified for this parameter.

6.5.2.5 EBS-UZ Boundary Condition Implementation in TSPA-LA

The EBS-UZ boundary condition implementation, discussed in Section 6.5.3.6, is applied when
the EBS transport abstraction is discretized and implemented in GoldSim. This model provides
the radionuclide concentration boundary condition at the invert-UZ boundary such that the
far-field concentration is approximately zero. To compute this boundary condition, a portion of
the UZ is modeled, so input parameters for the UZ are used and therefore become EBS transport
input parameters. The uncertainty in sampled parameters is discussed in this section; details
about how UZ parameters are used are provided in Section 6.5.3.6.

Most of the parameters used for the EBS-UZ boundary condition implementation are taken from
the output of Drift-Scale Radionuclide Transport (BSC 2004 [DIRS 170040]), in which
specification of the ranges and distributions for the parameters is discussed. The parameters
were developed for the discrete fracture-matrix partitioning model (BSC 2004 [DIRS 170040]).
Although the modeling approach used in the EBS RT Abstraction is different, the parameter
values remain unchanged. The parameter values are given in DTN: LB0307FMRADTRN.001
([DIRS 165451], Folder: U0230 excelfiles.zip). These parameters were developed for the
lower, mean, and upper bound flow fields for the glacial transition climate and recommended for
use in TSPA-LA for the entire duration of the simulation. The glacial transition lower, mean,
and upper infiltration cases cover a range of conditions that encompass all of the monsoon
climates and all but the present-day lower infiltration climate. Furthermore, most of the
regulatory compliance period (2,000 to 10,000 years) is modeled as being under glacial transition
climate. Because of the predominance in time and wide range of the glacial transition infiltration
cases, these three cases are used as representative for the low, mean, and high infiltration cases
for the entire compliance period.
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6.5.2.5.1 Matrix and Fracture Percolation Fluxes

Similar to the approach taken in Drift-Scale Radionuclide Transport (BSC 2004
[DIRS 170040]), in the EBS-UZ interface submodel, the parameter uncertainty is included
through uniform sampling of the 433 different repository locations that have been assigned
model parameters such as fracture and matrix flux and water saturation values. These values
have been taken from the output of the UZ flow model for the repository host rock; see
Sections 6.4.5 and 6.4.6 of Drift-Scale Radionuclide Transport (BSC 2004 [DIRS 170040]) for
additional information. The sampled parameters that are based on repository locations are
sampled such that if a flux for a certain location is considered then the saturation for the same
location is also used.

6.5.2.5.2 Fracture Frequency

The fracture frequency distribution for each UZ model layer is presented in Table A-i of
Drift-Scale Radionuclide Transport (BSC 2004 [DIRS 170040], Appendix A, Table A-I). Since
approximately 80 percent of the waste emplacement drift area is occupied by the TSw35
(Topopah Spring welded tuff lower lithophysal) unit of the UZ model (Appendix H of Drift-
Scale Radionuclide Transport, BSC 2004 [DIRS 170040]), and because of the small variation in
fracture frequency among various units, it is sufficient to use the fracture frequency distribution
for TSw35 as given in Table A-I of Drift-Scale Radionuclide Transport (BSC 2004
[DIRS 170040], Appendix A, Table A-I).

6.5.2.5.3 Fracture Fraction

The average fraction of the UZ that is occupied by fractures (also referred to as fracture porosity)
is given as a distribution in Table D-l of Drift-Scale Radionuclide Transport (BSC 2004
[DIRS 170040], Appendix D). As with fracture frequency, the fracture porosity distribution for
TSw35 given in Table D-1 of Drift-Scale Radionuclide Transport (BSC 2004 [DIRS 170040],
Appendix D) is sufficient for modeling purposes.

6.5.2.5.4 Fracture Flow-Focusing Factor

The flow focusing of fracture flux at the drift scale is included through a flow-focusing factor.
The sampled fracture flux is adjusted by multiplying it by the sampled flow-focusing factor (see
Drift Scale Radionuclide Transport, BSC 2004 [DIRS 170040], Equation G-3 and Appendix C).
A separate flow focusing factor is presented for each of the 433 repository locations.

6.5.2.5.5 Matrix Porosity

A distribution for matrix porosity for various UZ model layers is given in Table D-1 of
Drift-Scale Radionuclide Transport (BSC 2004 [DIRS 170040], Appendix D, Table D-1).
Matrix porosity distribution for TSw35 is used for modeling purpose.

6.5.2.5.6 Fracture Saturation

The physical saturation of the fracture is computed in Drf-Scale Radionuclide Transport
(BSC 2004 [DIRS 170040], Appendix G, Equation G-6). This takes into account the effect of
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flow focusing to account for sub-grid-block-scale heterogeneity for the mountain-scale flow
fields in the fracture continuum. This value is calculated for the 433 repository locations for all
three infiltration cases.

6.5.2.5.7 Fracture Residual Saturation

The fracture residual saturation is computed in Drift-Scale Radiornclide Transport (BSC 2004
[DIRS 170040], Appendix G). It is developed for 433 repository locations and does not vary by
the infiltration case.

6.5.2.5.8 Matrix Relative Permeability

The matrix effective permeability to water is derived from Drift-Scale Radionuclide Transport
(BSC 2004 [DIRS 170040], Equation 6-57), by multiplying the matrix intrinsic permeability by
the matrix relative permeability. The matrix intrinsic permeability for all four UZ model layers
at the repository horizon (TSw33, TSw34, TSw35, and TSw36) are given in Drift-Scale
Radionuclide Transport (BSC 2004 [DIRS 170040], Table 4-6) for each infiltration case. The
relative permeability is sampled for 433 repository locations and varies with the infiltration case;
it is given in Drift-Scale Radionuclide Transport (BSC 2004 [DIRS 170040], Table B-i).

6.5.3 Summary of Computational Model

The object of the EBS radionuclide transport abstraction is to determine the rate of radionuclide
releases from the EBS to the unsaturated zone. In the proposed EBS transport model, the EBS is
spatially partitioned into the following domains: (1) waste form, consisting of for example, fuel
rods or HLW glass; (2) waste package corrosion products; and (3) invert. In addition, the UZ
immediately underlying the invert is conceptualized as a dual continuum consisting of (4) UZ
matrix continuum and (5) UZ fracture continuum. The inclusion of a portion of the UZ is needed
for an accurate calculation of the invert-to-UZ interface fluxes by providing a diffusive path
length that is sufficiently long such that the concentration at the outlet of the UZ can realistically
be assigned a value of zero.

In the waste form domain, degradation processes occur, including breaching and axial splitting
of fuel rods, dissolution of SNF and HLW glass, and formation of waste form colloids wherever
applicable. Dissolved species are transported by advection and/or diffusion to the waste package
corrosion products domain. The primary interactions in the corrosion products domain involving
radionuclide species are reversible and irreversible sorption of dissolved species onto iron
oxyhydroxide colloids and stationary corrosion products, and reversible sorption onto
groundwater colloids and waste form colloids (when present). In the invert domain,
radionuclides released from the corrosion products domain are transported by advection and
diffusion, and interact with the crushed tuff by adsorption processes. The properties of each
domain, including the volume, porosity, water saturation, diffusion cross sectional area, and
diffusive path length, affect the rate of advective and diffusive transport of radionuclides through
the domain. The invert domain interfaces with both continua of the UZ. The properties of the
domains are defined in the following sections.
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6.5.3.1 Waste Form and Waste Package Diffusion Properties

This section summarizes the general approach, major assumptions, main steps in the
computational algorithm, and the stochastic parameters for the in-package diffusion submodel
for TSPA-LA sensitivity studies. The mathematical equations for the in-package diffusion
submodel are described in Section 6.5.1.2.1.

The general approach for the commercial SNF (21-PWR and 44-BWR) waste packages is to
consider two pathways for diffusion: (1) through porous waste form products inside the
package, and (2) through porous corrosion products filling the bottom of the waste package.
Starting from the time when a package is first breached, the extent of degradation is determined.
This parameter is the basis for estimating the amount of corrosion products present inside a
package, and allows the water saturation and effective diffusion coefficient to be computed.

Implementation of the three-domain EBS abstraction requires that properties be specified for
each domain, including the volume, diffusive area, the diffusive path length, porosity, water
saturation, and the procedure for calculating the diffusion coefficient. These properties must be
specified for each type of waste package (CSNF and codisposal waste packages) and for the drip
and no-seep environment.

6.53.1.1 CSNF Waste Packages Properties

This section discusses the CSNF waste package properties in the following two domains: CSNF
waste form and CSNF corrosion products.

6.5.3.1.1.1 CSNF Waste Form Domain:

In CSNF waste packages, the waste form domain consists of fuel rods. Radionuclides are
released only from failed rods. Although fuel rods initially fail either by perforations in the
cladding as a result of corrosion or by damage in handling or in seismic events, it is assumed that
the fuel rod cladding instantly splits along its length when the waste package fails (BSC 2004
[DIRS 170023], Assumption 5.3). Fuel rods split when the SNF reacts with the oxygen and
moisture inside the waste package, forming metaschoepite. The resulting material, having a
greater volume than SNF (mostly U0 2), causes the fuel rod to split open. The configuration of
the failed rod is a mostly intact tube with the slit along the length exposing the SNF inside.

The reacted SNF constitutes a porous "rind" that is modeled as saturating quickly and completely
with water, both in a seep and no-seep environment. The volume of the rind as a function of
time and the rind porosity are provided by Clad Degradation - Summary andAbstraction for LA
(BSC 2004 [DIRS 170023]). Radionuclides dissolve in the water that fully saturates the pore
volume of the rind.

The diffusive area of the waste form domain is the total exposed surface area of the SNF in all of
the axially split fuel rods, i.e., the area of the slit times the number of failed fuel rods. This area
is provided by Clad Degradation - Summary and Abstraction for LA (BSC 2004
[DIRS 170023]).
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The diffusive path length is the thickness of the rind, which is a function of time as the SNF
reacts to form metaschoepite.

The diffusion coefficient is computed using Archie's law (Equation 6.5.1.2.1-12), with the
porosity of the rind and the assigned water saturation of 1.0. As discussed in Section 6.5.3.5, the
discretized mass balance equations use a diffusive conductance, which is a harmonic average of
diffusion coefficient terms (including diffusivity, porosity, saturation, diffusive path length, and
cross-sectional area for diffusion; see Equation 6.5.3.5-7), in this case, for the waste form and
corrosion products domains. Since the TSPA-LA model, GoldSim (GoldSim Technology Group
2002 [DIRS 160579]) computes the diffusive conductance, only the diffusion coefficients need
to be input, rather than the diffusive conductances themselves.

6.5.3.1.1.2 CSNF Corrosion Products Domain:

The second domain consists of the corrosion products inside the waste package. The mass of
corrosion products (mcp) is given as a function of time by Equation 6.5.3.2-5 below. In

Section 6.5.1.2.1.3.2, a porosity (4zcp ) of 0.4 for corrosion products is shown to be appropriate.
The corrosion products are assumed to be Fe2O3. With the known density of Fe2Q3 (PFOO), the
pore volume of the corrosion products domain is computed from:

=P m I MCP ), (Eq. 6.5.3.1.1-1)

In a seep environment, the water saturation (Sw) is assigned a value of 1.0. In a no-seep
environment, the only water present is adsorbed water, and the saturation is the effective
saturation of corrosion products given by Equation 6.5.1.2.1-27. Uncertainty in the water
saturation of the corrosion products is provided for in the sampled specific surface area of the
corrosion products.

In a seep environment, the effective diffusion coefficient for corrosion products is given by
Archie's law (Equation 6.5.1.2.1-12), with the porosity Ocp=0.4 and the assigned water
saturation of 1.0.

In a non-seep environment, the effective diffusion coefficient is given by Eq. 6.5.1.2.1-28. The
diffusive area of the corrosion products domain for diffusion to the invert domain is the total area
of all waste package breaches, including corrosion patches and stress corrosion cracks. The
breached area is determined differently for each scenario class:

* For the nominal scenario class:

- Without early failure modeling cases and with no localized corrosion, the breached
area is provided by the integrated waste package degradation model developed in
JWAPDEG Analysis of Maste Package and Drip Shield Degradation (BSC 2004
[DIRS 169996], Section 7.1.1.1).
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- In the early failure modeling cases (no localized corrosion), the entire surface area of
the waste package is breached ( WAPDEG Analysis of Waste Package and Drip Shield
Degradation [BSC 2004 (DIRS 169996), Section 6.3.8]).

- In the localized corrosion case, localized corrosion results from dust deliquescence
only (i.e., no dripping flux), and the breached area is the entire lateral surface area of
the waste package (General Corrosion and Localized Corrosion of Waste Package
Outer Barrier [BSC 2004 (DIRS 169984), Section 8.3.1]). Values for the breached
areas for CSNF and CDSP waste packages are provided by WVAPDEG Analysis of
Waste Package and Drip Shield Degradation (BSC 2004 [DIRS 169996],
Section 6.3.2).

* For the seismic scenario class:

- With ground motion damage only (no localized corrosion), the breached area is
provided by the Seismic Consequence Abstraction (BSC 2004 [DIRS 169183],
Section 6.5.3). This breached area is applied to the thickness of the waste package
outer shell only. For the rest of the corrosion products domain, the waste package
plan area, equal to the waste package diameter times its length, is used.

- For the localized corrosion case, localized corrosion results from dust deliquescence
as well as from seepage flux when seismic damage to the drip shield has occurred.
The breached area is provided by the General Corrosion and Localized Corrosion of
Waste Package Outer Barrier (BSC 2004 [DIRS 169984], Section 8.3.1).

* For the igneous scenario class:

- In the igneous intrusive scenario, the entire waste package is breached, and the waste
package and cladding provide no further protection to the waste forms (BSC 2004
[DIRS 168960], Section 6.7.1).

- In the igneous eruptive scenario, the entire inventory of affected waste packages is
made available for release to the air as ash. The EBS transport model does not apply.

The diffusive path length is a sampled parameter (see Table 6.5-13) ranging from 0.02 m (the
thickness of the waste package outer corrosion barrier) to 0.859 m (the outside radius of a
21-PWR) (BSC 2004 [DIRS 169472], Table 1).

6.5.3.1.2 Codisposal Waste Packages Properties

Codisposal waste packages consist of five cylindrical canisters containing HLW glass (glass
"logs") surrounding a central canister of defense spent nuclear fuel (DSNF). After the
codisposal waste package is breached, the HLW glass eventually degrades to a clay-like
material. However, the DSNF degrades almost instantaneously (within a single TSPA-LA time
step) to uranium oxide (BSC 2004 [DIRS 167618], Section 8.1) after the waste package is
breached, compared to the slower degradation of the HLW glass logs. Although the steel
support framework inside the waste package corrodes, allowing the canisters of glass to collapse
onto each other, the general cylindrical shape of the canisters is retained. With this assumption
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of the internal configuration of a degraded codisposal waste package, the diffusive area between
the conceptual waste form domain and the corrosion product domain is the sum of the initial
surface area of the five glass logs. The DSNF is treated as part of the corrosion product domain,
rather than part of the waste form domain, because degraded DSNF is conceptualized to be
present corroded mass of uranium oxide, just as the iron corrosion products formed from the
degradation of steel components inside the waste package.

The volume of the waste form domain is equal to the volume of degraded glass, which is
determined from the degradation rate of the glass as provided by the defense HLW glass
degradation model (BSC 2004 [DIRS 169988], Section 6.5).

The diffusive path length from the waste form domain to the corrosion products domain is the
thickness of the degraded glass (the rind thickness), which is a function of time. This is
determined from the degradation rate of the glass.

The diffusion coefficient of degraded glass is computed using Archie's law
(Equation 6.5.1.2.1-12), with the porosity of the glass degradation products provided by the
Defense HLWV Glass Degradation Model (BSC 2004 [DIRS 169988], Table 8-1) and the assigned
water saturation of 1.0.

The volume of corrosion products in a codisposal waste package is proportional to the mass of
steel that has corroded. The mass of corrosion products is estimated as a function of time based
on sampled corrosion rates for carbon and stainless steels. As shown in Table 6.3-4, the total
mass of steel in a codisposal waste package (5 DHLWV/DOE SNF - Short) is slightly less than in
a 21-PWR. Using this mass and the porosity and density of corrosion products, the volume of
the corrosion products domain in a codisposal waste package is computed using
Equation 6.5.3.1.1-1. Because of the deliquescent nature of glass and glass degradation
products, the corrosion products that surround those materials are considered to be fully saturated
with water.

The degraded DSNF, considered to be part of the corrosion product domain, has water associated
with it. The initial volume of DSNF in a codisposal waste package is given as I m3 (BSC 2004
[DIRS 167618], Section 8.1). Because the degraded DSNF is conceptualized to be in a
powdered form, it can be modeled as having a porosity of 0.2. The porosity is based on the
porosity of unconsolidated sand, which ranges from 0.25 to 0.50 (Freeze and Cherry 1979
[DIRS 101173], Table 2.4); a value lower than this range is used to account for some
consolidation. In addition, a smaller water volume results in higher radionuclide concentrations
and hence overestimates releases. Just like corrosion products, the powdered DSNF can be
considered fully saturated, yielding a water volume of 0.2 mi3 . The water volume associated with
the corrosion products is expected to dominate the water volume associated with DSNF due to
the larger mass of steel. For this reason, the water volume associated with DSNF can be
considered as the lower bound for the water volume in the corrosion product domain. Once the
water volume associated with corrosion products exceeds the water volume associated with
DSNF, then the corrosion product water volume is used.

The diffusive area between the corrosion products domain and the invert domain is the total area
of all breaches in the Alloy 22 outer corrosion barrier of the waste package. The diffusive area is
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dependent on the scenario class; the determination of diffusive areas as discussed in
Section 6.5.3.1.1 for CSNF waste packages also applies to CDSP waste packages.

The diffusive path length is uncertain since the actual source of dissolved radionuclides inside
the waste package may be located anywhere within the waste package at any given time. Thus,
the path length is sampled, ranging from the thickness of the outer corrosion barrier (0.02 m) to
the nominal radius of the 5 DHLW/DOE SNF - Short codisposal waste package, 1.063 m
(BSC 2004 [DIRS 169472], Table 1).

The diffusion coefficient in codisposal waste package corrosion products is computed the same
as for CSNF corrosion products using Archie's law (Equation 6.5.1.2.1-12), with the porosity of
the corrosion products (Jcp =0.4) and the assigned water saturation of 1.0.

6.5.3.2 Calculation of Corrosion Products Mass and Saturation

The major steps in the computational procedure are:

* Determine the extent of degradation of the iron-based internal components of the waste
package and the resulting surface area available for adsorption of water vapor. This is a
two-step process.

First Step-Suppose the iron-based internal components have a lifetime equal to that of
either the carbon steel components (maximum 10 mm thick) or the stainless steel inner
vessel, which is 50 mm thick. Compute the lifetime by dividing the thickness by the
corrosion rate for each type of steel. From Table 6.3-4, carbon steel comprises
30 percent of the total mass of steel in a 21-PWR and 33 percent in a 44-BWR. As an
approximation, one-third of the iron-based internal components in all waste packages is
carbon steel and two-thirds is stainless steel. Each type of steel corrodes at a different
rate, determined by sampling its rate distribution. The lifetime of carbon steel (yr) is
then given by:

tf1 I 1000(Max ThickCS) (Eq. 6.5.3.2-1)
ri

where r, is the sampled value for the corrosion rate of carbon steel (gim yf 1), and
Max Thick CS is the maximum thickness of carbon steel components (mm). From
D&E/PA/C IED Typical Waste Package Components Assembly (BSC 2004
[DIRS 169472], Table 2), the maximum thickness of a carbon steel waste package
component is 3/8 in. = 9.525 mm, which is rounded to 10 mm for this parameter value.
Similarly, the lifetime of stainless steel (yr) is given by:

1f2 = 1000(Max Thick SS) (Eq. 6.5.3.2-2)

where r2 is the sampled value for the corrosion rate of stainless steel (pm yrl), and
MaxThick SS is the maximum thickness of stainless steel components (mm). From

ANL-WIS-PA-000001 REV 01 6-148 November 2004



EBS Radionuclide Transport Abstraction

Design and Engineering, 21-PWR Waste Package Configuration (BSC 2004
[DIRS 167394], Detail A), the maximum thickness of a stainless steel in a waste
package is the inner vessel thickness of 50.8 mm.

Second Step-One-third of the total mass of the internal components is assigned to
carbon steel components and two-thirds are assigned to stainless steel components,
similar to the assumption for the first step. When these components are fully corroded,
the same proportions hold, but the rate of formation of corrosion products depends on
the sampled rates of the two types of steel. The total mass of corrosion products when
internal components are fully degraded, ncpf (19,440 kg Fe2O3 in a 21-PWR; see
Section 6.3.4.2.2), is based on data presented in Table 6.3-4. The initial mass of
corrosion products is zero. For each type of steel, the mass of corrosion products present
at time t (yr) is proportional to the fraction of the lifetime of each steel since the waste
package was breached:

I- t _ tr1

Carbon steel: MM = (Eq. 6.5.3.2-3)

t-to > tfl,

Stainless steel: (Eq. 6.5.3.2-4)
2

tI-to > f2f9

where to is the time (yr) when the first breach appears in the waste package.

Then the total mass of corrosion products present is mcp(t) = mcp, + MCP2' During the
regulatory period:

Total corrosion products: cpi) =3 = c k(I - tfo tf2 (Eq. 6.5.3.2-5)

The total surface area of corrosion products, scp, is obtained using the sampled value for

the specific surface area of corrosion products, Ycp:

Total surface area: 8 = c c (Eq. 6.5.3.2-6)

* Let the water saturation in the waste package corrosion products be 1.0 in the seep
environment for both CSNF and codisposal waste packages and in the no-seep
environment for codisposal waste packages. For CSNF waste packages in the no-seep
environment, use the adsorption isotherm for Fe2Q3 and compute the amount of water
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vapor adsorbed (number of monolayers and film thickness) and the water saturation in
the waste package corrosion products as follows (see Section 6.5.1.2.1.4.2):

SNP = 3.28x104 Yc,(- In RH}Y"24 5 (Eq. 6.5.3.2-7)

* Compute the effective diffusion coefficient for steel corrosion products, DS, using
Archie's law with a fixed porosity of 0.4 (see Section 6.5.1.2.1.3.2) and the water
saturation Sf obtained from the preceding bullet (either 1.0 or Equation 6.5.3.2-7).

6.53.3 Invert Domain Properties

The volume of the invert is equal to its cross sectional area (i.e., the area of a segment of a circle)
times the axial length. Based on the drift diameter of 5.5 m (BSC 2004 [DIRS 169503]) (or drift
radius rD =2.75 m) and maximum invert thickness of t,,,, = 2 ft 10 in. = 0.8636 m (BSC 2004

[DIRS 169503]), the width of the top surface of the invert is (Perry et al. 1963 [DIRS 119529],
p. 2-6):

v, =2 rD -(rD-'tI,,,:)2 =4.00m. (Eq. 6.5.3.3-1)

The frontal cross sectional area of the invert is (Perry et al. 1963 [DIRS 119529], p. 2-6):

A, = rD cos-(- -(rD -t2,AF2rDt, m-

=2.39m2 .

(Eq. 6.5.3.3-2)

The invert volume is this area (A,1 ) multiplied by the length of interest, for example, the length
of a waste package, Li,,p. The volume of water in the invert beneath a waste package of length

L.p is:

VwI = OS.A,4Lwp , (Eq. 6.5.3.3-3)

where 0 is the porosity of the invert, and S. is the water saturation of the invert.

For purposes of modeling flow and diffusion through the invert, the invert is regarded as having
a rectangular cross section with a top surface being the actual top surface of the invert. The cross
sectional area for flow or diffusion between the invert and the unsaturated zone is:

Alluz = ivLwp. (Eq. 6.5.3.3-4)

The average thickness of the invert is given by:

t,= 41 =0.597m.
IV,

(Eq. 6.5.3.3-5)
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Using this value preserves the top surface area and volume of the invert.

Sorption of radionuclides to the invert crushed tuff is modeled by applying the devitrified tuff Kd
values from the UZ submodel to the invert. Ranges and distributions for these Kd values are
shown in Table 4.1-12. The Kd values are correlated using the correlation matrix shown in
Table 4.1-13.

The bulk water content in the invert, 9 (fraction: m3 water m-3 bulk volume), is used to compute
the diffusion coefficient in the invert, Equation 6.3.4.1.1-16 (in which 18 63S,,8 6 3 

=1o.863). The
bulk water content in the invert is determined from the intragranular water saturation provided by
Multiscale Thermohydrologic Model (BSC 2004 [DIRS 169565], Appendix X) and the seepage
flux provided by the Seepage Model for PA Including Drift Collapse (BSC 2004
[DIRS 167652]).

The relationship between the bulk water content and the intergranular and intragranular water
contents is based on the definitions of water content using the volumes of water, solids, and pore
spaces:

V Inter + VW. Ir VW in"er Vw intra

V, V, V, (Eq. 6.5.3.3-6)

V,

where V, Inter is the volume of water in the intergranular pore space (m3), Vw Intr, is the volume of
water in the intragranular (matrix) pore space (m3 ), V, is the total bulk invert volume (m3 ), and

°nter is the intergranular water content (a fraction here: m3 water m-3 bulk volume; generally
having units of percent throughout this report).

The ratio of water volume to total invert bulk volume, V,- /IV, is related to the porosity of the

of the intragranular (tuff matrix) pore space, 0,,ntra (m3 pore volume nf3 matrix volume):

V. loo=a Vt intraSw inrah Ointra' iner,)wintra (Eq. 6.5.3.3-7)

where S, ntrt is the water saturation of the matrix (M3 water m 3 pore volume), V, i is the total

pore volume of the matrix (mi3), and V, is the total pore volume of the intergranular pore

space (m3 ). This expression makes use of the definition of matrix porosity, ,,,, as the ratio of
matrix pore volume to total matrix volume, where the latter is the difference between the bulk
invert volume, V, and the intergranular pore volume, V, Ier

tl V (Eq. 6.5.3.3-8)
v, V, Inter
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which can be rearranged to give:

VI"Intra = intra (VI - Vatinter) (Eq. 6.5.3.3-9)

Substituting the definitions of w*ater content (&gntro = OtntraS Intra) and porosity of the intergranular

pore space, (s.l = V, Inher IV,), the ratio V, ultra IV, in Equation 6.5.3.3-6 can be written:

VZ VI-ntra(i - r (Eq. 6.5.3.3-10)

Inserting this into Equation 6.5.3.3-6 results in the expression for the bulk water content of the
invert:

° = Olnter + (1 -qin.er)9nt.j. (Eq. 6.5.3.3-1 1)

The intragranular water content, E.tra is calculated by multiplying the intragranular wvater

saturation provided by the Multiscale Thermohydrologic Model (BSC 2004 [DIRS 169565]) with

the intragranular porosity of 4intra = 0.131 (DTN: LB0207REVUZPRP.002 [DIRS 159672];

Spreadsheet "MatrixProps.xls", Row 20, Column C).

The intergranular water content, 9
Mfer' is evaluated indirectly from the seepage flux into the drift.

The volumetric discharge into the invert, Q, (mi3 water s-1), which is equal to the seepage flux

into the drift (see Equation 6.5.1.1-8, where F6 = F, ), is given by:

Q1 =K.IJAl, (Eq. 6.5.3.3-12)

where K. is the unsaturated hydraulic conductivity of the invert (m s'l), I, is the hydraulic head

gradient in the invert (m ml'), and A,, is the intercepted flow area of a drift over the length of

one waste package, having a value of 28.05 m2 (BSC 2004 [DIRS 167652], Section 6.3.1). For

vertical one-dimensional flow, a hydraulic head gradient of unity (I, = I m/m) is a bounding

value for saturated rock with a free surface exposed to the open drift. Unsaturated crushed rock
in the invert will have a lower head gradient, but by using a gradient of unity,
Equation 6.5.3.3-12 simplifies and allows the unsaturated hydraulic conductivity of the invert to
be evaluated given the seepage flux into the drift:

K.s =- Q(Eq. 6.5.3.3-13)
All

The unsaturated hydraulic conductivity of the invert has been evaluated as a function of moisture
potential, t, (bar), in the Multiscale Thermohydrologic Model (BSC 2004 [DIRS 169565],

Appendix X, Table X-6) for various particle sizes. The determination of intergranular water
content uses a particle size of 3 mm (BSC 2004 [DIRS 169565], Section 6.3.11). Interpolating in
Table X-6 of Multiscale Thermohydrologic Model (BSC 2004 [DIRS 169565]) for the
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unsaturated hydraulic conductivity of the invert, K., as given by Equation 6.5.3.3-13, results in
a value for the moisture potential, N/, which is inserted into a van Genuchten fitting function
(BSC 2004 [DIRS 169565], Equation X.4) to give the intergranular water content:

finer =r ti+ (0'1' (Eq. 6.5.3.3-14)

Parameters in Equation 6.5.3.3-14 are:

O. = residual volumetric water content in the invert (fraction)
= 0.050 (BSC 2004 [DIRS 169565], Appendix X, Table X-7)

0s = saturated volumetric water content in the invert (fraction)
= 0.450 (BSC 2004 [DIRS 169565], Appendix X, Table X-7)

a = van Genuchten air-entry parameter (bar')
= 624. bar' (BSC 2004 [DIRS 169565], Appendix X, Table X-7)

n = van Genuchten n value (dimensionless)
= 8.013 (BSC 2004 [DIRS 169565], Appendix X, Table X-7)

m = van Genuchten m value (dimensionless)
= 0.875 (BSC 2004 [DIRS 169565], Appendix X, Table X-7)

With the algorithm and parameters described in this section, the bulk volumetric water content in
the invert is obtained.

6.5.3.4 Irreversible Sorption onto Iron Oxyhydroxide Colloids and Stationary
Corrosion Products

Irreversible sorption of Pu and Am onto iron oxyhydroxide colloids and stationary corrosion
products in the corrosion product domain is considered. A linear forward rate constant is needed
for modeling irreversible sorption. In the no-seep case or where iron oxyhydroxide colloids are
unstable, the forward rate constant is randomly sampled from a range of 0.01 m3 m 2 Ye to
0.24 m3 m-2 yfl, with a log-uniform distribution (DTN: SN0309T0504103.010 [DIRS 165540]).

For the seep case where colloids are stable, the forvard rate constant k, describing irreversible
sorption to iron oxyhydroxide corrosion products and colloids (Equations 6.5.1.2-12 and
6.5.1.2-17) is computed as a fitting parameter to match a specified flux out ratio for the corrosion
products domain (BSC 2004 [DIRS 170025], Section 6.3.3.2). The flux out ratio (Q) is the ratio
of radionuclide flux exiting the corrosion product domain that is transported by colloids to the
total flux exiting the corrosion product domain (in dissolved state or sorbed onto colloids). The
mass of radionuclides in the fluid exiting the corrosion products domain is expected to be
proportioned such that the mass of radionuclide species i sorbed onto all colloids is some fraction
of the total mass of radionuclide species i exiting the system in all forms-aqueous, reversibly
sorbed, and irreversibly sorbed. Observations in nature, such as the transport of Pu from the

ANL-WIS-PA-0000O1 REV 01 6-153 November 2004



EBS Radionuclide Transport Abstraction

Benham test site (Kersting et al. 1999 [DIRS 103282]) indicate that this fraction is about
95 percent.

This is expressed as:

- colloid mass flux out 0.95 (q. 6.5.3.4-1)
total mass flux out

This flux out ratio value of 95 percent is uncertain with an uncertainty range of 0.9 to 0.99
associated with it (BSC 2004 [DIRS 170025], Table 6-12, p. 6-72). It also may be a function of
time, since the observation time for the Benham test is only about 50 years. In TSPA-LA,
irreversible sorption occurs only for Pu and Am.

The dependence of the forward rate constant on the flux out ratio is obtained from an analytical
solution of a finite difference approximation of transport in the corrosion products domain. The
function for evaluating the forward rate constant is given by Equation B-72 in Appendix B.

This treatment applies in a seep environment. The calculated forward rate constant is
constrained to be less than or equal to the maximum value of the sampled range, 0.24 m3 mn2 yrl.

6.5.3.5 Discretization and Development of Computational Model for TSPA-LA

The continuum mass balance equations for EBS transport model are described and developed in
Section 6.5.1.2. The one-dimensional mass balance equation describing transport of dissolved
and reversibly sorbed radionuclide species i is provided by Equation 6.5.1.246. The
one-dimensional mass balance equations for irreversibly sorbed radionuclide species i on iron
oxyhydroxide colloids and corrosion products are given by Equations 6.5.1.247 and 6.5.1.2-48,
respectively. The solution of these continuum-form mass balance equations is approximated for
the purpose of numerical modeling by the solution of discrete forms of these equations using a
finite-difference approach. This requires the discretization of the time derivative (or mass
accumulation term) and the advective and diffusive terms for both dissolved and colloidal
transport. All other source terms and decay terms do not require discretization in either time or
space.

Numerical modeling of the EBS radionuclide transport is performed using the GoldSim software
(Golder Associates 2003 [DIRS 166572]) cell pathway capability, available in the GoldSim
Contaminant Transport Module. The cell pathway acts as a batch reactor, where radionuclide
mass is assumed to be instantaneously and completely mixed and partitioned among all media
(fluid or solid) within the cell. Both advective and diffusive transport mechanisms can be
explicitly represented using the cell pathways. When multiple cells are linked together via
advective and diffusive mechanisms, the behavior of the cell network is mathematically
described using a coupled system of differential equations, and is mathematically equivalent to a
finite difference network. GoldSim numerically solves the coupled system of equations to
compute the radionuclide mass present in each cell and the mass fluxes between cells as a
function of time. Both initial and boundary conditions for a cell can be defined explicitly, and
systems of varying geometry can be modeled.
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Within a computational cell network, each cell is allowed to communicate by advection and/or
diffusion with any other cell. This concept is crucial in implementing the bifurcation of diffusive
fluxes across an interface between a single continuum domain and a dual continuum domain,
such as at the interface between the invert domain and the unsaturated zone. Each computational
cell is provided with parameters describing water volumes, diffusive properties, and advective
and diffusive flux links to other cells. Between any two cells, the diffusive flux can be
bidirectional, depending on the concentration gradient, while the advective flux is unidirectional.
The output of a cell is given in terms of the advective and diffusive mass fluxes for radionuclide
species i and its concentration at the cell center.

The number of cells in the finite-difference network and the discretization of the cells is chosen
in such a way as to capture the unique physical and chemical properties of the EBS components
with respect to radionuclide transport. The abstractions are in the form of logic statements and
stochastic distributions that provide a method for linking various cells in the network.
Implementation of the EBS flow and transport model for TSPA-LA uses the output of the drift
seepage model (BSC 2004 [DIRS 169131]), the models for drip shield and waste package
degradation (BSC2004 [DIRS 169996]), the EBS physical and chemical environment model
(BSC 2004 [DIRS 169860]), the thermal-hydrologic environment model (BSC 2004
[DIRS 169565]), and the waste form degradation and mobilization model (BSC 2004
[DIRS 167618]); Defense HLW Glass Degradation Model (BSC 2004 [DIRS 169988]); and
CSNF W~aste Form Degradation: Summary Abstraction (BSC 2004 [DIRS 169987]). The flow
through various cells is based on the continuity equations and conservation of mass, as discussed
in Section 6.3. An overview of the computational model for TSPA-LA, as implemented using
GoldSim, is provided below.

Radionuclide transport through the waste package is modeled by spatially discretizing the waste
package into two domains: an upstream waste form domain and a downstream corrosion
products domain. As implemented using GoldSim, a single waste form cell represents the entire
volume of the waste form domain, while a single corrosion products cell represents the entire
volume of the corrosion products domain. These are illustrated in Figure 6.5-5 below by the
EBS portion of the cell network - waste form cell, corrosion products cell, and invert cell.

The waste form cell receives mass from a specialized GoldSim "Source" cell, which models the
waste package failure, degradation of the waste form, and release of the inventory for possible
transport through the EBS. The "Source" cell provides the specified flux boundary condition for
solving the mass transport equations. Both advective and diffusive transport can occur from the
waste form cell to the corrosion products cell. Reversible and irreversible sorption of
radionuclides to the corrosion products along with colloid facilitated transport of radionuclides is
modeled as described in Appendix B. Three types of colloids, namely, waste form colloids, iron
oxyhydroxide colloids, and groundwater colloids, are considered that can facilitate the transport
of radionuclides by reversible and/or irreversible sorption. The waste form colloids are
generated in the waste form cell (for the co-disposal waste package only), while the iron
oxyhydroxide colloids and groundwater colloids are modeled in the corrosion products cell. All
three types of colloids can transport to the downstream cells by diffusion and advection.
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The discretization of the invert domain, using GoldSim, consists of one cell. Both advective and
diffusive flux communication exists between the corrosion products and invert cells. Advective
flux due to imbibition from the host rock to the invert may enter the invert cell.

Below the invert, part of the near-field UZ is modeled by an array of cells. The inclusion of the
UZ portion in the model serves to establish a far field zero-concentration boundary and an
accurate representation of the flux at the invert-to-UZ interface. The EBS-UZ interface
submodel is described in more detail in Section 6.5.3.6. The dual continuum approach for
modeling the UZ is achieved by creating UZ matrix and fracture cells. The invert cell
communicates with the UZ matrix and fracture cells directly below it in the UZ cell array (see
Section 6.5.3.6).

The following description will focus on discretization of the mass balance equation for the
dissolved and reversibly sorbed mass (Equation 6.5.1.246). Similar treatments apply to the
mass balance transport equations for the irreversibly sorbed radionuclide species. In order to
describe the time discretization, let the superscript n represent a solution at the nth time. The nh
time step assumes the radionuclide concentrations are known at time level n, and the solution
provides the concentrations at time level n+l. Over this time step, the accumulation term uses a
first order backward in time discretization:

at AaRtC vsBRM(C; -C,) (Eq. 6.5.3.5-1)

where the adsorption retardation factor,

Rfl =1 + fig, + KdCvFCCwF + K&iCFfoXCcFeoX + KdiGw CGw (Eq. 6.5.3.5-2)
OAS.

and the cell water content are evaluated at the beginning of the time step, and At is the time step
size from the nh to the (n + 1)" time.

The advective transport is discretized with a first order backward (with respect to the flow
direction) difference approximation. If the mass balance is applied to cell B, and the advective
flux is from cell A to cell B with magnitude qw. (in3 water m-2 yf'), then

aza [qw:(l+KdicWFCclVF + KdCFeACdcF~ +Kdl)cI~]~

[Q:W (I +KdlVFCCWF+ KdkFCFC¢F +K&,WCSGW) Cl1b (Eq. 6.5.3.5-3)

-[Q. (I + KdcwFCCwF + Kd FeCcFtOX + Kd,?,GCw ) "Ca 1 I

where Q., (m 3 water m 3 cell B yf 1) is the advective water volume flux per unit bulk volume.
The advective flux and colloid concentrations are evaluated at the beginning of the time step.
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The concentration of radionuclide species i is evaluated at the end of time step. The first term in
the difference approximation is the advective mass flux entering cell B from cell A. The second
term is the advective mass flux exiting cell B.

Consider the accumulation of solute mass in cell B due to diffusion. Suppose there is a diffusive
flux link from cell A to cell B and from cell B to cell C. The dissolved mass diffusive flux
accumulation in cell B is approximated by:

aX ( AX) VB (Eq. 6.5.3.54)

where FAIB is the diffusive mass flux (mass/time) across cells A and B interface. Similarly,
FBIC is the diffusive mass flux (mass/time) across cells B and C interface. Consider the
discretization of the diffusive flux at the A/B interface. A similar representation occurs at the
B/C interface.

Apply Fick's First Law and assume continuity of flux at the interface. Then the flux entering the
A/B interface from cell A must equal the flux exiting the A/B interface to cell B. This interface
flux continuity condition is expressed as:

FAI = (SWDA) Jcn+l b[C,+ 1,B)

=)A (Eq. 6.5.3.5-5)
=(jSDA4 qj.c+I - +L)

where C,"+' is the concentration at time step n+I at the interface, as indicated by the subscript
A/B, and D, A, and L are the cell effective diffusion coefficient, diffusive area, and diffusive
length, respectively. If the A/B interface diffusive flux is expressed as an interface diffusive
conductance times the concentration difference between cells A and B:

FAB = Dc AB(CA -CB), (Eq. 6.5.3.5-6)

then the flux continuity condition provided by Equation 6.5.3.5-5 gives the interface diffusive
conductance as:

( 1ID (Eq. 6.5.3.5-7)

CSwDA A (NSWDA B
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The diffusive conductance is the harmonic average of g" DA between the two cells. At the B/C
2L

interface a similar expression gives:

D ( BIC + ( (Eq. 6.5.3.5-8)

(SWDA B (SWDA C

The discretization of the accumulation of solute mass in cell B due to diffusive transport is:

a ( acJ Dc BICI q '1 -[Ct 7I)-DC ABACIL]B - [C/ 1) (Eq. 65.3 5-9)

The mass balance equations are discretized with the dependent concentration variable for the
spatially dependent terms evaluated at the end of time step, C,+'. This is stated explicitly in the
discretization of the advective/diffusive terms. For other source terms, such as radionuclide
decay, irreversible sorption reaction onto iron oxyhydroxide material and so forth, the
concentration is evaluated at the end of the time step. In this sense, the mass balance equations
are fully implicit and the discretization provides numerical stability. However, coefficient terms
such as the moisture content are evaluated at the beginning of the time step. This formulation
results in a linear system of equations that is solved for concentrations. If the coefficient
dependence on concentrations were evaluated at the end of time step, then the resulting
discretized algebraic equations would be nonlinear. The nonlinear system would require much
more computational effort. Furthermore, the computational modeling tool (GoldSim) only
solves linear systems. For this reason, all concentration dependent coefficient terms are
evaluated explicitly at time level n.

The rate constant, 2 mbeds for conversion of mass from solution to embedded mass on the waste
form colloids, is calculated at each time step from information provided by the previous time
step. Suppose that the solution for all radionuclide and colloid concentrations has been
determined at time level n and the solution at time level (n+l) is required. At the known time
level n, the concentration with respect to the water volume of the embedded radionuclide mass,

(Cibed)", and the waste form colloid mass, (CWF)", are determined by the waste package

chemistry as discussed in Waste Form and In-Drift Colloids-Associated Radionuclide
Concentrations: Abstraction and Summary (BSC 2004 [DIRS 170025], Section 6.5.1.1,
Step la). The ratio of the radionuclide concentration to the colloid concentration is the ratio of
radionuclide mass to waste form colloid mass. The advective/diffusive mass rate of the waste
form colloid mass, ( is provided from the previous time step solution of the waste form

form~~~~eme colinas Q.df

colloid mass balance transport equation. The expression Qdif C renth
~Q~~IdfCWflF rpeet h
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advective/diffusive mass flux rate of embedded mass of species i for the previous time step. The
discrete mass balance for embedded radionuclide mass is then expressed in the form:

(S.Cembed ) - (SCcm.bd )n1 dCbed

S:ff C

+ (osW) (AiPrkfCombd - ichmbed)+ (OS.)" ),mbedCn.

(Eq. 6.5.3.5-10)

This equation is solved for the conversion rate ambed. This value, which is calculated from
information at time level n, is then used as the conversion rate in the mass balance for the
radionuclide concentration in solution at time level n+l-.

The above diffusive flux discussion considers the diffusive flux communication from cells within
a single continuum. For transport from the invert domain (single continuum) to the UZ (dual
continuum), the flux continuity condition at the interface provides the diffusive flux bifurcation
between the single continuum and the dual continuum.

The diffusive fluxes of radionuclide species i within the invert cell, the UZ fracture cell, and the
UZ matrix cell are, respectively,

F = ISWDAIWZ (C -C ) (Eq. 6.5.3.5-11)

= D, (CU - CA/uz)(

f =C(Eq. 6.5.3.5-12)

= fDf(Crsuz - Cyr),

- SwDm A,,X~
L. =- ( Cim) (Eq. 6.5.3.5-13)

= b.m (Clluz - Clm )If

where

Di = effective diffusion coefficient within the invert cell (cm2 st1),
D, = effective diffusion coefficient within the UZ fracture cell (cm2 s l),

D. = effective diffusion coefficient within the UZ matrix cell (cm2 s-1),
Al luz = diffusive area between the invert and UZ cells (mi2 ),

Li = diffusive length within the invert cell (in),
Lf = diffusive length within the UZ fracture cell (in),
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Lm = diffusive length within the UZ matrix cell (m) =Lf ,

C1, = concentration of radionuclide species i in the invert cell (kg i m 3),

Ctf = concentration of radionuclide species i in the UZ fracture cell (kg i m73),

C1m = concentration of radionuclide species i in the UZ matrix cell (kg i m-3),

C111Uz = concentration of radionuclide species i at the interface between the invert
and UZ cells (kg i mr3),

and the D = DA are respective diffusive conductances (cm3 s-I).
L

The flux continuity at the interface requires:

FgJ=Fj+Ftm. (Eq. 6.5.3.5-14)

From the flux continuity, the interface concentration of radionuclide species i is determined as a
function of the diffusive parameters and the cell concentrations as:

CIUZ = fCCm (Eq. 6.5.3.5-15)

This provides the invert intergranular and intragranular diffusive fluxes of radionuclide species i,
respectively, as:

F. D = D D (C1 -Cf)+ . ". ' (C1m-c ) (Eq. 6.5.3.5-16)
DI+Df +Dm DI +Df +D.

F D+ +D D ( Cb +b D m (Cm- Cf) (Eq. 6.5.3.5-17)

The expression for the diffusive flux of radionuclide species i from the invert cell to the UZ
fracture cell can be expressed as a diffusive conductance multiplied by a concentration difference
of radionuclide species i between the invert cell and the UZ fracture cell plus a corrective flux
between the UZ fracture and matrix cells. Similarly, the expression for the diffusive flux from
the invert to the UZ matrix cell is expressed as a diffusive flux between the invert and the UZ
matrix cell minus the same corrective flux between the UZ cells. The inclusion of the corrective
flux term is explained as follows. The flux to both UZ cells should depend on the diffusive
properties in the invert cell and the two UZ cells, together with the concentrations in these three
cells. Therefore, the flux to the UZ fracture cell cannot be expressed only in terms of the
concentration drawdown between the invert cell and the UZ fracture cell. The corrective term
includes the dependence of the UZ fracture flux on the concentration of radionuclide species i in
the UZ matrix cell. Further, the corrective flux term is not a true flux expression between the
two UZ cells, since the diffusive conductance coefficient is dependent on the diffusive area
between the invert and the UZ, and the diffusive lengths are the lengths with respect to flow from
the invert cell to the UZ cells.
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The UZ fluxes result in defining three diffusive conductances from the flux expressions:

I51 q _Ct1)=. DI Df C1  ~
j5 f(Cilj51+ bk +D,,,

D C, -C ) = ;DID (C1, _Cim)
im (Cii Cjm)= D ,D _ (C+,_Cv),

mD+ + Dm
J~miCim-c~=Db +Df, +Dm

(Eq. 6.5.3.5-1 8)

(Eq. 6.5.3.5-19)

(Eq. 6.5.3.5-20)

where

Dif = effective diffusive conductance between invert cell and UZ fracture cell
(cm3 stl);

DAm = effective diffusive conductance between invert cell and UZ matrix cell
(cm3 sI);

Dbf = effective diffusive conductance between UZ fracture and matrix cells
(cm3 s'I).

In order to accommodate the GoldSim representation of diffusive conductance as a two-term
expression, the diffusive conductances of radionuclide species i are written as:

D3i

DI.

I
L, L,

(OS.DA), [ ( fSWD) 1 (4WDA)
(iS'D)f + ( + LD)m _

LI+ Lm

F (OS.D). 1 (qOSi,DA).
(qOS'DA), [(OSD)f + (P.S,D).

(Eq. 6.5.3.5-21)

(Eq. 6.5.3.5-22)

Dmf
1

(Eq. 6.5.3.5-23)
Lr

(4iSwDA)f[L (L, (D) S.D().swD), ]

+ Lm
(OSwDA)m

Although the above approach is rigorous, it is complex and difficult to implement in the
TSPA-LA model. A second approach that is easier to understand and simpler to implement,
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while providing the same results as the above approach, is presented here. This approach
requires introduction of an interface cell, located between the invert cell and the UZ cells. This
interface cell provides an approximate interface concentration and the resulting flux split at the
invert-to-UZ cell interface. The interface cell is conceptualized as a very thin slice of the invert
cell. This implies the interface cell takes on the invert diffusive properties, with the exception of
diffusive length. Let the diffusive length within the interface cell be some small fraction (a scale
factor) of the invert diffusive length, say, Interface ScaleFactor = I0:

Li-in, = 10-6L, . (Eq. 6.5.3.5-24)

The diffusive conductance between the invert cell and the invert interface cell is calculated as the
harmonic average:

~1
Dl = L L (Eq. 6.5.3.5-25)

(OSwDA), (OSwDA)1_,1 7,

For diffusion between the interface cell and the UZ fracture and matrix cells, the diffusive
conductances of radionuclide species i are, respectively,

D =- ,1,= L + 1 (Eq. 6.5.3.5-26)

(0S.DA),Inj,, (OS.,DA)f

Diintim = . (Eq. 6.5.3.5-27)
I-nl I-Int + MV

(OS.DA)1-ens (O~S.DA).

The interface cell concentration of radionuclide species i is computed as part of the cell network
solution. Because the transport mass balance equations conserve mass, the mass flux leaving the
interface cell must equal the sum of the mass fluxes entering the two UZ cells. The solution
provides the flux continuity across the interface between the invert interface cell and UZ cells.
This formulation expects the flux exiting the invert cell (or entering the interface cell) is
approximately equal to the flux exiting the interface cell. This approximation is dependent on
the diffusive length within the interface cell. The error in this approximate solution approaches
zero as the diffusive length of the interface cell approaches zero.

6.5.3.6 EBS-UZ Boundary Condition Implementation in TSPA-LA

For TSPA-LA, a semi-infinite zero-concentration boundary condition is used for the EBS-UZ
interface. This is approximated by applying an effective zero-concentration boundary at
approximately three drift diameters below the invert-UZ boundary into the UZ. In an alternative
approach, a zero-concentration boundary condition can be used at the interface between the
invert and the UZ, which will result in an unrealistically high diffusive gradient through the
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invert. By moving the zero-concentration boundary some distance below the invert, a more
realistic diffusive gradient through the invert is achieved.

In the EBS-UZ interface submodel, the near-field UZ is modeled as a dual continuum of
overlapping UZ-matrix and UZ-fracture media. This approach is consistent with the
dual-permeability modeling approach used by the UZ transport model, as described in Particle
Tracking Model and Abstraction of Transport Processes (BSC 2004 [DIRS 170041]). The
matrix and fracture continua are represented in the EBS RT Abstraction by a two-dimensional
vertical array of cells oriented parallel to a cross section of a drift and located immediately
beneath a drift (Figure 6.5-5). This array consists of three columns or vertical zones, with each
zone containing both a fracture cell and a matrix cell. The invert is in direct communication with
the second or center zone of UZ matrix/fracture cells. Each zone is four layers deep in the
vertical direction. Thus, the array consists of twelve pairs of matrix and fracture cells within the
UZ. Laterally, each zone is one drift diameter wide, with the middle zone centered beneath the
drift, so that each layer of the array extends one drift diameter on either side of the drift. In the
longitudinal direction of a drift, the length of the array is equal to the length of the waste package
being modeled.

The thickness of the first (top) layer of cells is 10 percent greater than the average invert
thickness (0.597 m), or 0.6567 m. The thickness of the second layer is double that of the first
layer, or 1.3134 m. The third and fourth layers are given an arbitrary thickness of 5 m and 10 m,
respectively. A "collector cell" is placed beneath the fourth layer and is given a very large,
numerically infinite, water volume (1010 i 3) to simulate an effective zero-concentration
boundary. This collector cell acts as a sink for all the mass flow from the invert and UZ cells.

As depicted in Figure 6.5-5, each fracture cell interacts, via diffusive connection only, with the
matrix cell of the same zone. The fracture cell also interacts via diffusive connection vertically
with the fracture cell of underlying and overlying layers of the same zone. The matrix cell of
each zone interacts via diffusive connection laterally with the matrix cells of adjacent zones and
vertically with the matrix cell of underlying and overlying layers of the same zone.
Radionuclides diffuse based on the concentration gradient between cells. Advection occurs
downward only, from the fracture cell of one layer to the fracture cell of the underlying layer in
the same zone, and from the matrix cell of one layer to the matrix cell of the underlying layer in
the same zone; advection does not occur across zones. Each zone is spatially distinct. Each is
one drift diameter in width. The only connection possible between adjacent zones is through the
middle zone.
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Figure 6.5-5. Computational Grid in the EBS-UZ Interface Submodel
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The mass flux from the invert flows into the top layer of the middle zone in the UZ. The portion
of the advective flux from the invert that is attributable to the total dripping flux (F2) flows into
the UZ fractures. The imbibition flux into the invert (F7) flows out of the invert into the UZ
matrix. The diffusive flux from the invert can go into both UZ continua based on the
concentration gradient and effective diffusion coefficient. The advective flux flowing through
the UZ fracture cells in the middle zone is given by the greater of the advective flux out of the
invert (F1) and the steady state UZ fracture flux. Because of the application of a flow focusing
factor in the calculation of the total dripping flux (FI), the flux going into UZ fractures in the
EBS-UZ interface submodel can be greater than the steady state UZ fracture flux. The advective
flux in the two outer zones is given by the steady state UZ flow in each continuum at the
repository horizon; the drift shadow effects are ignored.

For the advective mass transport calculation shown in Equation 6.5.3.5-3, volumetric discharge
for the fracture and matrix continua is needed. Since fracture and matrix percolation flux
(described in Section 6.5.2 and provided by DTN: LB0307FMRADTRN.001 [DIRS 165451]) is
given as specific discharge, the volumetric flux is calculated by multiplying the percolation flux
for each continuum by the projected bulk area normal to the flux, where the projected area AUZ
is calculated as:

Auz = dDLwP, (Eq. 6.5.3.6-1)

where dD is the drift diameter (m) and Lwp is the length of a waste package (m). This area is
used for the diffusive and advective flux calculations between UZ cells. For the calculation
between the invert and UZ, the area A 1uz given by Equation 6.5.3.3.-4 is used.

The bulk volume calculation for each continuum is computed by multiplying the bulk volume for
each discretized zone in each layer (based on the geometry) by either the fracture porosity
(fracture fraction) or matrix porosity. Similarly, the water volume is calculated by multiplying
the bulk volume of each continuum by its respective saturation.

For diffusive mass transport, in the calculation shown in Equation 6.5.3.5-5, the effective
diffusion coefficient for the matrix continuum is calculated based on Equation 6-52 in
Drifi-Scale Radionuclide Transport (BSC 2004 [DIRS 170040]):

log,, D^ = -3.49+ 0.01380m + 0.1651og,, kme, (Eq. 6.5.3.6-2)

where Do! is the effective UZ matrix diffusion coefficient (cm2 sI), 0, is the matrix water
content (percent), and km. is the matrix effective permeability (M2) (BSC 2004 [DIRS 170040],
Equation 6-57):

km. = k,.km, (Eq. 6.5.3.6-3)

where k,,,, is the relative permeability of unsaturated zone tuff matrix (dimensionless), and km is
the intrinsic permeability of unsaturated zone tuff matrix (M2 ). The same value of the diffusion
coefficient is applied to the fracture diffusion coefficient as recommended by the Drift-Scale
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Radionuclide Transport (BSC 2004 [DIRS 170040]). The sampling of the input parameters is
described in Section 6.5.2.

The diffusive area between the fracture and matrix continua is computed by multiplying the bulk
volume by the fracture interface area, which provides the connection area per unit bulk volume.
This diffusive area is further reduced by the fracture-matrix interface reduction factor, given as
S" v where S,. is the effective fracture saturation, and r is the active fracture parameter (UZ

Flowv Models and Subinodels, BSC 2004 [DIRS 169861]). The effective fracture saturation
(Sf ) is computed as:

S = S-f -S~f, (Eq. 6.5.3.6-4)
1-S ~r

where Sf is the fracture water saturation, and Stir is the fracture residual saturation. The mass

flux of radionuclides from the invert domain to the dual continuum UZ, computed at the
boundary of the EBS-UZ interface (between the invert cell and the adjacent UZ matrix and
fracture cells), is passed to the UZ transport model for TSPA-LA calculations as described in
Particle Tracking Model and Abstraction of Transport Processes (BSC 2004 [DIRS 170041]).
In addition to the total mass flux, the relative fraction of the mass going into each of the fracture
and the matrix cells at the EBS-UZ boundary is required by the UZ transport model. This
fracture-matrix partitioning of mass is calculated on the basis of the mass fraction going into the
fracture continuum (compared to the matrix continuum) from the invert domain in the EBS-UZ
interface submodel. This partitioning is time dependent and captures the temporal processes
active in the EBS, such as varying radionuclide concentrations in the waste form, corrosion
products, and invert domains, and the changing water flux through various subcomponents of the
EBS. Furthermore, this partitioning is computed by solving the mass transport equations for the
EBS and part of the UZ as a coupled system with appropriate boundary conditions and adopting
a modeling approach consistent with the Multiscale Thernohlydrologic Model dual continuum
model for the invert (BSC 2004 [DIRS 169565]) and the dual continuum transport model for the
UZ (BSC 2004 [DIRS 170041]).

Sorption of radionuclides to the UZ matrix continuum is modeled by applying the devitrified tuff
Kd values from the UZ submodel. For sorption calculations, the mass of UZ matrix continuum is
calculated as: Vapb(l - bf), where Vb is the bulk volume of the matrix cell considered (M3 ), Or

is the fracture porosity (fraction), and Pbm is the dry bulk density of TSw35 matrix (kg m 3).

All three types of colloids are transported from the invert to the UZ cells. Groundwater colloids
are present in all four layers. The iron oxyhydroxide and waste form colloids with reversibly
sorbed radionuclides are modeled to be present in only the first two layers of the middle column,
making the groundwater colloid the only type of colloid available for far-field transport,
consistent with colloid-facilitated transport modeled in the UZ is covered in Particle Tracking
Model and Abstraction of Transport Processes (BSC 2004 [DIRS 170041]).
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6.6 MODEL FORMULATION FOR ALTERNATIVE CONCEPTUAL MODELS

6.6.1 Bathtub Flow Model

The conceptual model for the TSPA-LA is based on the presence of continuous flow paths
through the patches and stress corrosion cracks that penetrate the waste package. More
specifically, the TSPA-LA model conceptualizes that vertical flow of seepage into the waste
package, through the waste form and out of the waste package is not impeded by the location of
patches and stress corrosion cracks on the surface of the waste package. There is no long-term
build-up and retention of liquid within the waste package for flow and transport. There is also no
resistance to the flow through the waste form. The TSPA-LA approach attempts to maximize the
immediate release and mobilization of radionuclides into the local groundwater environment.
This approach is referred to as the "flow through" geometry.

An alternative conceptual model to the "flow through" geometry is the "bathtub" geometry
(Mohanty et al. 1996 [DIRS 130419]). The bathtub geometry allows seepage to collect within
the waste package before being released to the EBS. In theory, a bathtub geometry could result
in the sudden release of a large pulse of radionuclides when a package overflows with liquid or
when a second patch appears abruptly beneath the water line.

The "bathtub" effect would be most important during the period when only a few patches or
cracks have penetrated the drip shield and waste package. In this situation, there may be
penetrations through the top of the waste package while the bottom surface remains intact,
leading to retention of liquid. At later times, the presence of multiple penetrations makes a
"flow-through" geometry the more likely configuration.

The response of the bathtub geometry is evaluated for a primary case and for three secondary
cases. The primary case includes consideration of two limiting conditions on radionuclide
releases: dissolution rate limited and solubility limited. Tc is typical of dissolution rate limited
radionuclides. The Tc released due to waste dissolution can always be dissolved in the available
water because the solubility limit of Tc is high (BSC 2004 [DIRS 169425], Section 6.14). Np is
typical of the solubility limited type of radionuclide, where all the release of Np from dissolution
is limited by its low solubility (BSC 2004 [DIRS 169425], Section 6.6).

The results for the primary case are based on a closed form analytic solution with constant values
of inflow rate, dissolution rate, and solubility. The three secondary cases consider a step change
in inflow rate, such as would occur from a climatic change, a step change in water chemistry, or
a step change in flow geometry, as would occur if a patch suddenly appeared beneath the
waterline. The basic geometry and flow pattern for the primary bathtub model is shown in
Figure 6.6-1 (from Mohanty et al. 1996 [DIRS 130419], Figure 2-7) q1n is identical to F4 and in
Section 6.3.1.1.
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Liquid Overflow Level > --.. A-; J

Figure 6.6-1. Schematic of the Bathtub Geometry for the Waste Package

6.6.1.1 Primary Case

6.6.1.1.1 Dissolution-Rate-Limited Radionuclide

In this case, the concentration of radionuclides is limited by the rate of dissolution. Consider the
system shown in Figure 6.6-1, with a constant inflow rate, q1f, and let V, b be the total volume of
liquid that can be retained within the waste package before it overflows. The response of the
waste package is a two step process. During Step 1, the package is filling with liquid and the
outflow rate, qe,, is zero. This condition continues until the waste package fills with liquid at a

time, tfi,,, given by Vrb /qin . Step 2 occurs after time tf,,; the amount of liquid inside the waste

package remains constant, and qr = q1n . This is a steady state condition, consistent with the

assumption that qfi is constant and that liquid does not continue to accumulate within the
package. The following analysis also supposes there is complete contact between the liquid and
the waste form within the waste package, and that the dissolution rate is constant.

During Step 1, for time t such that 0<I < t<ffs, the dissolution of a radioisotope into the water

inside the waste package can be represented as:

,hi = rlko, (Eq. 6.6.1.1.1-1)

where

m; = the rate of release of radionuclide into the liquid (kg s')

r = the dissolution rate of the waste form (kg s'I)

a),= the mass fraction of radioisotope i released per unit mass of waste form

(dimensionless); a, is less than one for a waste form with multiple radionuclides.

During the fill period q0o, is zero, so the mass, mt), of radioisotope dissolved within the liquid
in the waste package at time t is given by:

m,() = r/o t, (Eq. 6.6.1.1.1-2)
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because r, and c, are constant. Similarly, the volume of liquid in the waste package at time I,

V(t), is given by:

V(t) = q1ft, (Eq. 6.6.1.1.1-3)

so the concentration of dissolved isotope i in the waste package, C,(1 ), is

CW = ml (t) = ), I r= k "(Eq. 6.6.1.1.14)

The concentration, C,(t), is constant during the fill phase because the values of r,, co,,and q1.

are chosen to be constant. This condition is appropriate because the dissolved mass, mn,, and the
volume of liquid, V, are linear functions of the time (and initially both are zero), so their ratio
remains constant.

The result in Equation 6.6.1.1.1-4 holds for each dissolution-rate-limited radioisotope i in the
waste form, although the numerical value of C,(t) differs because the mass fraction, wo, is
different for each isotope.

During Step 2, when t > fi, the radioisotope mass within the waste package is a balance

between the dissolution of radioisotope into the groundwvater within the waste package and the
loss of radioisotope due to outflow from the waste package:

h = rwa -q..,C(t). (Eq. 6.6.1.1.1-5)

Because the water inflow rate, waste form solubility, and mass fraction of radioisotope i all
remain constant, the concentration C,(t) remains constant even when the solution is removed at

a rate qo,,, . Therefore, at I > tfi,, the net rate of radionuclide release into the water inside the
waste package is zero (i.e., the dissolution rate is exactly offset by the outflow rate):

miy = ro),-q-qC, (t) = °. (Eq. 6.6.1.1.1-6)

For constant qt, with qON, = q n

CW = r, t .(Eq. 6.6.1.1.1-7)

The dissolved mass in the waste package is constant for t > tfill . In addition, the concentration of
dissolved radionuclide is constant for all time t >0, as shown by Equations 6.6.1.1.14 and
6.6.1.1.1-7. These results are reasonable because the waste package is in steady state for t > tonl.

This means that the inflow rate equals the outflow rate and that any loss of dissolved
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radionuclide mass in the outflow from the waste package is exactly balanced by the addition of
dissolved radionuclide mass from dissolution of the waste form.

The response for the comparable flow-through model has the same radionuclide concentration,
C,(t), and the same release flux, given by C,(t)q0,,,, as the bathtub geometry. The sole
difference between the flow-through and bathtub models is that the flux from the flow-through
model starts from t =0 while the flux from the bathtub model is zero until time tf,1f. The

bathtub model introduces a delay in the response but does not change the concentration in the
package or the mass flux out of the package.

Therefore, for the dissolution-rate-limited case, the flow-through model is bounding relative to
the bathtub model for radionuclide releases from the waste package. This analysis considers
advective transport with no sorption of radionuclides, whereas the current EBS transport model
includes sorption onto stationary corrosion products (retardation in the waste package) as well as
colloid-facilitated transport. In this analysis of alternative conceptual models, sorption onto
stationary corrosion products inside the waste package would effectively reduce the dissolution
rate. Since that rate is still constant and the same for both the flow-through and bathtub models,
sorption would affect the concentrations of radionuclides in the outflow, but would have no
impact on the conclusion that the bathtub model introduces a delay in releases compared to the
flow-through model. Sorption onto colloids would have the opposite net effect of increasing the
solubility and again would have no impact on the conclusions.

6.6.1.1.2 Solubility-Limited Radionuclide

The response for a solubility-limited radionuclide, in which the solubility limit of the
radionuclide is instantaneous achieved, is similar to that for a dissolution-rate-limited
radionuclide, in the sense that the bathtub model delays the release from the waste package but
does not change the dose rate.

During Step 1, 0 < t < tfif the amount of radionuclide dissolved in the groundwater in the waste

package can be represented as:

mi, = C,1 qj., (Eq. 6.6.1.1.2-1)

where C,, is the solubility limit of the radionuclide. If the groundwater chemistry is constant,
the solubility is constant and the mass, m,, of radioisotope retained in the waste package at time t
is:

m,(t) = Csqat. (Eq. 6.6.1.1.2-2)

The volume of liquid in the waste package at time t, V(t), is given by:

V(t) = qt, (Eq. 6.6.1.1.2-3)
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so that the concentration of dissolved isotope in the waste package is:

C,Q) = ml )= ( i = =C,5 . (Eq. 6.6.1.1.2-4)
V(t) q,~t

The concentration is constant during the fill phase and equal to the solubility limit, as would be
expected. This is true for each radionuclide in the system, although the numerical values of the
solubility limit vary.

For t > ton,, the mass balance within the waste package is a steady state condition given by:

Zi;, =C51 q1. -C 1 (t)q., =C51 q1 n -fLZ qour = 0. (Eq. 6.6.1.1.2-5)
tub

The solution to Equation 6.6.1.1.2-5 with qeta = q,,, is:

m(t)=C5 IVUb, (Eq. 6.6.1.1.2-6)

with

C, (t) = Cal (Eq. 6.6.1.1.2-7)

Again the dissolved mass in the waste package is constant for t > tn,, and the concentration of

dissolved radionuclide is constant at the solubility limit for all times i > 0.

The comparable flow-through model has the same radionuclide concentration, C.1, and the same

release flux, given by C,,,q.,, as the bathtub geometry. The sole difference is that the flux from
the flow-through model starts from t = 0 while the flux from the bathtub model is zero until time
t fll I The bathtub model introduces a delay in the response but does not change the dose rate.
Therefore, the flow-through model is again bounding relative to the bathtub model because
radionuclides are released with no delay time to the EBS.

6.6.1.2 Secondary Cases

The secondary cases evaluate the response of the bathtub model when changes occur in the
groundwater inflow rate, in inflow chemistry, or in the flow geometry.

6.6.1.2.1 Change in Inflow Rate

The response of a bathtub model to a change in inflow rate differs for a solubility-limited or a
dissolution-rate-limited radionuclide. The solubility-limited case is simpler because of chemical
equilibrium and is discussed first.

Consider a step change in inflow rate after the bathtub has filled for a solubility-limited
radionuclide. Since kinetic effects are ignored, the chemical system is always at equilibrium and
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the concentration within the waste package remains unchanged at the solubility limit. The only
change in the system is that the radionuclide mass flux out of the waste package changes
instantaneously from Cq 0 ,, to CCqout nco This response is exactly the same as it would be for the

flow-through model, so the response of the bathtub model is identical to that for the flow-through
model.

Now consider a step change in inflow rate after the bathtub has filled for a
dissolution-rate-limited radionuclide. In this case, the mass released per unit time remains
constant because the dissolution rate remains constant, but the radionuclide concentration comes
to a new equilibrium value. This new equilibrium value can be determined by
Equation 6.6.1.1.1-7, with the product of concentration and liquid inflow remaining constant:

C1,newqj,"" =Cj,.jdqj,.rd = r o) . (Eq. 6.6.1.2.1-1)

If the inflow rate decreases, the final concentration increases because the product of
concentration and liquid inflow remains constant. A flow-through model has an instantaneous
increase in concentration, whereas the bathtub model shows an exponential growth to the new
concentration. Thus, the flow-through model is bounding for concentration released into the
EBS because there is no delay in changing to the new increased radionuclide concentration.

The exponential growth to the new concentration can be seen as follows. The replacement of
"old" inflow with concentration C', od with "new" inflow with concentration C,'new is represented

through a parameter, A, the volume fraction of old inflow to VbIb, the total liquid volume in the

bathtub. The rate of change of the volume of old inflow, VoId, is given by:

dVod = -p ne =-fi qinnew. (Eq. 6.6.1.2.1-2)

Equation 6.6.1.2.1-2 represents the loss of old inflow through outflow, with the factor ,
representing the (decreasing) volume fraction of old inflow that is lost. By definition,

VWd
tu =Yb (Eq. 6.6.1.2.1-3)

Substituting this definition into the left-hand side of Equation 6.6.1.2.1-2 gives:

df? q .nnc 'O (Eq. 6.6.1.2.1-4)
dt VI~b

The solution to Equation 6.6.1.2.1-4 with initial condition 6 = 1 at 1 = 0 is:

/1=exp -l t (Eq. 6.6.1.2.1-5)
Vub
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which corresponds to an exponential decay of C1 from C,dd to C,,,W

If the inflow rate were to increase, the concentration would decrease. In a flow-through model,
the concentration would instantaneously decrease, whereas in the bathtub model, the
concentration would exponentially relax to the new concentration. The flow-through model is
then not bounding for concentration released into the EBS. The mass of radionuclide mobilized
is identical, as implied by Equation 6.6.1.2.1-1, but the dissolved concentration varies with the
amount of fluid flowing through the system. However, the TSPA-LA model passes mass to the
unsaturated zone, rather than concentration, so the difference between the flow through model
and the bathtub model for this case is not critical to performance.

Finally, a change in inflow rate during the initial period, when the bathtub is filling, only affects
the value of if, and hence the delay until the bathtub fills, after which it behaves as described in

Section 6.6.1. 1.

In summary, the response of the bathtub model to a change in inflow rate is identical to that of
the flow-through model for solubility-limited radionuclides. For dissolution-rate-limited
radionuclides, the response of the bathtub model is less bounding than the flow-through model
when the inflow rate decreases (and concentration increases). If the inflow rate increases
(resulting in a decrease in the outflow concentration of radionuclides), the bathtub model is more
bounding than the flow-through model for dissolution-rate-limited radionuclides.

6.6.1.2.2 Change in Inflow Chemistry

Consider a step change in inflow chemistry after the bathtub has filled. Initially, there will be
minor changes in concentration within the bathtub because the bulk of the water retains the
original inflow composition. Eventually the "old" groundwater is flushed out and replaced with
the "new" inflow, resulting in new concentrations within the bathtub.

As in the preceding section where a change in inflow rate was examined, the replacement of old
with new inflow can be represented through a parameter / representing the volume fraction of
old inflow in VbIb, the total liquid volume in the bathtub. The rates of change of the volumes of
old and new inflow are given by:

dVed = _-/ 3q, (Eq. 6.6.1.2.2-1)
di

and

dVm =q,/ -(-f)q,,, (Eq. 6.6.1.2.2-2)
dt

where Vd1d and V,,mw represent the volumes of inflow with the old and new chemistries,
respectively. Equation 6.6.1.2.2-1 represents the loss of old inflow through outflow, with the
factor /1 representing the volume fraction of old inflow that is lost. Equation 6.6.1.2.2-2
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represents the addition of new inflow and its partial loss through outflow. Remembering that
qou = qt because of the steady state assumption, it follows that:

dV1d dVe
di1 P j, t = , ,, (Eq. 6.6.1.2.2-3)

By definition:

P _ Vold

Ytub

(Eq. 6.6.1.2.2-4)

Substituting this definition into the left-hand equation in 6.6.1.2.2-3, it follows that:

d/3 = _ q,. = 1 A
dt Vub Ifif

(Eq. 6.6.1.2.2-5)

The solution to Equation 6.6.1.2.2-5 with the initial condition /3(0) = I is given by:

f3(t)=e .8a (Eq. 6.6.1.2.2-6)

It follows that the old and new volumes of inflow are given by:

V.id = V.,"e ,1 (Eq. 6.6.1.2.2-7)

and:

Vnn = Vhl>le f (Eq. 6.6.1.2.2-8)

These equations say that the volume fraction of inflow with the old chemistry decays
exponentially with the characteristic time Ifo . Alternatively, the volume fraction of new inflow

increases to 1.0 with a characteristic time of iif, for the exponential growth given by

Equation 6.6.1.2.2-8.

The impact of changing inflow chemistry on dissolution rate or solubility is much more difficult
to predict analytically because chemical interactions are nonlinear. More specifically, the pH of
mixtures of inflows is not proportional to /3 because the pH scale is proportional to the log of
the hydrogen ion concentration and inherently nonlinear and because potential chemical
interactions in mixtures, such as buffering, produce a nonlinear response. In addition, solubility
and dissolution rate are often complex nonlinear functions of the pH.
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Nonlinear response makes it particularly difficult to predict the time-dependent response for
solubility; however, the starting state and the ending state, for t >> ti,,, are well defined and can

be approximated to first order by:

C.,(t C3,Ode Ip +C,,,,,,,l-e ' (Eq. 6.6.1.2.2-9)

Consider the response when C,, ,,,, >> C,,.ldd. This condition can easily occur for the actinides,

where solubility increases by several orders of magnitude as pH changes from between 7 and 8
to a value below 6 or above 10. In the limit of large C Equation 6.6.1.2.2-9 becomes:

(C»nw >> C51 Id): C,,Q) Cun,,j Ie'#iJ. (Eq. 6.6.1.2.2-10)

In effect the initial solubility is negligible compared to C,,nw, and solubility at late times

increases to s,, from below. Alternatively, if C,, new << hi/od I

(dClnew << C3 ,1 0 d) C., (t) z CS,,O/de U+ CI/,new (Eq. 6.6.1.2.2-1 1)

Here the solubility decays towards a much smaller value in the new inflow mixture.

While the details of the time-dependent behavior are unknown, the starting and ending states
must be accurate and Equations 6.6.1.2.2-10 and 6.6.1.2.2-11 provide a simplified approximation
to the transition from one chemical regime to another. The dissolution rate could replace
solubility in Equations 6.6.1.2.2-9 through 6.6.1.2.2-11, and the same general conclusions would
hold.

In summary, the response of the bathtub model to a change in inflow chemistry is slower than
that of a flow-through model, where the solubility or dissolution rate changes abruptly with a
step change in inflow chemistry. The bathtub dampens or delays the response to a change in
inflow chemistry over a time scale on the order of tfn to 7tif,,. The upper estimate of 7tfo

corresponds to an exponential factor of e 7 or 0.0009, at which point Equation 6.6.1.2.2-11 has
reached an asymptote of C,,,,,,. The analytic models cannot predict the precise time dependence
because of the nonlinear effects of mixing on pH and of pH on solubility and dissolution rate.

The flow-through model overestimates radionuclide releases compared to the bathtub model
when solubility increases because the bathtub geometry delays the increase in radionuclide
concentrations and mass fluxes from the waste package to the EBS. The case of increasing
solubility or increasing dissolution rate is important because it will increase the peak dose rate.
The fact that the flow-through model is not bounding when solubility or dissolution rate
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decreases is therefore of less importance for performance assessment and is of secondary
importance in selecting the conceptual model for flow through the waste package.

6.6.1.2.3 Change in Patch Geometry

The geometry for the bathtub model allows seepage to collect within the waste package before
being released to the EBS. In the primary model (Figure 6.6-1), the patch is positioned such that
release is governed by the condition qo, = q,,, after the package fills with liquid.

As an alternative to the primary patch model, consider a waste package that does not have an
existing (outflow) patch on the side of the package, but instead has a second patch open abruptly
beneath the water line. While the radionuclide concentration within the waste package is
unchanged by the alternative location, failure results in the sudden release of a larger pulse of
radionuclide mass at the time the second patch opens. Mathematically, the flux of radionuclides
leaving the waste package in the primary model, Fp,,, is given by:

Fprj =C q., =C qi, =C, V'; (Eq. 6.6.1.2.3-1)

and the flux of radionuclides leaving the waste package in the alternative model, Fe,,,, is given
by:

F., C= V (Eq. 6.6.1.2.3-2)
At

where At is the time to empty the retained liquid through the second patch. In theory, it is
possible that At << tfif, so that F.,, >> Fp,,,.

Equations 6.6.1.2.3-1 and 6.6.1.2.3-2 have the same value for radionuclide concentration, C,, in
the retained liquid because the chemistry of the groundwater is independent of patch location.
Implicit in Equations 6.6.1.2.3-1 and 6.6.1.2.3-2 is that the second patch in the alternative
conceptual model occurs when the volume of liquid is identical to the capacity of the waste
package in the primary model.

The flow-through model produces an average release continuously, while the bathtub model with
the alternative flow path produces zero release initially, followed by a high pulse that soon
returns to the same flux as the flow-through model. In other words, the flow-through model
represents a time average of the response of the bathtub model. From this viewpoint, the
potential difference between F.,, and Fp,, is partly mitigated by the sorption and diffusion

processes in the unsaturated and saturated zones. The potential difference between Fe/, and FP,
is also small if the second patch appears shortly after the first penetration because there is less
retained liquid.

This alternative can also be thought of as being equivalent to the appearance of additional
penetrations in the waste package. This analogy is appropriate because additional penetrations in
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the waste package increase the inflow flux into the waste form, resulting in higher releases to the
EBS. The main effect of the alternative patch geometry model is to generate this increase earlier.
This is not considered a major difference because there is a wide range of variability in corrosion
rates for the TSPA-LA model (BSC 2004 [DIRS 169996]). The effect of the alternative patch
geometry model can then be reasonably considered to be captured within this variability.

The results and observations in this section (6.6.1.2.3) and throughout Section 6.6.1 are
appropriate for the general boundary conditions considered here. In other words, this
comparison is based on the full fluid flux into the waste package having access to all
radioisotopes in the waste. The model implemented in TSPA-LA, in which radionuclides are
mobilized in a mass of corrosion products around the fuel pellets, partly mitigates the differences
discussed here. This mitigation occurs because a large fluid flux will not transport radionuclides
at the solubility limit if the mass in solution is limited by the pore volume in a mass of corrosion
products. The situation is then similar to that mentioned at the end of Section 6.6.1.2.1, where
mass transfer to the unsaturated zone is the dominant issue, rather than dissolved concentration.

6.6.1.3 Summary

The response of the bathtub geometry has been evaluated for a primary case, with constant
boundary conditions and material properties, and for -three secondary cases. Analyses for the
three secondary cases consider a step change in inflow rate, a step change in inflow chemistry,
and a change in flow geometry, as would occur if a patch suddenly appeared beneath the
waterline. All cases include consideration of two types of radionuclide release mechanisms:
dissolution-rate-limited and solubility-limited. The comparisons are based on closed form
analytic solutions.

The key conclusions from the evaluation follow:

* The bathtub model introduces a time delay in the release of radionuclides from the waste
package to the EBS in comparison to the flow-through model for the primary case. The
flow-through model overestimates releases of radionuclides in relation to the bathtub
geometry for the primary case because there is no delay in release of radionuclides to the
EBS.

* The response of the bathtub model to a step change in inflow rate (secondary case 1) is
identical to the flow-through model for solubility-limited radionuclides. The response of
the bathtub model for dissolution-rate-limited radionuclides is to delay the change in
concentration and mass flux associated with the new inflow rate. The flow-through
model overestimates releases of radionuclides with respect to the bathtub geometry for
the case of decreasing inflow, when the concentration of radionuclide increases. The
case of increasing radionuclide concentration is of primary interest from a performance
or regulatory viewpoint since this case will result in greater releases.

* The response of the bathtub model to a step change in inflow chemistry (secondary
case 2) is to delay the change in concentration and mass flux associated with the new
inflow chemistry. Analytical models cannot define the exact time delay, which are
sensitive to nonlinear chemical effects when inflows mix. Limiting cases, when
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solubility increases or decreases by several orders of magnitude, have been examined to
define a first order approximation to the response of the chemical system.

The flow-through model overestimates releases of radionuclides relative to the bathtub
geometry when solubility or dissolution rate increase with changing inflow chemistry.
The flow-through model has an instantaneous change to the higher equilibrium value
while the bathtub geometry delays the change until the initial inflow is flushed out of the
waste package. Increases in radionuclide concentrations and fluxes are of primary
interest from a performance or regulatory viewpoint, so the underestimation of releases
of radionuclides in the flow-through model for decreasing solubility or dissolution rate
can reasonably be excluded from the TSPA-LA.

* The response of the bathtub model when a second patch opens instantaneously beneath
the water level in the waste package (secondary case 3) has also been analyzed. The
impact of the instantaneous opening is to release a pulse of radionuclides in comparison
to the flow-through model. The impact of this alternative conceptual model is mitigated
by the time delays introduced through sorption and diffusion in the unsaturated and
saturated zones. In addition, the higher mass flux from the alternative flow path is
similar to the impact from additional patches opening in the waste package. There is a
wide range of variability in corrosion rates for the TSPA-LA model, and the impact from
the instantaneous opening is encompassed in the uncertainty in corrosion rates.

The impact of this alternative flow model has therefore been screened out of TSPA-LA
analyses because of the potential mitigation from sorption and diffusion and because the
variability of corrosion rates provides large uncertainty in radionuclide release rates
from the waste package.

6.6.2 Limited Water Vapor Diffusion Rate into Waste Package

In this alternative conceptual model, a film of adsorbed water cannot form on the surface of
corrosion products if the water consumption rate is greater than the rate of diffusion of water
vapor into the waste package. Until a film of water forms on internal corrosion products
surfaces, diffusive releases of radionuclides through the adsorbed water cannot occur (according
to the in-package diffusion submodel). Thus, the resistance to diffusion of water vapor through
stress corrosion cracks delays releases until all of the corrodible materials inside a waste package
are fully degraded. It is implicit in this alternative conceptual model that stress corrosion cracks
appear before general corrosion patches form; this will not necessarily be the outcome of
TSPA-LA calculations.

The objective is to determine the length of time required to complete the corrosion of internal
component steels, which is equivalent to the delay from the time a waste package is first
breached by stress corrosion cracks until diffusive releases can first take place. This delay can
potentially be important since it provides additional time for decay to reduce the concentration of
radionuclides before they are released from a waste package. The rate of diffusion of water
vapor through stress corrosion cracks into the waste package is estimated and compared with the
rate of consumption of water by corrosion of steel internal components to show that diffusion
rates are less than corrosion rates. Then, at the rate limited by diffusion, the time needed to
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corrode the steels completely is calculated to give the delay before diffusive releases of
radionuclides can occur.

An example calculation is presented for a typical set of conditions in the drift and waste package
to estimate the time lag between appearance of stress corrosion cracks and the earliest times
when an adsorbed water film can first form through which radionuclides can diffuse. Suppose
that the temperature of the waste package and drift air is 501C, the relative humidity in the drift
is 95 percent, and the relative humidity is zero inside the waste package. Letting the humidity be
zero inside the waste package maximizes the water vapor concentration gradient between the
exterior and interior of the waste package. The diffusion distance is Ax = 2.54 cm, the thickness
of waste package outer lid (BSC 2004 [DIRS 169472]; BSC 2004 [DIRS 167394], Detail A).
This is the outer closure lid, made of Alloy 22, with a circumferential weld in which stress
corrosion cracks may develop. The average diffusive distance is greater - half the length of the
waste package interior, or about 240 cm for a 21-PWR (Note i in Table 6.5-8) - but the cross
sectional area is less in the stress corrosion cracks than in the waste package, or about 1.93 cm2

in the example calculation shown in Section 6.5.1.2.1.4.3 vs. 20,030 cm2 (cross-sectional area of
the inside of the outer corrosion barrier in a 21-PWR having a diameter of 1,597 mm; BSC 2004
[DIRS 166953], Section B-B), so diffusion through the cracks is the limiting segment of the path.

To calculate the diffusion rate, the concentration of water vapor in humid air is obtained from
psychrometric data. Equations for the determination of psychrometric properties are given by
Singh et al. (2002 [DIRS 161624]). At relative humidity RH (fraction) and temperature T (0C),
the partial pressure of water p,, (Pa) is:

p. =RH .po, (Eq. 6.6.2-1)

where p, (Pa) is the vapor pressure of water at T (IC), given by:

610.78 expE 17.269T 1 (OC < T < 63.0 C)

P. 127.269T (Eq. 6.6.2-2)
1610.78exp[23. +17.015T1 (63.0'C < T < IIOC).

I P[~236.3+1.01 585TJ

The absolute humidity Hm (kg water kg" dry air) is then:

HM M( P J( w)J (Eq. 6.6.2-3)
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where p is the total pressure, chosen to be one atmosphere (101325 Pa), M. is the molecular
weight of water (0.01801528 kg mol-), and Me is the molecular weight of air
(0.028964 kg moP') (Weast 1985 [DIRS 111561], p. F-150).

At 500C and a relative humidity in the drift of 95 percent, the vapor pressure of water, from
Equation 6.6.2-2, is p' = 12,334 Pa, so the partial pressure at RH= 0.95 is p" = 11,717 Pa.
Then the absolute humidity is 0.0815 kg water kg-' dry air.
The molal humidity is:

H . Ma oPW =0.1308molH 20mol'' dryair,
M. P-P.

(Eq. 6.6.2-4)

or 0.1156 mol H20 mot-' wet air. Assuming ideal gas behavior, with an ideal gas molar volume
of 22,414 cm3 molt (at 0C and I atm pressure) (Weast 1985 [DIRS 111561], p. F-194), the
concentration of water vapor in air at 500C and 95 percent relative humidity is:

(Ol5mol H20)(0.1156 mol 2 O'
C = mol air )WV ( cm' 0(323.15 K

(224 14~m3315
mol) 273.15 K

= 4.361 x 10-6 mol H 20 cm 3 . (Eq. 6.6.2-5)

To calculate the binary diffusion coefficient, the following equation is used (Bird et al. 1960
[DIRS 103524], Equation 16.3-1):

B T ) I/ I ( I _
DAB = M/( MB) (Eq. 6.6.2-6)

where:

DAB = the diffusion coefficient (cm2 so) for water (A) in air (B)
T = absolute temperature (K)
p = pressure (atm)
M = molecular weight (g mol')
a = 3.640 x 104 for H2 0 with a nonpolar gas
b = 2.334 for H2 0 with a nonpolar gas

subscript c refers to critical properties.
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For water (A), To = 374.1IC = 647.25 K, pA = 218.3 atm (Weast 1985 [DIRS 111561],
p. F-64), and MA = 18.01528 g mol'; for air (B), TB = 132 K, P¢B = 36.4 atm (Bird et al. 1960

[DIRS 103524], Table B-I), and MB =28.964 g moll (Weast 1985 [DIRS 111561], p. F-150).
Substituting these values into the above equation, the binary diffusion coefficient for water vapor
in air is:

2.334

DAB = (3.640 x 10 4  32(3.1)( ) [(218.3)(36.4)]I"3

( I + 1/2,A~

[(647.25X132.)]" (t218.01528 + 28.964) (10)-' (Eq. 6.6.2-7)

=0.3126cm2 S .

For diffusion of water vapor through stagnant air in the stress corrosion cracks, the rate of
diffusion is, from Fick's first law (Bird et al. 1960 [DIRS 103524], p. 503) for a binary system
with constant molar density:

q DAB A,,~ cc
ax

= DAB A C -= DAB4sAc a

el X 10-6 mO] (Eq. 6.6.2-8)
cm012 T 2 A I4.361x cm0= 326s) L.7 1cm J

=1.363x10-6 molcm-2 s l-.A,,

where A,, is the cross-sectional area (cm2) of stress corrosion cracks through which water vapor
can diffuse. The typical cross-sectional area of a stress corrosion crack is 7.7 x 10 m2 per stress
corrosion crack (Section 6.3.3.1.2.1). Using the example from Section 6.5.1.2.1.4.3 of 25 stress
corrosion cracks per waste package (BSC 2004 [DIRS 169996], Figure 26), A = 1.93 x 104 m2

= 1.93 cm2, and the rate of diffusion of water vapor is q=2.63 x 10.6 mol s4 = 83.0 mol
H20 yfl. Assuming a stoichiometry of 3 mol H20/2 mol Fe (to form Fe2O3), this water diffusion
rate allows carbon steel to corrode at a rate of 55.3 mol Fe yr .

When stress corrosion cracks first appear, water vapor that diffuses through will probably be
consumed by corrosion of the most reactive materials within a waste package, namely the
A 516 carbon steel that makes up the baskets. These steel components have an average
corrosion rate of 77.43 pm yr' (DTN: MO0409SPAACRWP.000 [DIRS 172059]; Spreadsheet
"aqueous-A516.xls"; Worksheet "Freshwater", 1 -year data at 60'C) and a maximum thickness of
3/8 in. (9.525 mm) (BSC 2004 [DIRS 169472], Table 1), for an average lifetime of about 123 yr.
From Table 6.5-9, the total A 516 steel in a 21-PWR waste package is 100,260 mol (assumed to
be Fe; hence, all corrosion products are Fe203 ). The rate of iron consumption over the average
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lifetime of this steel is about 815 mol Fe yr'. Two simplified reaction stoichiometries are
considered:

2 Fe + 3 H20 = Fe203 + 3 H2
Fe + 2 H20 = Fe(OH)2 + H2-

Anoxic corrosion of iron will typically result in Fe(OH) 2; however, to be consistent with the
in-package diffusion submodel, the first reaction is also assumed to occur, producing Fe2O3 as
the corrosion product. Assuming a stoichiometry of 3 mol H20/2 mol Fe (to form Fe2O3),
corrosion of 815 mol Fe yf I of A 516 carbon steel consumes 1,220 mol H20 yf'r, which is a
factor of 15 greater than the rate of diffusion of water vapor through stress corrosion cracks.
Another estimate uses the stoichiometry for the formation of Fe(OH) 2 (i.e., 2 mol H20 mol-' Fe),
which gives a water consumption rate of 1,630 mol H20 yf , a factor of 20 greater than the
diffusion rate of water vapor through stress corrosion cracks.

If the stress corrosion cracks are filled with porous corrosion products, the cross sectional area
for diffusion is less. For a porosity #.. of the stress corrosion crack, the effective cross sectional

area is A.cCeff = 4.. A, For a porosity of 0.4, AJc,.ff = 0.4(l.93 cm2)= 0.77 cm2. The corrosion

rates given above are now higher than the diffusion rate by an additional factor of I/05CC, or a
factor of 37 higher than the diffusion rate for Fe2O3 formation and a factor of 49 higher for
Fe(OH) 2 formation.

Another way to show the effect of the corrosion rate being limited by the rate of diffusion of
water vapor is to calculate the time required to corrode all of the steel in a waste package. As
shown above, the lifetime of the carbon steel components is 130 yr when not limited by the
availability of water. When the corrosion rate is limited by the water vapor diffusion rate, the
lifetime is greater than 130 years. The diffusion rate of 83.0 mol H20 yf I allows 55.3 mol
Fe yfI to corrode to Fe203, thereby requiring 100,260 mol Fe/(55.3 mol Fe yf ) = 1,810 years
for all A 516 steel components to degrade fully once stress corrosion cracks appear. To degrade
to Fe(OH)2 , where the stoichiometry is I mol Fe/2 mol H20, and the diffusion limited corrosion
rate is 41.5 mol Fe yf , would require 2,420 yr. Accounting for a typical 40 percent porosity in
the corrosion products increases these estimates to 4,530 yr and 6,040 yr, respectively.

A further refinement of these estimates includes corrosion of the stainless steel components in
addition to the carbon steel. Suppose that all intemal components corrode, and the composition
of the component materials is treated as in Section 6.5.1.2.1.3.2 and Table 6.5-9, in which all
elemental components of the metals are treated as though they were iron, on a molar basis.
Effectively 346,330 mol Fe are to be corroded at a rate limited by water diffusion through stress
corrosion cracks. Then 6,260 yr are required to consume all of the material to Fe2O3, at the
water vapor diffusion-limited rate of 55.3 mol Fe yrf . At the mean stainless steel corrosion rate
of 0.248 1tm yf1 (DTN: MO0409SPAACRWP.000 [DIRS 172059]; Spreadsheet "aqueous-
316L.xls"; Worksheet "freshwater", 50-100°C data), the 50.8-mm-thick inner vessel (BSC 2004
[DIRS 169472]; BSC 2004 [DIRS 167394], Detail A) has a lifetime of 205,000 yr. Assuming
that all 10,800 kg of the 316 stainless steel listed in Table 6.3-4 is part of the inner vessel or lids,
and that this is equivalent to 192,240 mol Fe (Table 6.5-9), the mean molar corrosion rate is
192,240 mol/205,000 yr = 0.94 mol yf 1. A stoichiometrically equivalent rate of water
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consumption due to stainless steel corrosion to Fe203 is 1.4 mol H20 yr', which is a factor of 59
less than the rate of diffusion of water vapor through open stress corrosion cracks
(83.0 mol H20 yr'I). In this case, water vapor diffusion through the stress corrosion cracks does
not control the rate of corrosion and water consumption. If the cracks are filled with corrosion
products to a porosity of 0.4, the rate of water vapor diffusion is less, as discussed earlier, and
may then control the rate of corrosion.

In Table 6.6-1, the time required to corrode all of the carbon steel or all of the stainless steel is
shown for various assumptions and conditions (temperature, relative humidity in the drift). If no
diffusive path can form until all of the steels are fully corroded, the time needed to corrode the
steel is effectively the time lag between the first appearance of stress corrosion cracks and the
first diffusive releases from the breached waste package. Depending on conditions and
assumptions, this delay can range from 630 yr (at 70'C) to more than 34,000 yr (at 30'C) even at
100 percent relative humidity in the drift. At lower relative humidities, the delay can be longer,
for example, more than 43,000 yr at 30'C and 80 percent relative humidity. In this table, the
water vapor concentration, C,,,, is obtained from Equations 6.6.2-4 and 6.6.2-5 as a function of
relative humidity and temperature. The water vapor flux through stress corrosion cracks, q, is
given by Equation 6.6.2-8. The corrosion rate, r,, is the stoichiometrically equivalent rate of
iron consumption that occurs when limited by the water vapor influx, q. The release delay is the
time, t, required to corrode through 10 mm of carbon steel or 50.8 mm of stainless steel at the

rate, r.017-

Table 6.6-1. Summary of Release Delays Resulting from Limitations on Diffusion
Through Stress Corrosion Cracks

of Water Vapor

Drift RH 0.8 0.9 0.95 0.99 1.00

T5= 60C, DAB = 0.313 cm2 s" l

C., (molam3) 3.67x104  | 4.13x104l 4.36x104 4.54x104-6 4.59x104  |
q (mol H20 yf') 69.9 78.6 83.0 86.5 87.3
rco. (mol Fe yr') 46.6 52.4 55.3 57.6 58.2
tcoff, Carbon steel only, Fe2O3  2,150 1,910 1,810 1,740 1,720
stoichiometry, open stress
corrosion cracks (yr)_

tc, Carbon steel only, Fe(OH)2  2,870 2,550 2,420 2,320 2,300
stoichiometry, open stress
corrosion cracks (yr)

tco,,, Carbon steel only, Fe2O3  5,380 4,780 4,530 4,350 4,310
stoichiometry, 0. = 0.4 (yr)

tcoff, Carbon steel only, Fe(OH)2  7,180 6,380 6,040 5,800 5,740
stoichiometry, #, = 0.4 (yr)

t6,,, All steel as stainless steel, 4,130 3,670 3,480 3,340 3,300
Fe2O3 stoichiometry, open
stress corrosion cracks (yr)

twot, All steel as stainless steel, 5,500 4,890 4,630 4,450 4,400
Fe(OH)2 stoichiometry, open
stress corrosion cracks (yr)
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Table 6.6-1. Summary of Release Delays Resulting from Limitations on Diffusion of Water Vapor
Through Stress Corrosion Cracks (Continued)

Drift RH 0.8 | 0.9 | 0.95 0.99 1.00
T=50

0
C,DAB=0.313cm sel

to, All steel as stainless steel, 10,320 9,170 8,690 8,340 8,250
Fe2O3 stoichiometry,

w = 0.4 (yr)
tof, All steel as stainless steel, 13,760 12,230 11,590 11,120 11,010
Fe(OH)2 stoichiometry,
O== 0.4 (yr)

T = 70°NC, DAB = 0.360 cM2 se'
C",, (molcm3) 8.75x104  | 9.84x104-6 1.04x10+5  1.08x10-5  1.09x104

q (molH 2Oyr') 192 215 227 237 239
rcoff (mol Fe yf') 128 144 152 158 160
tcarr, Carbon steel only, Fe2O3  790 700 660 630 630
stoichiometry, open stress
corrosion cracks (yr)
tco, Carbon steel only, Fe(OH)2  1,050 930 880 850 840
stoichiometry, open stress
corrosion cracks (yr)
tcor, Carbon steel only, Fe2O3  1,960 1,750 1,650 1,590 1,570
stoichiometry, O = 0.4 (yr)
tcf, Carbon steel only, Fe(OH)2  2,620 2,330 2,200 2,120 2,090
stoichiometry, c =0.4 (yr)
to, All steel as stainless steel, 1,510 1,340 1,270 1,220 1,200
Fe2O3 stoichiometry, open
stress corrosion cracks (yr)
to, All steel as stainless steel, 2,010 1,780 1,690 1,620 1,610
Fe(OH)2 stoichiometry, open
stress corrosion cracks (yr)
tact, All steel as stainless steel, 3,760 3,350 3,170 3,040 3,010
Fe2O3 stoichiometry,0 = 0.4 (yr)
t6,T, All steel as stainless steel, 5,020 4,460 4,230 4,060 4,020
Fe(OH)2 stoichiometry,
Os = 0.4 (yr)

T= 30RC, DAB = 0.269 crn2 s1

Ci, (mol cm4) ] 1.35x104 | 1.51x104  | 1.60x104 1.67x104  1.68x104

q (mol H20 yr' 22.1 24.8 26.2 27.3 27.6
rco,, (mol Fe yr )14.7 16.6 17.5 18.2 18.4

T= 300C, DAB = 0.269 cm2 el
tcotr, Carbon steel only, Fe2O3  6,820 6,060 5,740 5,510 5,450
stoichiometry, open stress
corrosion cracks (yr)
tars, Carbon steel only, Fe(OH)2  9,090 8,080 7,650 7,340 7,270
stoichiometry, open stress
corrosion cracks (yr)
tcaff Carbon steel only, Fe2O3  17,040 15,140 14,350 13,770 13,630
stoichiometry, = = 0.4 (yr)
tcofr, Carbon steel only, Fe(OH)2  22,720 20,190 19,130 18,360 18,170
stoichiometry,_4x = 0.4 (yr)
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Table 6.6-1. Summary of Release Delays Resulting from Limitations on Diffusion of Water Vapor
Through Stress Corrosion Cracks (Continued)

Drift RH 0.8 0.9 0.95 0.99 1.00
t,,,, All steel as stainless steel, 13.070 11,620 11,000 10,560 10,450
Fe2O3 stoichiometry, open
stress corrosion cracks (yr)
to, All steel as stainless steel, 17,420 15,490 14,670 14,080 13,940
Fe(OH) 2 stoichiometry, open
stress corrosion cracks (yr)
tcof, All steel as stainless steel, 32,670 29,040 27,510 26,400 26,140
Fe2O3 stoichiometry,
cc = 0.4 (yr)

ta, All steel as stainless steel, 43,560 38,720 36,680 35,200 34,850
Fe(OH) 2 stoichiometry,
C, = 0.4 (yr)

6.6.3 Limited Oxygen Diffusion Rate into Waste Package

Dry air oxidation under atmospheric conditions can also proceed once stress corrosion cracks
appear (CRNVMS M&O 2000 [DIRS 135968], p. 14). Therefore, the rate of oxygen diffusion
through cracks should also be considered, since oxygen diffusion may limit the corrosion rate.

The mean corrosion rate of Stainless Steel Type 316L under atmospheric conditions,
0.113 pm yr ' (DTN: M00312SPAPCEML.003 [DIRS 167409], Spreadsheet: atmospheric.xls,
Worksheet: 316) is lower than under aqueous conditions, 0.248 pm ye'
(DTN: M00409SPAACRNVP.000 [DIRS 172059]; Spreadsheet "aqueous-316L.xls"; Worksheet
"freshwater", 50-1000 C data). To compare the corrosion rate with the oxygen diffusion rate, the
lifetime of the waste package inner vessel is estimated, since this is the thickest component of a
waste package and will provide the longest component lifetime. The inner vessel is 50.8 mm
thick (BSC 2004 [DIRS 169472]; BSC 2004 [DIRS 167394], Detail A); with unlimited oxygen
availability, its lifetime is 50.8 mm/(0.1 13 x 103 mm yr') = 4.50 x 105 yr. An estimate of the
molar corrosion rate can be obtained by letting the effective Fe content of the Stainless Steel
Type 316 listed in Table 6.5-9 be inner vessel and lid material. Then the corrosion rate is
192240 mol/(4.5xI15 yr) = 0.43 mol Fe ye. Accounting for the stoichiometry to produce Fe2Q3
(3 mol 02/4 mol Fe):

4Fe+3 0 2 -+2Fe 2 03 .

This is equivalent to an oxygen consumption rate of 0.32 mol 02 Yf'.
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For nonpolar gas pairs, parameters a and b in the diffusion coefficient expression,
Equation 5.4.2-6, are 2.745xl04 and 1.823, respectively (Bird et al. 1960 [DIRS 103524],
Equation 16.3-1). Using the appropriate parameters for oxygen (A) diffusing in air, TL = 154.58

K, pA = 5.043 MPa = 49.77 atm (Weast 1985 [DIRS 111561], p. F-62), and MA =31.9988
g mol', it follows that:

1.823

DAB = (2.745 x 10-4 (t ).)1 [(49.7X36.4)]3

1  +1/2
[(154.58XI32.)]""1 1 + 1 (I0)-1

(31.9988 2.6
(Eq. 6.6.3-1)

=0.2374 cm2 s'I.

Let the oxygen concentration in air in a drift outside a waste package be the same as in the
atmosphere: 20.946 volume-percent (Weast 1985 [DIRS 111561], p. F-156) or 0.20946 mol
02 mol 1 air. As an example, suppose the temperature is a uniform 50'C. With
22,414 cm3 mol1, the °2 concentration is:

(0.20946 MO'0 2 )

C mol air
02 cm )(323.15 (Eq. 6.6.3-2)

mol 273.15)

=7.899x 106 mol 02 cm' 3 air.

Inside a waste package, suppose the oxygen concentration is essentially zero. For an example
with 25 stress corrosion cracks (Section 6.5.1.2.1.4.3) with a total cross-sectional area of
1.93 cm2 , the rate of diffusion of oxygen is:

ACx
q = D 8 A 2

cm2 'f 7.899x106 MoO 0 2=02375 cm (l.93 CM2 )~ c cm3 J3.1556926 x107 J (Eq. 6.6.3-3)

= 114 mol 02 yr' .

In this case, the corrosion rate is limited by the reaction kinetics, rather than the rate of diffusion
of oxygen, since the oxygen diffusion rate is about 360 times greater than the oxygen
consumption rate due to stainless steel corrosion under atmospheric conditions (114 mol yf' vs.
0.32 mol yf' ). If corrosion products fill the stress corrosion cracks to a porosity of, say 0.4, the
diffusion rate is still 140 times greater than the oxygen consumption rate due to stainless steel
corrosion.
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Accounting for the stoichiometry to produce Fe203 (3 mol 02/4 mol Fe), the oxygen diffusion
rate is equivalent to an iron consumption rate of 152 mol Fe ye'. At the same temperature
(50'C), water vapor diffusion allows, at most, 58.2 mol Fe yr<' (Table 6.6-1, RH= 1.0) to be
consumed, primarily because the water vapor concentration in air is much less than the oxygen
concentration, so the gradient into the waste package is smaller. However, the reaction rate of
iron with oxygen is lower than that of iron with water, so the steel components inside a waste
package have a lesser affinity for oxygen than for water.

These calculations indicate that a more accurate mass balance for water and oxygen inside a
waste package could reduce predicted releases of radionuclides to the invert, and thus releases to
the accessible environment. Releases could be delayed for several thousand years compared
with current estimates as the corrosion of fuel baskets and inner vessel components scavenges
water and oxygen that diffuse through small stress corrosion cracks (providing general corrosion
patches do not form first). Formation of a diffusive pathway could then be delayed until
corrosion of iron-based materials is largely completed.

Despite the potential for delays in releases of radionuclides predicted by these models,
uncertainty exists in the processes that are modeled. The assumption that no water is physically
adsorbed until all steel is corroded is questionable, since adsorption is typically a fast process.
On the other hand, if water consumption by corrosion does keep the relative humidity lower
inside the waste package than outside, the effective water saturation could be less than when
calculated using the humidity of the drift. If this occurs, calculated diffusion coefficients are
simply lower than given by the in-package diffusion submodel, rather than zero, but for the time
required for the internal components to corrode. The net effect is similar to what these
alternative conceptual models predict. The corrosion rates that have been used are for aqueous
conditions, which might exist on a microscopic scale. However, to be consistent with the
assumption here that no adsorbed water film forms, rates in a low-humidity gaseous environment
should be used. This increased realism would increase the time required for complete corrosion
of the steel.

6.6.4 Dual-Continuum Invert

The LA invert design (BSC 2004 [DIRS 169503]) uses crushed tuff as the invert ballast material.
This material is actually comprised of two pore spaces - intragranular pore space (tuff particle
matrix) and intergranular pore space. Although radionuclide transport by both advection and
diffusion can occur in both pore spaces, the dominant flow and transport processes in each of
these two pore spaces is generally different. In order to simulate flow and transport through the
invert accurately, the invert may be conceptualized as overlapping dual continua and modeled
using a dual-permeability approach (Simunek et al. 2003 [DIRS 167469], p. 22), wherein flow
and transport occur in both pore spaces, and mass transfer takes place between the two pore
spaces.

Transport through the drift invert can occur either through the intergranular porosity of the invert
ballast material or through the intragranular porosity. Advective transport depends upon the
liquid flux through each of these porosities. Diffusive transport through each of these porosities
depends upon the diffusive properties associated with each pathway. For this alternative
conceptual model, the invert is modeled as overlapping dual continua in which one continuum is
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represented by the intergranular porosity and the other continuum is represented by the
intragranular porosity, as shown in Figure 6.6-2.

Whereas the single-continuum invert model, as shown in Figure 6.3-1, has a single advective
flow path (Pathway 8) from the invert to the unsaturated zone, the dual-continuum invert has two
potential advective flow pathways, as shown in Figure 6.6-2:

Pathway 8 Flux from the Intragranular Invert Continuum to the Unsaturated
Zone - Advective flux from the invert intragranular continuum flows directly
into the UZ matrix.

Pathway 9 Flux from the Intergranular Invert Continuum to the Unsaturated Zone -
All advective flux from the invert intergranular continuum flows directly into
the UZ fractures.

In this model, no advective flux occurs between the two invert continua. Thus, the flux through
pathway 8 is identical to the imbibition flux, pathway 7: Fs = F7.

Ignoring three-dimensional effects (e.g., flow along the axis of the drift), the quasi-steady state
flux through the intergranular invert continuum is equal to the seepage flux: F9 = Fl.

This alternative conceptual model for flow and transport through the EBS includes five domains:
the waste form (e.g., fuel rods or HLW glass), waste package corrosion products, the
intergranular invert continuum, the intragranular invert continuum, and the invert/UZ interface
domain. The first two domains are the same as in the base case model. The third domain (the
intergranular invert continuum) is in intimate contact with the waste package and has an average
thickness of 0.597 m (Section 6.5.3). The fourth domain (the intragranular invert continuum) is
also in intimate contact with the waste package and has the same average thickness, 0.597 m, as
the intergranular invert continuum.

Table 6.6-2 summarizes the transport modes and transport parameters for the transport pathways
in the EBS when the invert is modeled as a dual continuum.

The diffusive fluxes to the dual invert continua are determined from the flux continuity at the
interface between the corrosion products domain and the invert continua. This requirement
states that the diffusive flux exiting the corrosion products domain is equal to the sum of the
diffusive fluxes entering the two invert continua. The diffusive flux split will depend on the
diffusive properties in the corrosion products domain and both invert continua together with the
concentration gradients across the corrosion products domain/invert interface.
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Figure 6.6-2. Schematic of the Potential Flow Pathways in the EBS
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Table 6.6-2. Summary of Transport Modes and Parameters for the EBS Transport Pathways with
Dual-Continuum Invert

Transport Pathway Transport Modes Transport Parameters and Data Sources
1. Waste form and Diffusion through stress No lateral or forward dispersion.

corrosion products corrosion cracks (no Colloidal particles will transport radionuclides.
domains advective transport through Diffusive area for each stress corrosion crack is

stress corrosion cracks). 7.7 x 10 8 m2 (see Section 6.3.3.1.2.1).
Diffusion and advection Diffusive area for each patch is provided by WAPDEG
through patches. (BSC 2004 [DIRS 169996]).

Diffusion coefficient (all radionuclides):
* 2.299 x 10.5 cm2 s" at 250 C (Mills 1973

[DIRS 133392], Table l1l)
* Modified for porosity and saturation (see Section

6.5.1.2.1.4)
* Reduced by a factor of 100 if radionuclide is

bound to a colloid (see Section 6.3.4.4).
The cross-sectional area AcpAn,,, for radionuclide
transport is given by the interface between the waste
package corrosion products domain and the invert
domain.
See Section 6.5.3 for further details.

2. Intragranular invert Diffusion from corrosion No advection from corrosion products domain into
continuum products domain into the invert intragranular continuum

invert intragranular Diffusion coefficient (all radionuclides):
continuum. * 2.299 x 105 cm2 sel at 251C (Mills 1973

[DIRS 133392], Table Ill)
* Modified for porosity and saturation (see

Section 6.3.4.1)
* Temperature modification defined in

Section 6.3.4.1.2
* Reduced by a factor of 100 if radionuclide is

bound to a colloid (see Section 6.3.4.4).
Flow cross-sectional areas given by the top surface
area of the Invert, Awz (Equation 6.5.3.3-4).

3. Intergranular invert Diffusion and advection (Fe) Liquid flux for advection = F6 = F5 (diverted by WP) +
continuum corrosion products domain F4 (flux through WP) + F3 (diverted by drip shield).

into the invert intergranular Diffusion coefficient (all radionuclides):
continuum. * 2.299 x 10- 5 cm2 S-1 at 251C (Mills 1973

[DIRS 133392], Table Ill)
* Modified for porosity and saturation (see

Section 6.3.4.1)
* Temperature modification defined in

Section 6.3.4.1.2; invert temperature is provided
by Multiscale Thermohydrologic Model
calculations (BSC 2004 [DIRS 169565]

* Reduced by a factor of 100 if radionuclide is
bound to a colloid (see Section 6.3.4.4).

The cross-sectional area Apuz for radionuclide
transport is the top surface area of the invert
(Equation 6.5.3.3-4).
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Table 6.6-2. Summary of Transport Modes and Parameters for the EBS Transport Pathways with
Dual-Continuum Invert (Continued)

Transport Pathway Transport Modes Transport Parameters and Data Sources
4. Invert intragranular- Diffusion between the invert Mass transfer coefficient uses (see Section 6.6.4.1):

intergranular intergranular continuum and * Diffusion coefficient of the intragranular continuum
interface the intragranular continuum.

* Sampled geometry-dependent factor, 13
(invertGeometryCoef)

* Diffusive path length equal to mean invert tuff
particle radius, 5 mm.

Parameters are dependent on discretization of the
invert model; see Section 6.5.3.5 for discretization and
Implementation details.

5. Invert-UZ interface Advection from the Invert The invert diffusion calculation uses radionuclide
intragranular continuum to UZ concentrations in the WP corrosion products domain
matrix (Fe). as the boundary condition at the top of the invert and a
Advection from the invert series of unsaturated zone computational cells below
intergranular continuum to UZ the invert that provide a gradient to a zero radionuclide
fractures (F9). concentration at some distance from the bottom of the
Diffusion from the Invert Invert. See Section 6.5.3.6.
intragranular continuum to UZ
fractures and matrix.
Diffusion from the invert
intergranular continuum to UZ
fractures and matrix.

WP = waste package

For discussion of the diffusive flux treatment at the corrosion products domain/invert interface
consider a diffusive flux term, either aqueous or colloid flux, within the transport mass balance
equation. Let Zjnerfa. denote the spatial location of the corrosion products domain/invert
interface. Then for z < zinlerface, the diffusive flux for radionuclide species i at a location within
the corrosion products domain is:

'cpSW cpDcp acr,.
az

(Eq. 6.6.4-1)

where Ocp is the porosity of the single-continuum corrosion products domain.

For z > zinterface I the diffusive fluxes within the intergranular invert and intragranular invert media
are, respectively,

OinterSw InterDinter , Z 98Z
(Eq. 6.6.4-2)

ObjntraSw intraDinmr ..- az (Eq. 6.6.4-3)
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The mass transport across this interface is coupled by the flux continuity condition at the
interface:

OCS.cp cp cp =__S.___,,

ZCz SCPDC P =az 6 nt+winr et (Eq. 6.6.4-4)

+ SifD. Oniraza

where

C and -

are the derivative from the left and the derivative from the right, respectively, at the interface.

A similar flux continuity condition for each invert continuum is applied at the invert/UZ
interface.

6.6.4.1 Invert Dual Continuum Interface Transfer

If a gradient exists in the concentration of dissolved radionuclide species i or of colloids that
contain radionuclide species i, mass will be transferred across the interface between the two
continua. The mass transfer coefficients for dissolved species and colloids, a (given by
Equation 6.5.1.2-22), are dependent on the geometry and diffusivity in the neighborhood of the
interface.

Mass will also be transferred with advective flow across the interface as a result of head or
pressure gradients between the two continua, for example, when imbibition into the tuff matrix
(i.e., intragranular continuum) occurs. This effect is ignored in the invert since it should be a
short term and infrequent occurrence.

When advective interface mass transfer is neglected, the mass transfer coefficient has the form
(Gerke and van Genuchten 1996 [DIRS 167466], p. 345; Corapcioglu and Wang 1999
[DIRS 167464], p. 3263; Simfinek et al. 2003 [DIRS 167469], pp. 28 and 30):

a= 6D¢, (Eq. 6.6.4.1-1)

where 8 is a dimensionless geometry-dependent coefficient, d is a characteristic length (m) of
the matrix structure (e.g., half the aggregate width or half the fracture spacing), and D, is an
effective diffusion coefficient (cm2 sl) that represents the diffusion properties of dissolved
species at the interface between the two continua for radionuclide species i. For colloids
containing sorbed radionuclides, D, represents the diffusion properties of those colloids at the
interface between the two continua. Since the self diffusion coefficient of water is used as a
bounding value for all radionuclides, the subscript on the diffusion coefficient in
Equation 6.5.1.2-22 can be dropped in Equation 6.6.4.1-1.
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Mass transfer coefficients obtained analytically using Laplace transform comparisons derived
values for a of 3 for rectangular slabs, 8 for solid cylinders, and 15 for spheres (Gerke and van
Genuchten 1996 [DIRS 167466], p. 345). Values of /3 have also been obtained (Gerke and van
Genuchten 1996 [DIRS 167466]) by directly matching analytical solutions of the diffusion
models to results obtained with the first-order model such as Equation 6.5.1.2-18. Gerke and van
Genuchten (1996 [DIRS 167466]) derived an empirical expression to estimate /3 for complex
and mixed types of structural geometry. A dimensionless surface-area-to-volume ratio of a

particle, 4 = Vy ag, is defined, where ag is the effective length of the matrix pore system; for

example, for a cylinder, ag is the radius; for a cube, ag is half the length of a side; for a sphere,

ag is the radius. Thus, for a cylinder, ; = 2, and for a sphere and a cube, 4' = 3. For values

2 < • 10, Gerke and van Genuchten (1996 [DIRS 167466], p. 354) give the following fitted
empirical expression:

,/3=11.4275 -7.4438; +135473,2. (Eq. 6.6.4.1-2)

For cubes and spheres, Equation 6.6.4.1-2 gives a value for /3 of 21.0, and for a cylinder,
,/ = 10.7. Since the geometry of crushed tuff invert particles is uncertain, these estimates of /3
help to establish a range of values over which a can be sampled.

The crushed tuff invert material will be produced by a tunnel boring machine that will excavate
the drifts for the repository. The cuttings from TBMs can be characterized as generally well
graded material containing large flat and elongated chips and moderate excess of fines (Gertsch
et al. 1993 [DIRS 107880], p. 20). Tests done on samples of TSw2 tuff using a linear cutting
machine produced cuttings that, in the plus inch fraction, were elongated and flat, while the finer
particles were more cubic (Gertsch et al. 1993 [DIRS 107880], p. 42-43). The operating
parameters expected to be utilized in the Yucca Mountain Project tunnel boring machine will
reduce the maximum particle size and result in the particles being more cubic (Gertsch et al.
1993 [DIRS 107880], p. 44). Particle sizes for the invert material will range from 0.075 mm
(No. 200 sieve) to 50 mm, with 50 percent of the particles passing a 10-mm sieve (BSC 2004
[DIRS 170559], Sheet 2). Therefore, the average diameter for invert crushed tuff particles
(spherical or cylindrical) is 10 mm; if the particles are treated as cubes, the average length of a
side is 10 mm. The characteristic length d (Diff LengthInv_Inter Intra) is the radius or half the
distance through a cube, or 5 mm.

The invert material will be composed of particles that are roughly spherical or cubic, along with
elongated particles that can be considered roughly cylindrical. For cylinders, cubes, and spheres,
estimates of / (Invert-GeometryCoet) range from 8 to 21. A particle shape distribution is not
available; therefore, a uniform distribution for /3 is appropriate.

The model for the mass transfer between overlapping continua is represented by the diffusion of
solute on a macroscopic control volume scale, i.e., between two entire domains or computational
cells, rather than on the elemental volume scale used to formulate the mass balance equations in
Section 6.5.1.2. Consequently, the mass transfer between the tvo invert continua is not written
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as a gradient of diffusive mass flux with respect to the coordinate dimensions. In the discrete
formulation, this flux is modeled as a diffusive flux between two invert cells. For the discrete
realization of the invert continua mass transfer, the diffusive length within the intergranular
continuum is taken to be zero. This is a result of the water within the intergranular continuum
consisting of a film of negligible thickness on the surface of the intragranular materials. The
diffusive length within the intragranular continuum depends on some mean diffusive length
within the crushed tuff material. This diffusive length is taken as a mean radius of spherical
particles, 5 mm. The diffusive area is estimated as the surface area of all spherical particles
necessary to fill the invert volume. Therefore, the characteristic length parameter, d, is identified
as the diffusive length (5 mm) within the intragranular continuum.

6.6.4.2 Discretization of Dual-Continuum Invert Alternative Computational Model

Discretization of the continuum mass balance equations for EBS transport model is described in
Section 6.5.3.5 for a single-continuum invert. Numerical modeling of the EBS radionuclide
transport is performed using the GoldSim softvare (Golder Associates 2003 [DIRS 166572]) cell
pathway capability. The cell pathway acts as a batch reactor, where radionuclide mass is
assumed to be instantaneously and completely mixed and partitioned among all media (fluid or
solid) within the cell. When multiple cells are linked together in a cell network via advective and
diffusive mechanisms, GoldSim numerically solves the coupled system of equations to compute
the radionuclide mass present in each cell and the mass fluxes between cells as a function of
time.

Within a computational cell network, each cell is allowed to communicate by advection and/or
diffusion with any other cell. This concept is crucial in implementing the bifurcation of diffusive
fluxes across an interface between a single continuum domain and a dual continuum domain,
such as at the interface between the corrosion products domain and the dual continuum invert
domains. Each computational cell is provided with parameters describing water volumes,
diffusive properties, and advective and diffusive flux links to other cells. Between any two cells,
the diffusive flux can be bidirectional, depending on the concentration gradient, while the
advective flux is unidirectional. The output of a cell is given in terms of the advective and
diffusive mass fluxes for radionuclide species i and its concentration at the cell center.

In this alternative conceptual model, the invert is conceptualized as a dual continuum domain of
intergranular and intragranular continua. The discretization of the invert domain, using
GoldSim, consists of two cells - one representing the invert intergranular continuum and the
other representing the invert intragranular continuum.

Between the corrosion products and invert domains, an advective flux communication exists
from the corrosion products cell to the invert intergranular cell only; none enters the
intragranular invert cell. Any advective flux due to imbibition from the host rock to the invert
enters the intragranular cell only. The advective exchange from the intergranular continuum to
the intragranular continuum is excluded by capillary pressure differences. Diffusive flux
communication exists between the single continuum corrosion products and dual continuum
invert. It is shown subsequently in this section how the diffusive flux bifurcation at this interface
satisfies the flux continuity condition (Equation 6.5.1.2-53). The mass balance transport
equations for the dual continuum invert cells are coupled by the radionuclide mass transfer flux
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(Section 6.6.4.1), which is represented within GoldSim as a diffusive flux link between the
intergranular and intragranular invert cells.

Below the invert, part of the near-field UZ is modeled by an array of cells, which serves to
establish a far field zero-concentration boundary and an accurate representation of the flux at the
invert-to-UZ interface. The EBS-UZ interface submodel is described in more detail in
Section 6.5.3.6. The dual continuum approach for modeling the UZ is considered by creating
UZ matrix and fracture cells. The two invert cells communicate with the UZ matrix and fracture
cells directly below them in the UZ cell array (Section 6.5.3.6).

For transport from the corrosion products domain (single continuum) to the invert domain (dual
continuum), the flux continuity condition at the interface provides the diffusive flux bifurcation
between the single continuum and the dual continuum.

The diffusive fluxes of radionuclide species i within the corrosion products
intergranular cell, and the invert intragranular cell are, respectively,

Ficp - (= ) (cCP - CiCP'lnvint)

= DC -(CICP-c)CPlnvint)I

linter = Liner (ICPIvintl n

= DeIer (c 10, 1 nvint - Ciinter) 9

F =0SwDA=intra (C -C )
Lin v Cr

cell, the invert

(Eq. 6.6.4.2-1)

(Eq. 6.6.4.2-2)

(Eq. 6.6.4.2-3)

where

Dcp = effective diffusion coefficient of radionuclide species i within the corrosion
products cell (cm2 s-1)

Dinter = effective diffusion coefficient of radionuclide species i within the invert
intergranular cell (cm2 s-.)

Dintra = effective diffusion coefficient of radionuclide species i within the invert
intragranular cell (cm2 sl)

LCP = diffusive length within the corrosion products cell (m)

Lintcr = diffusive length within the invert intergranular cell (m)

Li",ra = diffusive length within the invert intragranular cell (in)

= Lintwr
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CIcp = concentration of radionuclide species i in the corrosion products cell
(kg i mr3)

Citnter = concentration of radionuclide species i in the invert intergranular cell
(kg i mr3)

Clintra = concentration of radionuclide species i in the invert intragranular cell
(kg i mr3)

CiCPIjnvjnt = concentration of radionuclide species i at the interface between the
corrosion products and invert cells (kg i mr3)

and the 15 = DA are respective diffusive conductances (cm 3 s l).
L

The flux continuity at the interface requires:

Fcp = Fllner + Fifntra* (Eq. 6.6.4.2-4)

From the flux continuity, the interface concentration of radionuclide species i is determined as a
function of the diffusive parameters and the cell concentrations as:

C _ ~DpCPCcp + D,.,e,Cj,i,., + D.n,,.Ci,X,,.( 6425
IC+PlDnvint =( E "". q. 6.6.4.2-5)

DCP + Dinter + D,,,,r.

This provides the invert intergranular and intragranular diffusive fluxes of radionuclide species i,
respectively, as:

DcpDinter
Flinter = ^Bp ^ + 1 , cp-li')

(Eq. 6.6.4.2-6)
Dint1, Dintra ̂  ( ,-

Dr,, + D,'P*,. (Citnira - Ciinter)DCp + BDnter + DI.. lna ne

Flontra = B + K CP - .in"Dinr cp + Dm,~,g, + D,..

(Eq. 6.6.4.2-7)
DinterDincra - C

Dcp +ner Di.,,,n+ Di..)

The expression for the diffusive flux of radionuclide species i from the corrosion products cell to
the invert intergranular cell can be expressed as a diffusive conductance multiplied by a
concentration difference of radionuclide species i between the corrosion products cell and the
invert intergranular cell plus a corrective flux between the invert intergranular and intragranular
cells. Similarly, the expression for the diffusive flux from the corrosion products to the invert
intragranular cell is expressed as a diffusive flux between the corrosion products and the invert
intragranular cell minus the same corrective flux between the invert cells. The inclusion of the
corrective flux term is explained as follows. The flux to both invert cells should depend on the
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diffusive properties in the corrosion products cell and the two invert cells, together with the
concentrations in these three cells. Therefore, the flux to the invert intergranular cell cannot be
expressed only in terms of the concentration drawdown between the corrosion products cell and
the invert intergranular cell. The corrective term includes the dependence of the invert
intergranular flux on the concentration of radionuclide species i in the invert intragranular cell.
Further, the corrective flux term is not a true flux expression between the two invert cells, since
the diffusive conductance coefficient is dependent on the diffusive area between the corrosion
products and the invert, and the diffusive lengths are the lengths with respect to flow from the
corrosion products cell to the invert cells.

The invert fluxes result in defining three diffusive conductances from the flux expressions:

k (Cliter (CP- C i.) = DCg. DngD (C - Ciiner)I
Dcpiinge. ici' liEnger Dp+D),Ae, +DAnra

DCPintr (c1CP - Cilngr ) = kDbrAintra- (C-Ci - Cg,.a)
Djp +gb, + Dn,

binm inAr(trgr -c, 1 1,)e (Crng _- 11'e)

(Eq. 6.6.4.2-8)

(Eq. 6.6.4.2-9)

(Eq. 6.6.4.2-10)

where

Dcpliner = effective diffusive conductance between corrosion products cell and invert
intergranular cell (cm3 s-)

Dcplintra = effective diffusive conductance between corrosion products cell and invert
intragranular cell (cm3 s-1)

Dintea,,r = effective diffusive conductance between intragranular and invert
intergranular cells (cm3 §-I).

In order to accommodate the GoldSim representation of diffusive conductance as a two-term
expression, the diffusive conductances of radionuclide species i are written as:

DCPhnter =

Dcphnmra -

LCP Linter 9

(vODA) [ (,SsDA),ter 1 (OS.DA),.,,
[(AS DA)Iner + (3S,,DA)nrO J

LCP + Linl
I I I _ + - - I ._.

(Eq. 6.6.4.2-1 1)

(Eq. 6.6.4.2-12)

(9SwD) (O wDA) g + (SwDA) -
terSD)~~ +ra I

tOS.DA)mlra
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Diniralinier = L L . (Eq. 6.6.4.2-13)
Int- + nr

(S.DA),nI p (L SSwD)nA 1 DA)r

L(?wD (OS. DA)Airn + L nma (OS.,DA)CP J

Another approach to discretizing the dual-continuum invert requires introduction of an interface
cell, located between the corrosion products cell and the invert cells. This interface cell provides
an approximate interface concentration and the resulting flux split at the corrosion products to
invert cell interface. The interface cell is conceptualized as a very thin slice of the corrosion
products cell.

This implies the interface cell takes on the corrosion products diffusive properties, with the
exception of diffusive length. Let the diffusive length within the interface cell be some small
fraction (an Interface Scale Factor) of the corrosion products diffusive length, say,
InterfaceScaleFactor= 10-6:

LCP In, =106LCP. (Eq. 6.6.4.2-14)

The use of a InterfaceScaleFactor of 106 is examined in Section 6.6.4.4.

The diffusive conductance between the corrosion products cell and the corrosion products
interface cell is calculated as the harmonic average:

-. I

DCP=CP-Im = LCP *l, (Eq. 6.6.4.2-15)

(OSDA)c, (+S. DA)cp

For diffusion between the interface cell and the invert intergranular and intragranular cells, the
diffusive conductances are, respectively,

DCP..irnijer = L + LlIre (Eq. 6.6.4.2-16)

(OS.DA)cp +(OS.DA),ner

Dcp-Indintra = L * (Eq. 6.6.4.2-17)

(OSDA)cp + (OWSDA)im

The interface cell concentration of radionuclide species i is computed as part of the cell network
solution. Because the transport mass balance equations conserve mass, the mass flux leaving the
interface cell must equal the sum of the mass fluxes entering the two invert cells. The solution
provides the flux continuity across the interface between the corrosion products interface cell and
invert cells. This formulation expects the flux exiting the corrosion products cell (or entering the
interface cell) is approximately equal to the flux exiting the interface cell. This approximation is
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dependent on the diffusive length within the interface cell. The error in this approximate
solution will approach zero as the diffusive length of the interface cell approaches zero.

At the invert-to-UZ interface, there is diffusive transport between both the invert cells and the
UZ matrix and fracture cells. This implies four connections: from invert intergranular to UZ
matrix, from invert intergranular to UZ fracture, invert intragranular to UZ matrix, and from
invert intragranular to UZ fracture. An analysis similar to that for the diffusive conductances
between the corrosion products cell and the dual invert cells (Equations 6.6.4.25-11 through
6.6.4.2-13) would provide expressions for diffusive conductances for each of the four diffusive
flux links. However, for the TSPA-LA, the approximation provided by introducing an interface
cell when diffusing from a single to a dual continuum exits is used. An approximate solution is
obtained by the introduction of two interface cells at the invert-UZ interface. This approach is
identical to that used above for the interface between the corrosion products cell and the invert
dual continuum cells. One interface cell represents a thin slice of the invert intergranular cell,
and the other represents a thin slice of the invert intragranular cell. Let the length of both invert
interface cells be a fraction (an InterfaceScaleFactor) of the invert diffusive length, say,
InterfaceScaleFactor = 106:

Lil,¢r, "t=I06Linveri (Eq. 6.6.4.2-18)

The use of an InterfaceScaleFactor of 106 is examined in Section 6.6.4.4.

The diffusive conductance between the invert intergranular cell and the invert intergranular
interface cell is:

1
Dinterlinter-Int = ( inv + Linverl (Eq. 6.6.4.2-19)

(0SDA)}nter (5SWDA)in.,r

while the diffusive conductance between the invert intragranular cell and the invert intragranular
interface cell is:

Dintralintra-int = L Linvet MI (Eq. 6.6.4.2-20)

(gWDAIntra (OS.DA).tra

The fluxes of radionuclide species i from the invert intergranular boundary cell to the matrix-
fracture UZ cells are computed with diffusive conductances:

Dinter-IntlrZm = Ljnwrt hn L ' (Eq. 6.6.4.2-21)

(OS.DA),nier (OS.DA)uz.
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D,.fer-intfp = ( DLt. W LUZ (Eq. 6.6.4.2-22)

(OS.DA)uver (OS.DA)uzf

Similarly, the fluxes of radionuclide species i from the invert intragranular boundary cell to the
matrix-fracture UZ cells are computed with diffusive conductances:

Dingta-tniiUzm = I __.____ (Eq. 6.6.4.2-23)

(OS,, DA),,, (OSDA)um
Ir

DInmrra-nUTZf = Lim int + L (Eq. 6.6.4.2-24)
(OS. DA), + (SARm

(^W I)nra(S. )u:

One last term to be discussed is the mass transfer term, Qimi, between the two invert continua
given by Equation 6.5.1.2-19. This term appears in the mass balance for the transport of
radionuclides dissolved in the aqueous phase and reversibly sorbed (Equation 6.5.1.2-38, or, for
the one-dimensional case, Equation 6.5.1.2-46), and in Equation 6.5.1.2-27 (Equation 6.5.1.2-47
in one dimension), the mass balance for irreversibly adsorbed radionuclides on iron
oxyhydroxide colloids. In these equations, the mass transfer between overlapping continua is
represented by the diffusion of solute on a macroscopic control volume scale. Consequently, the
mass transfer betveen the two invert continua is not written as a gradient of diffusive mass flux
with respect to the coordinate dimensions, and the treatment described above for diffusive
conductances does not directly apply. For the discrete realization of the invert continua mass
transfer, the diffusive length within the intergranular continuum is taken to be zero. This is a
result of the water within the intergranular continuum consisting of a thin film on the surface of
the intragranular materials. The diffusive length within the intragranular continuum depends on
some mean diffusive length within the crushed tuff material. This diffusive length is taken as a
mean radius of spherical particles. The effective diffusive area is estimated as the surface area of
all spherical particles necessary to fill the invert volume. Therefore, the characteristic length
parameter, d, is identified as the diffusive length within the intragranular continuum and the
diffusive area to length ratio with transfer term included as mentioned in Equation 6.5.1.2-19 is:

(A )Oigerqn ll, (Eq. 6.6.4.2-25)
L Interflntra d2

where Y.,nrG is the volume of the invert intragranular continuum, and /7 is the sampled
geometry-dependent factor, Invert GeometryCoef. The effective diffusive conductance is:

DC= -In" L (Eq. 6.6.4.2-26)
(AInterlntra
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6.6.4.3 Dual-Continuum EBS-UZ Boundary Condition

The EBS-UZ boundary condition implementation described in Section 6.5.3.6 is used to obtain a
realistic concentration boundary condition at the invert-UZ interface. For the dual-continuum
invert alternative model, the boundary condition implementation is modified to account for
diffusive fluxes from each invert continuum to both UZ fractures and matrix. This
implementation is represented in Figure 6.6-3.

The mass flux from either invert continuum flows into the top layer of the middle zone in the
UZ. The intergranular invert advective flux flows into the top middle UZ fracture cell, while the
intragranular invert advective flux flows into the top middle UZ matrix cell. Transfer of water
between the two continua is ignored. The diffusive flux from each of the invert continua can go
into both UZ continua based on the concentration gradient and effective diffusion coefficient.
The advective flux flowing through the UZ fracture cells in the middle zone is given by the
greater of the advective flux out of the invert and the steady state UZ fracture flux. The
advective flux in the two outer zones is given by the steady state UZ flow in each continuum at
the repository horizon; the drift shadow effects are ignored.

The mass flux from the dual continuum invert domain to the dual continuum UZ, computed at
the boundary of the EBS-UZ interface, is passed to the UZ transport model, which is described in
Particle Tracking Model and Abstraction of Transport Processes (BSC 2004 [DIRS 170041 ]).
In addition to the total mass flux, the relative fraction of the mass going into each of the fracture
and the matrix cells at the EBS-UZ boundary is required by the UZ transport model. This
fracture-matrix partitioning of mass is calculated on the basis of the mass fraction going into the
fracture continuum (compared to the matrix continuum) from the dual continuum invert domain
in the EBS-UZ interface submodel. This partitioning is time dependent and captures the
temporal processes active in the EBS, such as varying radionuclide concentrations in the waste
form, corrosion products, and invert domains and changing water flux through various
subcomponents of the EBS.

6.6.4.4 Verification of Dual Invert/Dual UZ Diffusive Flux Bifurcation

In this section, calculation of the diffusive flux from a single cell (corrosion products) to dual
invert cells (intergranular invert and intragranular invert) and then to two UZ cells (UZ matrix
and UZ fracture) is tested. These tests show that the approximations in the GoldSim
implementation using an Interface Scale Factor of 1.0 x 1 06 are correct and that the
implementation in GoldSim agrees with Microsoft Excel calculations.

As modeled, there is no diffusive communication between the dual invert cells and between the
UZ matrix/fracture cells. The corrosion products cell provides a diffusive flux to the dual invert
cells. Each invert cell provides a diffusive flux to both the UZ matrix and fracture cells. For this
verification, at time zero, an initial mass of one gram is released in the corrosion products cell,
while all other cells have initial mass of zero. Parameters controlling diffusion through this test
network were not determined strictly from TSPA-LA data, but were set so that measurable mass
transport to all cells within the network occurs in a reasonable time frame. No parameters were
assigned a value of one (other than the initial mass in the waste form cell), because any mistake
in multiplication or division by a unit parameter would not be readily detectable.
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- Advective Flux

4 * Diffusive Flux

SS, Steady State Fracture Flow

SSm Steady State Matrix Flow

Figure 6.6-3. Computational Grid in the EBS-UZ Interface Submodel (Dual-Continuum Invert)
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Two analytical approaches (Al and A2) to the flux bifurcation can be taken when diffusion
occurs from a single cell to dual cells:

Al: The first approach computes diffusive conductances between the single cell and each
dual continuum cell; an auxiliary conductance is required between the dual continuum cells.
This formulation presents the appearance of a diffusive flux communication between the dual
continuum cells, when physically there is no such flux. This approach requires a five-cell
network and provides an exact representation of the fluxes.

A2: The second approach incorporates an interface cell between cells where diffusion
bifurcates from a single continuum cell to dual continuum cells. The interface cell provides
an approximate concentration at the flux bifurcation interface. For diffusion from a single
continuum cell to dual continuum cells, the interface cell is conceptualized as a thin slice of
the single continuum cell. This implies that, for the proposed cell network, an interface cell
is located between the corrosion products cell and the dual invert continuum cells. This cell
is assigned representative properties of the corrosion products cell, with the exception of the
diffusive length. The diffusive length for the interface cell is taken to be an
InterfaceScaleFactor times the diffusive length of the corrosion products cell. Between the
intergranular invert cell and the dual UZ cells, an intergranular invert interface cell is
introduced with diffusive properties of the intergranular invert and a diffusive length of the
InterfaceScaleFactor times the diffusive length of the invert. Similarly, between the
intragranular invert cell and the dual UZ cells, an intragranular invert interface cell is
introduced. This conceptualization requires an eight-cell network (five cells of Al plus three
interface cells) and provides an approximate solution.

Three solutions to the diffusion problem are presented:

Si: The first solution is an Excel calculation using Al approach. This provides an exact
solution for the transport network.

S2: The second solution is an Excel calculation using A2 approach. This provides an
approximate solution dependent on the InterfaceScaleFactor parameter. A successive
refinement of the InterfaceScaleFactor demonstrates the convergence of the approximate
solution (S2) to the exact solution (SI).

S3: The third solution is a GoldSim stand-alone calculation using the A2 approach. This
solution is compared with solution S2 to verify the GoldSim implementation of the model
within the EBS transport abstraction.

The convergence of the approximate solution S2 to the exact solution SI with refinement of the
InterfaceScaleFactor is shown in Figure 6.64, where the relative error of the mass in place for
each network cell is plotted as a function of the InterfaceScaleFactor. Figure 6.6-4 shows that
the solution S2 converges to the exact solution SI (i.e., a relative error of zero) with first order
convergence rate with respect to the InterfaceScaleFactor. The error in the UZ matrix cell is
not observed in Figure 6.6-4, since it is overlain by the error in the UZ fracture cell.

Figure 6.6-5 presents the GoldSim solution S3 and the Microsoft Excel solution S2. The
Microsoft Excel solution S2 and GoldSim solution S3 use an InterfaceScaleFactor of
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1.0 x le0. Figure 6.6-5 shows the mass in place for each of the five cells and demonstrates the
excellent agreement between the Microsoft Excel solution and GoldSim solution. After 2 years,
the maximum relative error for the corrosion products cell and the two invert cells is 0.2 percent,
and the maximum relative error for the two UZ cells is 1.5 percent.

These results confirm that the bifurcation of diffusive flux from a single continuum (corrosion
products domain) to a dual continuum (invert domain) and then to another dual continuum (UZ)
is accurate and properly implemented in GoldSim.

6.6.5 Altcrnative Invert Diffusion Coefficient Models

The following two alternative models for determining the diffusion coefficient in the invert are
assessed in this section: the single-continuum invert diffusion coefficient model and the
dual-continuum invert diffusion coefficient model.

6.6.5.1 Alternative Single-Continuum Invert Diffusion Coefficient Model

As an alternative to the Archie's law approach for determination of the diffusion coefficient for
the single-continuum invert (Section 6.3.4.1), diffusion through the crushed tuff invert ballast is
modeled using an approach that has been applied to diffusion in soils. Studies generally show
that the bulk diffusion coefficients of soils at high water content decline with the moisture
content and that a Millington-Quirk power law developed for high moisture content overpredicts
the diffusion coefficient at low moisture content (Nye 1979 [DIRS 167377]; Olesen et al. 1999
[DIRS 154588]). The studies also show that, below a critical moisture content, the diffusion
coefficient for granular materials becomes negligible (So and Nye 1989 [DIRS 1705881).

Olesen et al. (1996 [DIRS 155700]) found the best description of the bulk diffusion coefficient of
granular soils is the following:

(0 - 2.2b)
D = 0.0045Do 09 (0 - -b 2.2b

(1 000 - 2.2b) (Eq. 6.6.5.1-1)

D=0, 0<2.2b,

where D, 0, and h are the bulk diffusion coefficient (cm2 S-1), moisture content (percent), and
bulk porosity of the soil (fraction), respectively, Do is the free water diffusion coefficient for

self-diffusion of water, 2.299 x 10 5 cm2 s1' at 250C (Mills 1973 [DIRS 133392], Table III), and
the term 2.2b (percent) corresponds to the critical moisture content for these soils. In this
expression, the parameter b corresponds to the dimensionless slope of the Campbell moisture
retention curve on a log-log plot that varies with the pore and grain size distribution of the soil
(Olesen et al. 1996 [DIRS 155700]).
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This behavior for granular materials is generally explained (Olesen et al. 1999 [DIRS 154588])
in terms of a picture in which:

* Above the critical moisture content, the bulk diffusion coefficient of granular materials
is dominated by diffusion coefficient in films of moisture on the grain surfaces

* The diffusion coefficient declines as the moisture content decreases and the tortuosity
associated with these films increases

* Below the critical moisture content, diffusion by the surface films cannot be supported
and the diffusion coefficient is reduced to a very low value.

Conca and Wright (1990 [DIRS 101582]) have concluded that this picture is consistent with their
measurements of crushed tuff.

A moisture retention relation proposed by Campbell (1985 [DIRS 100565], pp. 45-47) is used to
develop the moisture potential relation for the crushed tuff invert. The relationship between
moisture potential, Vr (J kg"), and volumetric moisture content, 9 (percent), is the soil moisture
retention curve, described by the function (Campbell 1985 [DIRS 100565], p. 43):

v = v.( 9 / 9 )-b, (Eq. 6.6.5.1-2)

where iV, is the air-entry moisture potential (i.e., water potential at which the largest water-filled

pore in the soil will drain) (J kg"), 0, is the saturated moisture content (percent), and b is the
slope (dimensionless) of the Iny versus InO curve. As the mean pore diameter becomes
smaller, the air-entry moisture potential decreases (becomes more negative). The b parameter
increases as the standard deviation ag (mm) of the pore size increases. Campbell studied the

relationships between geometric particle diameter, dg (mm), geometric standard deviation, rg

(mm), and air entry potential, V/, (J kg"). By fitting Equation 6.6.5.1-2 to measured data, he
obtained the following approximate relationships for soils (Campbell 1985 [DIRS 100565],
p. 45) having a bulk density of 1,300 kg m-3:

V.= -0.5dg- 2 , (Eq. 6.6.5.1-3)

b = -2yV/ 5 + 0.2ag, (Eq. 6.6.5.1-4)

where V/,, is the air-entry moisture potential (J kg"); the subscript es refers to the bulk density of
1,300 kg m 3 . The geometric standard deviation depends on the soil texture. The geometric
standard deviation can be estimated from a soil texture diagram as equal to I for coarse sand
particles and 5 for fine-grained material (Campbell 1985 [DIRS 100565], Figure 2.1).

The results for the Campbell retention relation for crushed tuff of 0.45 bulk porosity and grain
sizes ranging from 0.317 mm to 20 mm (BSC 2004 [DIRS 169565], Appendix X) are shown in
Table 6.6-3. Table 6.6-3 also shows the associated range of the critical bulk moisture content in
Equation 6.6.5.1-1.
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Table 6.6-3. Parameters Developed for Crushed Tuff

Parameter
Grain Size (mm)' 0.317 | 3 10 20
Bulk Porosityb 0.45 - 0.45 0.45 0.45

Standard Deviation, ag (mm)c 5 1 1 1
Slope of the Campbell retention curve, b 2.78 - 0.777 0.516 0.424
Critical bulk moisture content, 2.2b (%) 6.12 | 1.71 1.14 0.932
*BSC 2004 [DIRS 169565], Appendix X, Section X.4.
b BSC 2004 [DIRS 169565], Appendix X, Section X.3.
C Campbell 1985 [DIRS 100565], Figure 2.1.

Figure 6.6-6 shows the corresponding range in the diffusion coefficient evaluated according to
Equation 6.6.5.1-1. In general, the invert will include a distribution of tuff grain sizes.
Therefore, the determination of the critical bulk moisture content is made by sampling from a
uniform distribution between 0.932 percent and 6.12 percent. This corresponds to the range of
tuff grain sizes from 20 mm to 0.317 mm, as shown in Table 6.6-3; a uniform distribution is
appropriate for covering the range for an initial analysis of an alternative conceptual model. The
corresponding diffusion coefficient would then be evaluated for this sampled moisture content
according to Equation 6.6.5.1-1.

1.E-04

I .E-05

Z 1.E-07
E
0 1.E-08
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I 1.E-09

0
I.E-1 0

1.E-1 I
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A Hu et al. 2001 (2 - 4
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-Eq. 6.3.4.1.1-16
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Bulk Moisture Content, %

Source: Conca and Wright 1992 [DIRS 100436]; CRWMS M&O 2000 [DIRS 156680]; Hu et al.2001 [DIRS
161623].

Figure 6.6-6. Range of the Bulk Diffusion Coefficients for Crushed Tuff

ANL-WIS-PA-000001 REV 01 6-207 November 2004



EBS Radionuclide Transport Abstraction

For conditions in which advective flow does not occur in the crushed tuff, observations indicate
that the intergranular moisture content will generally be negligible. Conca and Wright
(1990 [DIRS 101582]) observed that tuff gravel samples allowed to stand for several hours in the
presence of 100 percent relative humidity reached moisture contents between 0.5 and 1.5 percent
and negligible surface moisture. The measured diffusion coefficients were found in these cases
to be below their measurement limit of 1.03 x 101 cm2 sQl. Therefore, in the portion of the
invert in which there is no flow, the diffusion coefficient is expected to be negligible.

For conditions in which flow does occur in the crushed tuff, the bulk diffusion coefficient can be
directly evaluated from Equation 6.6.5.1-1 as described above. This uncertainty is accounted for
by expressing the threshold in terms of the critical bulk moisture content:

D = 0.0045D0 o ( -c) ' 0C
(1000 - OC) 9 (Eq. 6.6.5.1-5)

D=0, 0<9 C,

where 9 is the bulk moisture content (percent), given by Equation 6.5.3.3-11, and Oc is the
critical value of the bulk moisture content, 0.022b (percent). The critical bulk moisture content
is selected by sampling a uniform distribution between 0.932 percent and 6.12 percent, as
discussed earlier in this section.

Diffusion coefficients of crushed tuff have been estimated using the ultracentrifuge technique
and measurements of electrical resistivity. Conca and Wright (1992 [DIRS 100436]) and Conca
et al. (1993 [DIRS 170709]) measured the bulk diffusion coefficients for a variety of granular
materials, including crushed tuff, as a function of moisture content. Figure 6.6-6 shows the
results of their measurements of crushed tuff samples with tuff grains sizes between 6.3 mm and
9.5 mm, and between 2 mm and 4 mm. Diffusion coefficients for crushed tuff with grain sizes
between 2 mm and 4 mm have also been measured by Hu et al. (2001 [DIRS 161623]); these
results are also shown in Figure 6.6-6. Finally, the diffusion coefficient measured for samples
with a wide distribution of grain sizes (CRWMS M&O 2000 [DIRS 156680]) are also shown in
Figure 6.6-6. Comparison of all of these measurements for crushed tuff indicates that the model
provides a reasonable representation of the diffusion coefficient for these measured moisture
contents (1.4 to 55 percent).

6.6.5.2 Alternative Dual-Continuum Invert Diffusion Coefficient Model

In general, the literature supports a dual continuum picture of the diffusive conductance by the
invert granular material. For example, Roberts and Lin (1997 [DIRS 101710]) observed multiple
conduction pathways in their measurements of the electrical conductance of unsaturated tuff
samples. Their measurements indicated conduction by adsorbed water on the solid surfaces of
the tuff samples and conduction by water within the tuff rock. These measurements support a
dual continuum picture of the tuff samples in which the water on the surface of the samples
corresponds to the intergranular continuum and the water within the samples corresponds to the
intragranular continuum.
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Other observations also support this picture. Porter et al. (1960 [DIRS 123115]) studied the way
in which chloride ions move through soil and the effect of the moisture content of the soil on this
movement. These characteristics were interpreted in terms of diffusion within the soil grains and
diffusion on the solid surfaces of those grains. Nye (1979 [DIRS 167377]) concluded that, to a
first approximation at least, diffusion can be considered to occur through two independent
pathways in soil: through moisture between the soil grains and through the grains themselves.
In this picture, the bulk diffusion coefficient, D, is represented by:

D = Die,$nter +Dintra (l - nter ) 5 (Eq. 6.6.5.2-1)

where Dnter is the diffusion coefficient for the intergranular continuum determined by the
moisture films on the surfaces of the grains, Di,,na is the diffusion coefficient for the
intragranular continuum determined by the moisture within the grains, and Hinter is the
intergranular porosity of the material.

In this picture, the bulk diffusion coefficient is dominated by the intergranular diffusion
coefficient above the critical bulk moisture content, while below this critical value, the
intragranular diffusion coefficient dominates. That is, Equation 6.6.5.2-1 becomes:

D = D 1 (,,e(1 -,n, 0 < eC, (Eq. 6.6.5.2-2)

where Oc is the critical moisture content (percent). In this picture, the intergranular diffusion
coefficient is represented by the model in Equation 6.6.5.1-1, divided by the intergranular
porosity:

D1ter = 045Do ( Inter 000S, s 0 0c ) (Eq. 6.6.5.2-3)

Dinter = Dlmitt a < Oc.

D1jm,, is the measurement limit, 10-12 cm2 s-1, 0, is the bulk porosity of the invert,

01 = lbjnger + (I - in.er)m (fraction), and Gc corresponds to 2.2b in Equation 6.6.5.1-1.

The intragranular diffusion coefficient is determined by the following considerations.

Reimus et al. (2002 [DIRS 163008]) measured diffusion coefficients for saturated whole rock
samples of tuff. The measured values for the samples ranged from 1.5 x 10-7 cm 2 s' to
2 x 105 cm2 s1. From these measurements, Reimus et al. (2002 [DIRS 163008]) developed a
correlation between the saturated diffusion coefficient, Dms, and the porosity, 4m, and intrinsic
permeability, kin, of the tuff rock matrix:

logl0 DmJ = - 349 + 1.380m + 0.1651og,. km*. (Eq. 6.6.5.2-4)
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The tuff samples were from Pahute Mesa, Nevada, but many of them are similar to tuff rocks at
Yucca Mountain. To evaluate the flow characteristics of the drift invert, matrix porosity and
intrinsic permeability for tuff from two different Topopah Spring welded tuff units, TSw35 and
TSw36, were identified (DTN: LB0207REVUZPRP.002 [DIRS 159672]; Spreadsheet:
Matrix Props.xls, Row 20, Column C). These properties are summarized in Table 6.6-4. Using
the correlation in Equation 6.6.5.2-4, the diffusion coefficient for saturated tuff whole rock with
a saturated moisture content of 10.3 percent is 3.69 x 10i7 cm2 s-1, and the diffusion coefficient
for a saturated moisture content of 13.1 percent is 6.73 x 10-7 cm2 s' .

Table 6.6-4. Tuff Matrix Properties for TSw35 and TSw36

Parameter TSw36 TSw35
Porosity of the rock matrix in an individual granule, 0, 0.103 0.131

Intrinsic Permeability, km (M2 ) 2.00 x 10-19 4.48 x 10.8

Saturated diffusion coefficient (from Equation 6.6.5.2-4), Din ({M2 s-1) 3.69 x 1l I 6.73 X107

DTN: LB0208UZDSCPMI.002 [DIRS 161243]; Spreadsheet drift-scale calibrated properties for mean
infiltration2.xis,' Rows 17-18, Columns B-C.

A laser ablation microprofiling technique has been used to estimate the diffusion characteristics
for an unsaturated whole tuff rock sample (Hu et al. 2001 [DIRS 161623]). Hu et al.
(2001 [DIRS 161623], p. 25) found that, for a measured moisture content of the sample of
8.9 percent, the internal diffusion coefficients were on the order of 10.12 cm2 sl (Hu et al. 2001
[DIRS 161623], p. 25). This result indicates a very low intragranular diffusion coefficient for
tuff at intragranular saturations below about 80 percent.

The model developed for the intragranular diffusion coefficient considering this information is
the following. For intragranular moisture content, Owra below 8.9 percent, a value of

10.12 cm2 sml is used to represent the diffusion coefficient. For saturated conditions (Oh.±!! = -tntraX
100

the intragranular porosity), the diffusion coefficient is set to a value corresponding to
Equation 6.6.5.2-4. For unsaturated grains with moisture content above 8.9 percent, a power-law
extrapolation from the saturated value is used. The overall model proposed for the intragranular
diffusion coefficient is the following power law model:

in11 I s a

Din, Dra .Inara 01inin (Eq. 6.6.5.2-5)

Dmtitra =Dlimt, 01n < Ir

where 0Int, is the intragranular moisture content (percent), Ointre is the intragranular porosity
(fraction), D,1 ,,,,, is the measurement limit, 10.12 cm2 s"1, and 0,min is equal to 8.9 percent.
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The exponent p is the slope of Equation 6.6.5.2-5 in a plot of log,,(D1", ) versus log,,(0,",,).

This plot is a straight line betveen points (Dli,.1 9 J and (Dig , , Thus,p is given by:

= log10 (Djm) -log, 0 (D,.) (Eq. 6.6.5.2-6)

low10 lg 0 (0nm

The dual porosity model for the invert diffusion coefficient follows by specifying values for the
intergranular and intragranular diffusion coefficients. The intergranular diffusion coefficient is
evaluated from Equation 6.6.5.1-5 and dividing by the intergranular porosity. The intragranular
diffusion coefficient is evaluated from Equation 6.6.5.2-5. The effective bulk diffusion
coefficient is determined from Equation 6.6.5.2-2.

6.7 DESCRIPTION OF BARRIER CAPABILITY

6.7.1 Analyses of Engineered Barrier Capability

This section discusses the ability of barriers to prevent or delay the movement of water
or radioactive materials and deals specifically with the engineered barriers addressed in this
report - the drip shield, the waste package, and the invert. In assessing these barriers, a number
of assumptions are made (see Section 5).

The drip shield prevents groundwater seepage that enters the drift from dripping onto the waste
package. It will be completely effective until it is breached, and it is partially effective
thereafter. Condensation on the underside of the drip shield has been screened out due to low
consequence (BSC 2004 [DIRS 169898], Section 6.2.41). In this case, the presence of the drip
shield can potentially increase the amount of water that contacts the waste package, but the effect
is negligible. This report presents an algorithm to determine the fraction of seepage entering the
drift that passes through a breached drip shield, based on the number and size of breaches
(Section 6.3.2.4). In the case where no groundwater seepage or dripping of drift-wall
condensation into the drift occurs, there will be no water flux through the drip shield. The flux
of water into the waste package is equal to the groundwater and dripping condensation flux
passing through the drip shield, less the fraction that is diverted by intact portions of the waste
package. In this way, the effectiveness of the drip shield as a barrier can be quantified.

The waste package outer corrosion barrier consists of corrosion-resistant material that will
prevent and delay water from entering the waste package. Once breaches occur, water may enter
the waste package, dissolve radionuclides, and flow out, thereby generating advective releases of
radionuclides. This report presents an algorithm to determine the fraction of the water flux
impinging on the waste package (having passed through drip shield breaches) that enters the
waste package, depending on the size and number of breaches, as well as the total water flux
through the waste package (Section 6.3.3.2). Flow is modeled as steady state and passing
through the waste package without accumulating. Submodels not detailed in this report provide
the concentration of radionuclides that are dissolved in the water flowing through the waste
package (BSC 2004 [DIRS 169425]) and the behavior of colloids (BSC 2004 [DIRS 170025]).
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Sorption and retardation characteristics of radionuclides inside the waste package are discussed
in this report (Section 6.3.4.2). When there is no advective transport, diffusive releases may still
occur; a submodel for diffusion inside the waste package is presented (Section 6.5.1.2.1). With
these models implemented in TSPA-LA, the effectiveness of the waste package as a barrier can
be quantified.

The invert consists of crushed tuff that can delay releases of radionuclides to the unsaturated
zone. The invert provides a diffusive barrier. A simple model for computing the diffusion
coefficient of the invert as a function of the porosity and water saturation is presented in this
report (Section 6.3.4.1). This enables the effectiveness of the invert as a barrier to be quantified
when implemented in TSPA-LA.

6.7.2 Summary of Natural and Engineered Barrier Capability

Table 6.7-1 summarizes the performance function of natural and engineered barriers. Only
engineered barriers are analyzed in this report; the performance of natural barriers is outside the
scope of this report and is included in this table for completeness.

Table 6.7-1. Summary of Barrier and Performance Functions for a Yucca Mountain Repository

Barrier Barrier Performance Function
Surficial soils and topography Reduce the amount of water entering the unsaturated zone by surficial

processes (e.g., precipitation lost to runoff, evaporation, and plant uptake).
Unsaturated rock layers Reduce the amount of water entering emplacement drifts by natural subsurface
overlying the repository and processes including lateral diversion of flow, flow in fractures around
host unit emplacement drifts, reduction in seepage due to capillary pressure in the

unsaturated zone, reduction in dripping onto waste packages due to film flow.
In the repository, Induced coupled thermal-hydrologic processes also reduce
the amount of water available to contact waste packages through enhanced
evaporation near emplacement drifts (and drainage through pillars),
remobilization of water by boiling and condensate shedding in pillars (for higher
temperature operating modes).
Also, in the physicalchemical environment in the unsaturated zone at Yucca
Mountain (mildly oxidizing, pH near neutral), the vast majority of radionuclides
are present in thermodynamically stable forms (metal oxides or ceramics) that
are not geochemically mobile, and therefore are unlikely to move.

Unsaturated rock layers below Delay radionuclide movement and decrease radionuclide concentrations in the
the repository groundwater aquifer because of water residence time (flow rates), matrix

diffusion, precipitation, dispersion, sorption.
Saturated zone volcanic tuff and Delay radionuclide movement to the receptor location and reduce radionuclide
alluvial deposits below the concentrations by water residence time, matrix diffusion, sorption, dispersion,
water table from the repository and dilution.
to a point of compliance
approximately 18 km south
Drip shield around the waste Prevent water contacting the waste package and waste form by diverting water
packages flow around the waste package, limiting advective transport through the invert.
Waste package Prevent water from contacting the waste form for the effective life of the

package. Limit advective and diffusive transport of radionuclides from failed
I waste packages by sorption onto steel internal component corrosion products.
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Table 6.7-1. Summary of Barrier and Performance Functions for a Yucca Mountain Repository
(Continued)

Barrier Barrier Performance Function
Cladding Delay and/or limit liquid water contacting SNF after waste packages have

degraded (Note no cladding exists for High-Level Radioactive Waste.).
Waste form (CSNF, DOE SNF, Limit radionuclide release rates as a result of low degradation rates for the
DOE high-level radioactive waste forms, and low radionuclide solubilities.
waste)
Invert Limit diffusive transport of radionuclides out of the engineered barriers by

maintaining unsaturated conditions under the waste package. Limit advective
and diffusive transport of radionuclides by sorption onto crushed tuff.
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7. VALIDATION

Model validation for the EBS Radionuclide Transport Abstraction was performed in accordance
with AP-2.27Q, Planning for Science Activities, and AP-SlII.IOQ, Models, and follows the
validation guidelines in the Technical Work Plan for: Near-Field Environment and
Transport: Engineered Barrier System: Radionuclide Transport Abstraction Model Report
Integration (BSC 2004 [DIRS 170775]).

AP-SIII.lOQ, Models, requires that TSPA-LA model components be validated for their intended
purpose and stated limitations, and to the level of confidence required by the relative importance
of the component to the potential performance of the repository system. Three levels of model
validation are defined in AP-2.27Q, Planningfor Science Activities, Attachment 3, with the level
of validation increasing with an increasing level of model importance ranging from low to
moderate to high. Models whose variation could lead to a potentially large effect on the estimate
of mean annual dose (e.g., a change greater than I mrem yr') should receive a high or Level III
model validation. Models whose variation could lead to moderate effect on the estimate of mean
annual dose (less than I mrem ye', but greater than 0.1 mrem yrl) should receive Level 11 model
validation. Level I validation is sufficient for models of less importance to the estimate of mean
annual dose.

The levels of confidence required for the models of the EBS RT Abstraction, as stated in
Section 2.2.2 of the TWP, are given as follows.

The required level of confidence for radionuclide transport from the waste package to the drift
wall through the invert is Level I (also specified in Table I of AP-2.27Q, Planning for Science
Activities). The EBS-UZ interface submodel of the EBS RT Abstraction provides input to the
unsaturated zone radionuclide transport model as described in Particle Tracking Model and
Abstraction of Transport Processes (BSC 2004 [DIRS 170041]). The appropriate level of
confidence identified for unsaturated zone radionuclide transport is Level II. Therefore, Level II
also represents appropriate level of confidence for the EBS-UZ interface submodel of the EBS
RTAbstraction.

Confidence Building During Model Development to Establish Scientific Basis and
Accuracy for Intended Use

For Level I validation, Section 2.2.3 of Technical Tork Plan for: Near-Field Environment and
Transport: Engineered Barrier System: Radionuclide Transport Abstraction Model Report
Integration (BSC 2004 [DIRS 170775]) cites Attachment 3 of AP-2.27Q as guidance for
documenting a discussion of decisions and activities for confidence building during model
development. Additionally, the development of the model will be documented in accordance
with the requirements of Section 5.3.2(b) of AP-SIII.lOQ. The development of the EBS RT
Abstraction model has been conducted according to these requirements and the requisite criteria
have been met as discussed below:

1. Selection of input parameters and/or input data, and a discussion of how the selection
process builds confidence in the model. [AP-SIII.1O Q 5.3.2(b) (1) and AP-2.27Q
Attachment 3 Level I (a)]
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The inputs to the EBS RT Abstraction have been obtained from appropriate sources as
described in Section 4.1. All the data are qualified project data developed by or for the
Yucca Mountain Project. Tables 4.1-1 through 4.1-17 describe the input parameters, the
values of the parameters and the source of the information. Inputs were selected because
they are expected to represent conditions at the repository and therefore build confidence
in the model. Thus, this requirement can be considered satisfied.

2. Description of calibration activities, initial boundary condition runs, nrn convergences,
simulation conditions set up to span the range of intended use and avoid inconsistent
outputs, and a discussion of how the activity or activities build confidence in the model.
Inclusion of a discussion of impacts of any non-convergence runs [(AP-SIII.IOQ
5.3.2(b)(2) and AP-2.27Q Attachment 3 Level I (e)].

A detailed discussion of the computational implementation of the EBS RTAbstraction is
described in Section 6.5.3. The discretization and development of the computational cell
network of the sub-model domains is described in Section 6.5.3.5. Section 6.5.3.6
provides special emphasis and discussion of the EBS-UZ boundary condition.
Simulation conditions account for both seepage or no seepage boundary conditions and
the flux splitting algorithm accounts for the eight key flow pathways in the engineered
barrier system. Discussion about non-convergence runs is not relevant for this model
report. Thus, this requirement can also be considered satisfied.

3. Discussion of the impacts of uncertainties to the model results including howv the model
results represent the range of possible outcomes consistent wvith important
uncertainties.[(AP-SIIH.10 Q 5.3.2(b)(3) and AP-2.27Q Attachment 3 Level I (d) and
(0].
Data uncertainty is addressed in Section 6 and parameter uncertainties are summarized
in Table 6.5-13. In particular, corrosion rates of carbon and stainless steels are listed as
model input with ranges and distributions determined from the data in Table 4.1-1.
Sorption coefficient distribution ranges are summarized in Tables 4.1-11 and 4.1-12 and
sampling correlations are given in Table 4.1-13. Table 4.1-8 provides uncertainty for
unsaturated zone parameters. The breached drip shield experimental test data in
Tables 4.1-2 through 4.1-6 and Figure 4.1-1 are evaluated in Section 6.5.1, resulting in
uncertain model input parameters listed in Table 6.5-13 (Flux SplitDSUncert and
FluxSplit WPUncert).

Model uncertainty is addressed through the evaluation of alternative conceptual models.
In considering alternative conceptual models for radionuclide release rates and solubility
limits (Sections 6.4. and 6.6), the EBS radionuclide transport abstraction uses models and
analyses that are sensitive to the processes modeled for both natural and engineering
systems.

Conceptual model uncertainties are defined and documented, and effects on
conclusions regarding performance are assessed. The fundamental relationships,
e.g., mass balance and flow equations, upon which the EBS RTAbstraction is based, are
well-established with a long history of use in the scientific community and as such are
not subject to significant uncertainty. In addition, the alternative conceptual models have
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been screened out (Section 6.4), thereby increasing confidence in the selected conceptual
model. Other sources of uncertainty involve modeling choices (e.g., assumptions,
geometry) that, because of their conservative nature, effectively bound uncertainty.
Therefore this requirement can be considered satisfied.

4. Formulation of defensible assumptions and simplifications. [AP-2.27Q Attachment 3
Level I (b)].
A discussion of assumptions is provided in Section 5. The conceptual model for EBSRT
Abstraction are documented in Section 6.3.1. and the simplifications necessary for
implementation bases on EBS design details and failure mechanisms are presented in
Sections 6.3.3 and 6.3.4. Thus, this requirement can also be considered satisfied.

5. Consistency with plhysicalprinciples, such as conservation of mass, energy, and
momentum. [AP-2.27Q.Attachment 3 Level I (c)]

Consistency with physical principles is demonstrated by the development of the mass
balance mathematical formulations in Section 6.5.1. Thus, this requirement can also be
considered satisfied.

Confidence Building After Model Development to Support the Scientific Basis of the Model

Level II validation includes the above Level I criteria and a single post development model
validation method described in Paragraph 5.3.2c of AP-SIII.IOQ, Models, consistent with a
model of moderate importance to mean annual dose. The post development model validation
method selected for the EBS-UZ interface submodel, as delineated in the TWP, consists of:
corroboration by comparison to an alternative mathematical model developed for a closely
comparable description of the relevant EBS-UZ features. This validation approach is consistent
with Paragraph 5.3.2c (2) of AP-SIII.lOQ, Models, which lists corroboration of results with
alternative mathematical models as one of the validation methods for Level II validation. The
comparison is documented in Section 7.3.1.

To build further confidence in the EBS RT Abstraction, an independent model validation
technical review was conducted as specified by the TWP (BSC 2004 [DIRS 170775],
Sections 2.2.3 and 2.2.4) for the EBS flow model, the EBS transport model, and the EBS-UZ
interface submodel. This approach is based on requirements of AP-SIII.10Q, Section 5.3.2 c),
where independent technical review is listed as an appropriate method for model validation.
Validation is achieved if the review determines that the questions/criteria for this model, listed in
Section 2.2.4 of the TWP, are met. Qualifications of and review tasks to be completed by the
independent technical reviewer are described in Section 2.2.4 of the TWP. The model validation
criteria are described as follows (BSC 2004 [DIRS 170775], Section 2.2.4).
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EBS Flow Model Validation Criteria

Criteria that the validation of the EBS flow model is met are as follows. Each shall be confirmed
by the independent model validation technical reviewer.

a) The approach and algorithms described in the document and provided to the TSPA
capture all known flow pathways into and from EBS components.

b) Modeling assumptions are clearly defined, discussed, and justified as appropriate for the
intended use of the model.

c) Uncertainties in parameters, processes, and assumptions are sufficiently described, and
impacts of these uncertainties discussed.

d) The overall technical credibility of the approach, including assumptions, parameters,
equations, and the TSPA implementation, are sufficient for the model's intended use.

EBS Transport Model Validation Criteria

Criteria that the validation of the EBS transport model is met are as follows. Each shall be
confirmed by the independent model validation technical reviewer.

a) The approach and algorithms described in the document and provided to TSPA address
all known modes of radionuclide transport within and from the EBS components.

b) Modeling assumptions are clearly defined, discussed, and justified as appropriate for the
intended use of the model.

c) Uncertainties in parameters, processes, and assumptions are sufficiently described, and
impacts of these uncertainties discussed.

d) The overall technical credibility of the approach, including assumptions, parameters,
equations, and the TSPA implementation, are sufficient for the model's intended use.

EBS- UZ Interface Submodel Validation Criteria

The criterion that the validation of the EBS-UZ interface submodel is met shall consist of
concurrence by an independent technical reviewer that the invert fracture-matrix partitioning
results obtained using this model compare favorably with the fracture-matrix partitioning
cumulative distribution function obtained using a discrete fracture model described in the
Drift-Scale Radionuclide Transport model (BSC 2004 [DIRS 170040]). Results of the
comparison shall show qualitative agreement between the two methods. The report shall
document equivalent trends and correlations between input parameter variation and predicted
results, identification of differences between the model results, and a discussion of the reasons
and potential significance of these differences, and shall also demonstrate that the EBS-UZ
interface submodel provided to TSPA does not underestimate radionuclide transport from the
EBS to the UZ.

ANL-WIS-PA-000001 REV 01 7-4 November 2004



EBS Radionuclide Transport Abstraction

The results of the independent model validation technical review for the flow and transport
models demonstrate that the appropriate criteria from above have been met, and are presented in
Section 7.2.3. The results of the EBS-UZ interface submodel review demonstrate that the
appropriate criteria listed above have been met, and are presented in Section 7.3.2.

The validation guidelines in the Technical Work Plan for: Near-Field Environment and
Transport: Engineered Barrier System: Radionuclide Transport Abstraction Model Report
Integration (BSC 2004 [DIRS 170775]) also state that the Subject Matter Expert (author) may
elect, as deemed appropriate, to provide additional validation in the form of:

* Corroboration of model results with data previously acquired from laboratory
experiments or other relevant observations

* Corroboration of model results with results of alternative models.

Additional validation of the flux splitting portion of the flow model was performed through
corroboration of model results of experimental data. The results of that validation exercise are
presented in Section 7.1.1.

Additional validation of the in-package diffusion portion of the transport model was performed
through corroboration with alternative models. The results of that validation exercise are
presented below in Section 7.2.

7.1 EBS FLOW MODEL

The EBS flow is modeled as a one-dimensional, steady advective flow through the components
of the EBS. The sources of flow to the model include a seepage flux from the roof of the drift,
condensation on the walls of the drift above the drift shield, and an imbibition flux from the
unsaturated zone into the crushed tuff invert. The output of the flow model includes an
advective flux from the invert into the unsaturated zone.

The conceptual model divides the EBS components into three domains: waste form, waste
package corrosion products, and the invert. Flow and transport in these domains are treated
separately. The output of the waste form domain feeds into the corrosion products domain. The
output of the corrosion products domain in turn feeds the invert.

The flow through the EBS may occur along eight pathways: (1) dripping flux, (2) flux through
the drip shield, (3) diversion around the drip shield, (4) flux through the waste package,
(5) diversion around the waste package, (6) total flux into the invert, (7) imbibition flux from the
unsaturated zone matrix to the invert, and (8) flux from the invert to the unsaturated zone
fractures.

The magnitude of seepage fluid passing through the drip shield and the waste package is
accounted for using the flux splitting submodel. This submodel determines how much water
flows through the drip shield or waste package and how much is diverted around these
components. Below is the validation of the submodel and validation criteria for both the drip
shield and waste package applications. Further discussions relevant to the validation of the flow
model can be found in Sections 5, 6.3.2, 6.3.3, 6.5.1.1.1, 6.5.1.1.2, and 6.5.1.1.3.
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7.1.1 Flux Splitting Submodel

The EBS flux splitting submodel, which is part of the EBS RT Abstraction flow model,
determines the fraction of total dripping flux that will flow through the drip shield and/or waste
package. This submodel is directly related to the waste isolation attribute (i.e., the limited
release of radionuclides from engineered barriers). The amount of water flowing through
engineered barriers, when combined with radionuclide solubility limits and diffusive transport,
defines the mass flux of radionuclides that is mobilized for transport through the EBS to the
unsaturated zone.

Level I validation is appropriate for the flux splitting submodel, because it is part of the process
for radionuclide transport from waste package to the drift wall through the invert (see Section 7
above). In addition, the flux splitting submodel has the following features:

* The submodel is not extrapolated over large distances, spaces or time.

* The submodel has large uncertainties because of the chaotic nature of the flow of
droplets or rivulets on corroded, roughened surfaces.

* Sensitivity analyses in the prioritization report Risk Information to Support
Prioritization of Performance Assessment Models (BSC 2003 [DIRS 168796],
Sections 3.3.6 through 3.3.11) show that the flux splitting abstraction will not have a
large impact on dose in the first 10,000 years.

* The flux splitting submodel plays a minor role in TSPA-LA. In the nominal scenario
class, neither the drip shield nor the waste package fails due to general corrosion within
the 10,000-year regulatory period, and when the drip shield does fail, it is modeled as
failing completely in a single time step (BSC 2004 [DIRS 169996], Section 6.3). In the
igneous scenario class, neither the drip shield nor the waste package survives an igneous
intrusion, so the flux splitting submodel is not used. Thus, the flux splitting submodel is
actually applied only in the seismic scenario class when seismic damage occurs to the
waste package.

This flux splitting submodel is validated through comparison to experimental data. A work plan
entitled Test. Plan for: Atlas Breached Waste Package Test and Drip Shield Experiments
(BSC 2002 [DIRS 158193]) defines the experiments used for validation of this flux splitting
submodel.

The flux splitting submodel is applied to two components of the EBS-the drip shield and the
waste package-and is validated for each. Validation is achieved through comparison of the
models developed in this document (based in part on the qualified experimental data) to other
qualified data collected during associated testing. This comparison is limited because the
validation experiments are based on flow measurements from a single fixed source for dripping,
whereas the abstraction is based on randomly located drips relative to multiple patches on the
drip shield. In this situation, the appropriate criterion for model validation is that the predictions
of the abstraction bound the experimental measurements made on the rough drip shield surface.
This criterion is appropriate because of the large spread of the experimental data.
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The rough drip shield surface experiments replicate the smooth drip shield surface experiments
and constitute a consistent set of data that can be compared with and serve as validation for the
smooth drip shield surface data. The rough surface would be expected to yield results
(specifically, the flux splitting uncertainty factors) that differ from those obtained for the smooth
surface. However, because the only difference in the experiments is the surface texture, the
trends in the data and the values obtained for the uncertainty factors should be similar, which
validates the flux splitting submodel.

Experimental data used to develop the flux splitting submodel include the splash radius, the
rivulet spread distance or angle, and the fraction of dripping flux that flowed into breaches. For
the drip shield and waste package flux splitting submodels, data from smooth drip shield
experiments were used (DTNs: MO0207EBSATBWP.022 [DIRS 163400];
M00207EBSATBWP.023 [DIRS 163402]; MO0207EBSATBWP.024 [DIRS 163401];
MO0207EBSATBWP.025 [DIRS 163403]). For validation of the models, data from the rough
drip shield experiments are used (DTNs: MO0207EBSATBWP.021 [DIRS 163399];
MO0208EBSATBWP.027 [DIRS 163404]; MO0208EBSATBWP.028 [DIRS 163405]). Each of
the types of data used is discussed below, first for the drip shield submodel validation and then
for the waste package flux splitting submodel validation.

7.1.1.1 Drip Shield Flux Splitting Submodel

Splash radius data for dripping onto the crown of the rough drip shield surface are listed in
Table 7.1-1. The data are analyzed in the Microsoft Excel spreadsheet: Flux Splitting
Validation, Worksheet: Splash Rad vs Number, which is documented in Appendix E. As shown
in Figure 7.1-1, the splash radius tends to increase as the number of drips increases. The inner
cluster radius is of interest because it is used to define the effective length of the drip shield in
developing the flux splitting submodel (see Section 6.5.1.1.2). While the data do not indicate
that a maximum splash radius was achieved, it stands to reason that a maximum must exist,
simply because the distance a splashed droplet can travel is finite, limited by the kinetic energy
of a falling drop. The uncertain parameter in the drip shield flux splitting submodel, fLS, was
based on the maximum splash distance observed for the inner cluster of droplets on a smooth
drip shield, 48 cm (see Section 6.5.1.1.2.4 for a discussion of the development of fgs based on
the 48-cm maximum inner cluster splash radius). For the rough drip shield tests, the maximum
inner cluster splash radius for dripping onto the crown was again 48 cm. Another approach is to
use the splash radius at which rivulets begin to flow from coalesced droplets. In Splash Radius
Test #1, rivulet flow began after 143 drips; in Test #2, after 145 drips; and in Test #3, after
133 drips (DTN: MO0207EBSATBWP.021 [DIRS 163399]), for an average of 140 drips.
Using the Microsoft Excel Trendline application (least squares fitting routine) for the inner
cluster data in Figure 7.1-1, the splash radius when rivulets began to flow was 31 cm. The
minimum splash radius was about 3.5 cm for more than 20 drips (see Table 7.1-1). The range of
uncertainty is bounded using the extreme values of splash radius (3.5 - 48 cm). Since the value
of splash radius at which rivulets begin to flow (31 cm) is between those extremes, an estimate of
uncertainty based on that value will not affect the estimated bounds on uncertainty.

The flux splitting submodel also depends on the rivulet spread angle. These data are analyzed in
the Microsoft Excel spreadsheet: Flux Splitting Validation, Worksheet: Rough DS, which is

ANL-WIS-PA-000001 REV 01 7-7 November 2004



EBS Radionuclide Transport Abstraction

documented in Appendix E. For the smooth drip shield, the spread angle from crown drip
locations ranged from 8.90 to 17.30 (± one standard deviation from the mean of 13.20; see
Section 6.5.1.1.2.4). For drip locations on the crown, the rough drip shield surface had a mean
rivulet spread angle of 7.3°, with a range of 00 to 14.4° (± one standard deviation from the
mean). Rivulet spread data for the rough surface are shown in Table 7.1-2. In Table 7.1-4, the
spread angle calculation results are shown.

The amount of water dripped onto the crown and water flow into breaches on the rough drip
shield surface are listed in Table 7.1-3. The fraction of the dripping flux that flowed into the
pertinent breach, fP,, is shown along with the rivulet spread angle for each particular test in

Table 7.1-4.

Table 7.1-1. Atlas Breached Drip Shield Experiments on Rough Drip Shield Surface - Dripping on
Crown - Splash Radius Tests

Splash Radius (cm)

No. Drips Left 7 Right Comments
Splash Radius Test #1

10 2.0 2.0 Measured inner duster (bulk)
10 15.0 25.5 Measured outer fringe
21 5.0 4.0 Measured inner duster (bulk)
21 15.0 42.5 Measured outer fringe
60 18.0 22.0 Measured inner duster (bulk)
60 72.5 75.5 Measured outer fringe
143 35.0 48.0 Measured inner duster (bulk)
143 54.0 82.5 Measured outer fringe
203 35.0 48.0 Measured inner duster (bulk)
203 79.5 106.5 Measured outer fringe

Splash Radius Test #2
21 3.5 4.0 Measured Inner duster (bulk)
21 37.5 7.0 Measured outer fringe
82 10.5 19.0 Measured inner duster (bulk)
82 63.0 32.0 Measured outer fringe
149 31.5 30.0 Measured inner duster (bulk)
207 45.0 40.0 Measured inner duster (bulk)

Splash Radius Test #3
30 7.5 9.0 Measured inner duster (bulk)
82 19.0 17.5 Measured inner duster (bulk)
137 28.0 27.5 Measured inner duster (bulk)
205 29.0 28.0 Measured inner cluster (bulk)

DTN: MO0207EBSATBWP.021 [DIRS 163399].
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Figure 7.1-1. Splash Radius Dependence on Number of Drips for Rough Drip Shield Tests

Table 7.1-2. Atlas Breached Drip Shield Experiments on Rough Drip Shield Surface - Dripping on
Crown - Rivulet Spread Data - 330 from Crown

Relevant
Drip Location Left (cm) Right (cm) Patch

Multiple Patch Tests (DTN: MO0208EBSATBWP.027 [D RS 1634041)
81 cm left of drip shield center 32.5 17.5 4
27 cm left of drip shield center 21.5 18.0 4
27 cm right of drip shield center 10.0 10.0 5
27 cm right of drip shield center 1.0 0 5
81 cm right of drip shield center 17.0 34.0 - 5

Bounding Flow Rate Tests (DTN: MO020 EBSATBWP.028 [DIRS 1634051)
54 cm left of drip shield center (High Flow Rate) 2 0 4
27 cm left of drip shield center (High Flow Rate) 15 15 4
27 cm right of drip shield center (High Flow Rate) 6 6 5
27 cm right of drip shield center (Low Flow Rate) 50.0 16.0 5
27 cm right of drip shield center (Low Flow Rate) - 1.0 5
27 cm left of drip shield center (Low Flow Rate) 25.5 12.0 4
54 cm left of drip shield center (Low Flow Rate) 0 0 4
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Table 7.1-3. Atlas Breached Drip Shield Experiments on Rough Drip Shield Surface - Dripping on
Crown - Flow into Breaches

Drip Location Relative to: Water Collected In:
Breach B4 Breach B5 Water Breach B4 Breach B5

Drip Location (cm) (cm) Input (g)(g) (9)
Multiple Pat h Tests (DTN: MO0208EBSA TBWP.027 [Dl S 1634041)

81 cm left of drip shield center -27 -135 292.35 0.27 0.00
27 cm left of drip shield center 27 -81 288.45 5.27 0.00
27 cm right of drip shield center 81 -27 291.62 0.00 0.08
27 cm right of drip shield center 81 -27 294.13 0.00 0.27

81 cm right of drip shield center 135 27 290.10 0.00 1.01
Bounding Flow Rate Tests (DT: MO0208EBSATBWP.028 IDIRS 163405])

54cm left of drip shield center 0 -108 330.74 193.87 0.00
(High Flow Rate) 27-1386_.300

27 cm left of drip shield center 27 -81 328.65 0.63 0.00
(High Flow Rate)______

27 cm right of drip shield center 81 -27 306.65 0.00 0.35(High Flow Rate)

27 cm right of drip shield center 81 -27 545.14 0.00 11.11
(Low Flow Rate) l

27 cm right of drip shield center 81 -27 70.80 0.00 0.00
(Low Flow Rate) _____ _____

27 cm left of drip shield center 27 -81 113.32 1.36 0.00
(Low Flow Rate)

4Lcmleft of drip shield center 0 -108 118.10 0.00 0.00
(Low Flow Rate) _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _

Table 7.1-4. Atlas Breached Drip Shield Experiments on Rough Drip Shield Surface - Dripping on
Crown - Fraction of Dripping That Flowed into Breaches and Rivulet Spread Angle

Breach Spread An le (degree)
Drip Location Collecting Flow f__Pt Left Right

81 cm left of drip shield center 4 0.0018 32.5 17.5
27 cm left of drip shield center 4 0.0365 21.5 18
27 cm right of drip shield center 5 0.0005 10 10
27 cm right of drip shield center 5 0.0018 0 1
81 cm right of drip shield center 5 0.0070 17 34
54 cm left of drip shield center 4 1.1723 2 0
(High Flow Rate)

27 cm left of drip shield center 4 0.0038 15 15
(High Flow Rate)
27 cm right of drip shield center (High Flow Rate) 5 0.0023 6 6
27 cm right of drip shield center 5 0.0408 50 16
(Low Flow Rate)

27cmrightofdripshieldcenter 0.0110 1
(Low Flow Rate) I _ _ _ _ _ _ _ _ _ _ _ _ _ _ _I__ _ _ _ _ _
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Table 7.1-4. Atlas Breached Drip Shield Experiments on Rough Drip Shield Surface - Dripping on
Crown - Fraction of Dripping That Flowed into Breaches and Rivulet Spread Angle
(Continued)

Breach Collecting Spread An le (degree)
Drip Location Flow f_,pt Left Right

27 cm left of drip shield center (Low Flow Rate) 4 0.0240 25.5 12
54 cm left of drip shield center (Low Flow Rate) 4 0.0 0 0
Mean - 0.108 7.25
Standard Deviation _ 0.335 7.18
Median _ 0.005 6.29
NOTES: -= no measurement.

Mean, standard deviation, and median for spread angle are for all (left and right) measurements.

Following the approach used in Section 6.5.1.1.2.4, the "inner cluster" splash diameter is used
for the effective length of the drip shield in the validation of the flux splitting algorithm, which is
given by Equations 6.3.2.4-4 and 6.3.2.4-6 (or 6.5.1.1.2-35). The form of the equation is:

F=NbL ( 1 + 2a )fD'I (Eq. 7.1.1.1-1)

where F is the fraction of dripping flux that flows through breaches, I is one-half the width of a
breach or patch, LDS is the effective length of the drip shield (i.e., the length over which dripping
or splattering occurs), a is the rivulet spread angle, and fz is the uncertainty factor for the drip

shield developed for validation, corresponding to the drip shield uncertainty factor, fDs. For the
validation tests, the number of breaches, Nb, is one.

The splash diameter is used for the effective length, LDs. As shown in Table 7.1-1, the "inner
cluster" splash radius on the rough drip shield surface ranged from 3.5 cm to 48 cm (for more
than 20 drops), giving a range for LDS of 7 cm to 96 cm. The spread angle ranged (one standard
deviation from the mean) from zero to 14.40. For a drip shield patch width of 27 cm, E =

13.5 cm. Then, as shown in Table 7.1-5, F/fvD = Nbl 1 + tana- ranges from 0.141 to 2.17.

Table 7.1-5. Range of Estimates for FIfvD

Drip Shield
F/fvD

LDs (cm) a= 00  a=14.4°

7 1.93 2.17

96 0.141 0.158

The fraction of dripping flux, fp,,, that entered breaches in 12 rough drip shield experiments
ranged from zero to 1.17, with a mean of 0.108 and a median of 0.0054. The wide range of
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uncertainty and randomness in the experiments is demonstrated in two of the tests having the
same drip location (54 cm to the left of the drip shield center). The high drip rate test yielded the
highest flow into a breach with a negligible spread, which is the expected result. The low drip
rate test at the same drip location, which had zero rivulet spread, unexpectedly resulted in no
flow into the breach. Statistics for f-P, are compared in Table 7.1-6 between the smooth drip

shield surface experimental results (Table 6.5-2) and the rough surface results discussed in this
section.

Table 7.1-6. Comparison of felpt Statistics for Smooth and Rough Drip Shield Surfaces

Experiments Mean form Minimum fet Maximum foI Median forpI

Drip Shield (Smooth Surface) 0.111 0.013 0.275 0.049
Drio Shield Validation (Rouah Surface) 0.108 0.0 1.17 0.0054

The rough surface experimental results are now used to calibrate the drip shield flux splitting
submodel that is developed for validation purposes, yielding the uncertainty factor fvD:

fVD= t a (Eq. 7.1.1.1-2)

LDs 2

fvD is at a minimum using the minimum value for LDs (7 cm) and the maximum value for a

(14.40), resulting in fvD = 0.46ft,,p. The maximum for fyD is obtained using the maximum

value forLDs (96 cm) and the minimum value fora (00), resulting in fv = 7.IfP,. Using the

mean value for f,, (0.108) results in a range for fvD of 0.050 to 0.77. The drip shield flux

splitting algorithm developed in Section 6.5.1.1.2.4 produced the corresponding factor fDs

ranging from about 0.36 to 0.73. These factors (fvD and fDs) actually represent the estimates of
the upper bound on the uncertainty, since a lower bound is necessarily zero (i.e., no flow through
a breach). Using the actual measured range of f,,p, (0.0 to 1.17) instead of the mean increases

the range estimated for fyD to 0.0 to (7.1)(1.17) = 8.3. The corresponding range for f ,, using

the measured range of f,,, (0.0 13 to 0.275) (Table 6.5-2) for the smooth surface tests instead of

the mean (0.111), is 0.013/0.31 = 0.041 (for LDs =50cm, a =17.30) to 0.275/0.152 = 1.8 (for

LDs= 96cm, a = 8.90). Thus, using the extreme values of ,,P, for estimating fDs and fvD, the

upper bound on fvD actually spans the uncertainty in the upper bound estimate of f , as
summarized in Table 7.1-7.

Table 7.1-7. Summary of fDs and fvD Values

Based on Mean fww| Based on Minimum frpt Based on Maximum frpt

Minimum Maximum Minimum Maximum
fos 0.36 0.73 0.041 1.8
fvD0.050 0.77 0 8.3
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Based on mean values for the experimentally measured fraction of the dripping flux that flows
through a breach, the rough drip shield surface factor shows that less of the dripping flux will
flow through a breach, compared with the smooth surface results used to develop the drip shield
flux splitting submodel. The rough surface data validate the drip shield submodel by confirming
an estimate of the upper bound on the uncertainty of 0.77, based on mean values for fp. The

range on the estimate for fD is also about 0.7, which is comparable (about a factor of 2) to the
uncertainty in fDs. While the upper bound on the uncertainty factor is about the same for both
the smooth and rough surfaces (0.73 vs. 0.77), the lower bound is much higher for the smooth
surface (0.36 vs. 0.05). A random sampling from these ranges will give a mean value of about
0.54 for the smooth surface versus about 0.42 for the rough surface. So the smooth surface range
will, on average, overestimate the flux through the drip shield compared to the rough surface
range. Both the smooth surface and the rough surface results include a wide range of variability
that is incorporated in the sampled uncertainty parameter fDs for the drip shield flux splitting
submodel. The rough drip shield surface data provide confirmation that the drip shield submodel
will generally overestimate the flux through that barrier.

A final comparison is made between fJD, which lumps the uncertainty in the rivulet spread
angle into fDs, and a corresponding parameter for the rough drip shield surface, ftD, is derived,
where

f,( +tan a )
fvD=(l+ 2 )fYD. (Eq. 7.1.1.1-3)

Since a ranges from 00 to 14.40, applying the maximum value for a will result in the range for
fiY of 0 to 0.87, based on the mean value of Jf,,,P (0.054) that gives a range of 0.050 to 0.77 for

fvD. For comparison, fL was estimated to range from 0 to 0.85. The nearly-identical ranges
for fJs and fJY validate the drip shield flux splitting submodel.

7.1.1.2 Waste Package Flux Splitting Submodel

Using off-crown drip location data for the rough drip shield surface (Table 7.1-8), the rivulet
spread angle was found to depend strongly on the drip rate. These data are analyzed in the
Microsoft Excel spreadsheet: Flux Splitting Validation, Worksheet: Rough off crown WP model,
which is documented in Appendix E. The high drip rate resulted in an average spread angle of
27.10; the nominal drip rate had a mean spread angle of 20.60; and the low drip rate had a mean
spread angle of 3. 10. However, to be consistent with the development of the spread angle for the
waste package submodel, and to incorporate the real possibility of widely varying drip rates, all
50 data points are combined. The mean spread angle for the rough drip shield surface with
off-crown drip locations is therefore 9.4°, with a range (± one standard deviation of 9.60) of 00 to
19.0 .

In the off-crown splash radius tests #4 and #5 (Table 7.1-9) (Microsoft Excel spreadsheet: Flux
Splitting Validation, Worksheet: Splash Radius, which is documented in Appendix E), the drip
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location was 330 and 16.50 off the crown. The mean splash radius was 8.9 cm, with a measured
range of 3.0 cm to 15.0 cm. This gives an effective waste package length of about 6 cm to 30 cm
for the tests.

Table 7.1-8. Atlas Breached Drip Shield Experiments on Rough Drip Shield Surface - Dripping off
Crown - Rivulet Spread Data

I Spread at 330 SpreadatTransition Relevant
Drip Location I Left (cm) I Right (cm) Left (cm) I Right (cm) Patch

Multiple Patch Tests (DTN: MO0208EBSATBWP.027 [DIRS 163404])
81 cm right of drip shield center, 16.5' * - - - 5
27 cm right of drip shield center, 16.5' 8 12 6 8 5
27 cm left of drip shield center, 16.50 21 19 12 13 4
81 cm left of drip shield center, 16.5' 16 22 14 12 4
81 cm right of drip shield center, 33 - _ 2 2 5
27 cm right of drip shield center, 33 - _ 3 1 5
27 cm left of drip shield center, 33' _ 2 1 4
81 cm left of drip shield center, 33' - _ 3 4 4

Bounding Flow Rate Tests (DTN: MO02C8EBSATBWP.028 [DIRS 163405])
54 cm left of drip shield center, 33' (Low Flow 4
Rate)-
54 cm left of drip shield center, 33' (High Flow 4
Rate) -

27 m left of drip shield center, 33' (High Flow 6b 8b 14 4
R ate) _ _ _ _ _ _ _ _ _ _ _ _ _ _

27 cm right of drip shield center, 33' (High 5 b 3 b 12 11 5
Flow Rate) -
27 cm right of drip shield center, 33' (Low _ _ 2.5 2.5 5
Flow Rate) _

27 cm right of drip shield center, 16.5' (High 16 15 17 10 5
Flow Rate)__ _ _ _ __ _ _ _ _ _ _ _ _

27 cm left of drip shield center, 16.5' (High 26 32 13 34 4
Flow Rate) _ _ _ _ _ _ _ _

54 cm left of drip shield center, 16.5' (High 25 20 26 19 4
Flow Rate)
54 cm left of drip shield center, 16.5' (Low 3 6 _ _ 4
Flow Rate)
27 cm left of drip shield center, 16.5' (Low 3 2 1 0 4
Flow Rate)__ ____

27 cm right of drip shield center, 16.5' (Low 0 0 0 0 5
Flow Rate)
27 cm left of drip shield center, 33' (Low Flow 6 4.5 4
R ate) _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _

'-= rivulet spread not measured.
b These data are ignored due to inconsistent behavior - rivulet spread should not occur at the drip location.
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Table 7.1-9. Atlas Breached Drip Shield Experiments on Rough Drip Shield Surface - Dripping off
Crown - Splash Radius Tests

Splash Radius (cm)
No. Drips | Left I Right Comments

Splash Radius Test #4 (33°) (DTN: MOO27EBSATBWP.021 [DIRS 1633991)
31 3.0 3.5 Measured inner cluster (bulk)
82 5.5 6.0 Measured inner duster (bulk)
158 6.5 6.5 Measured inner cluster (bulk)

Splash Radius Test #5 (16.50) (DTN: MOO207EBSATBWP.021 [DIRS 163399])
22 9.0 10.0 Measured inner duster (bulk)
82 13.0 14.5 Measured inner duster (bulk)
156 14.0 15.0 Measured inner cluster (bulk)

The experimentally measured fraction of the drip flux (Table 7.1-10) that flowed into all
breaches (f,,,p,) from off-crown drip locations had a mean of 0.12, with a standard deviation of

0.23. The measured minimum fraction was 0.0 and the maximum was 0.62 1.

Following the approach used in Section 6.5.1.1.3, the "inner cluster" splash diameter is used for
the effective length of the waste package in the validation of the flux splitting algorithm, which
is given by Equations 6.3.3.2-1 (or 6.5.1.1.3-2) and 6.3.3.2-3 (or 6.5.1.1.3-1). The form of the
equation is:

F=Nbl 1+ tan a fv (Eq. 7.1.1.2-1)

where F is the fraction of dripping flux that flows through breaches, i is one-half the width of a
breach or patch, Lwp is the effective length of the waste package (i.e., the length over which
dripping or splattering occurs), a is the rivulet spread angle, and f;,Y is the uncertainty factor
for the waste package developed for validation, corresponding to the waste package uncertainty
factor, f,,p. For the validation tests, the number of breaches, Nb, is one. fave is obtained by
inserting fg,,,P the measured fraction of the dripping flux that flowed into breaches, for F in
Equation 7.1.1.2-1:

f'W Lo (Eq. 7.1.1.2-2)
N•( 2tana
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Table 7.1-10. Atlas Breached Drip Shield Experiments on Rough Drip Shield Surface - Dripping off
Crown - Flow into Breaches

Water Input Breach 4 Breach 4 Breach 5 Breach 6
Drip Location (9 ) Inflow (g) f Inflow (g) femt

81 cn right of drip shield center, 282.96 0 0 0.76 0.0027
16.5' *_ _ _

27 cm right of drip shield center, 316.74 0 0 0.35 0.0011
16.5' _ _ _ _ _ _ _ _ _ _

27 cm left of drip shield center, 309.57 0.48 0.0016 0.44 0.0014
16.5' _ _ _ _ _ _ _ _ _ _

81 cm left of drip shield center, 242.56 0.94 0.0039 0 0
16.5' _ _ _ _ _ _ _ _ _ _

81 cm right of drip shield center, 109.4 0 0 0.22 0.0020
3 3 ' _ _ _ _ _ __ _ _ _ _

27 cm right of drip shield center, 108.44 0 0 0.30 0.0028
33' cm ofp e e 3 000 3
27 cm left of drip shield center, 33' 107.33 0.33 0.0031 0 0
81 cm left of drip shield center, 33' 106.75 0.01 0.0001 0 0
54 cm left of drip shield center, 33' 123.13 53.27 0.4326 0 0
(Low Flow Rate) 330.03 204.9_0.211_

54 cm left of drip shield center, 33' 330.03 204.99 0.6211 0 0
(High Flow Rate)__ _ _ _ ___ _ _ _ _

27 cm left of drip shield center, 33' 339.24 0.06 0.0002 0 0
(High Flow Rate)__ _ _ _ ___ _ _ _ _

27 cm right of drip shield center, 330.22 0.10 0.0003 1.23 0.0037
33' (High Flow Rate) _ _ _ _ _ _ _ _ _ _ _ _

27 cm right of drip shield center, 112.36 0 0 0.80 0.0071
33' (Low Flow Rate) ____________

27 cm right of drip shield center, 313.82 0 0 1.14 0.0036
16.5' (High Flow Rate) _ _ _ _ _ _ _ _ _ _ _ __ _ _ _ _

27 cm left of drip shield center, 322.07 1.34 0.0042 0.19 0.00059
16.5' (High Flow Rate) _ _ _ _ _ _ _ _ _ _ _ __ _ _ _ _

54 cm left of drip shield center, 328.27 197.92 0.6029 0 0
16.5' (High Flow Rate) _ _ _ _ _ _ _ _ _ _ _ __ _ _ _ _

54 cm left of drip shield center, 94.41 57.18 0.6056 0 0
16.5' (Low Flow Rate)__ _ _ _ _ __ _ _ _ ___ _ _ _ _ _

27cm left of drip shield center, 115.97 0.34 0.0029 0.45 0.0039
16.5' (Low Flow Rate) 119.76 0 0 0.09 0.0008

27 cm right of drip shield center, 119.76 0 0 0.09 0.0008
16.5' (Low Flow Rate) ______ ____

27 cm left of drip shield center, 33' 115.81 0.36 0.0031 0 0
(Low Flow Rate)__ _ _ _ _ _ _ _ _ _ _ _ __ _ _ _ _ __ _ _ _ __ _ _ _ _ _

DTNs:

NOTE:

MO0208EBSATBWP.027 [DIRS 163404], MO0208EBSATBWP.028 [DIRS 163405].

For all fexpt values in bold: mean = 0.115; standard deviation = 0.234; median = 0.0031; minimum =
0.00014; maximum = 0.621.

Statistics for f-p, are compared in Table 7.1-11 between the smooth drip shield surface

experimental results used for the waste package flux splitting submodel (Appendix D) and the
rough surface results discussed in this section (Table 7.1-10).
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Table 7.1-11. Comparson of fexpi Statistics for Smooth and Rough Drp Shield Surfaces

Experiments Mean f4,t I Minimum f.,, I Maximum f.,pt Median fe.vt I
Waste Package (Smooth Surface) 0.295 0.0 1.066 0.0142 l

WP Validation (Rouah Surface) 0.115 I 0.0001 0.621 0.0031 l
WP = waste package

With the values for the breach flow fraction (fz), the effective waste package length (L,),

and the spread angle (a) as determined above using off-crown rough drip shield surface test
data, the range for f,. is be determined. The half-width of the patch used in the experiments

(E = 13.5 cm) is used to evaluate fVw. The minimum for f,,. is obtained using the minimum

effective waste package length (Lwp =6.0 cm) and the maximum spread angle (a= 19.00),

resulting in fE. = 0.379ft,,P,. The maximum for fo, is obtained using the maximum effective

waste package length (L,,p =30 cm) and the minimum spread angle (a =00), resulting in

fvw = 2.22fe,, . Using the mean value of f,,p, (0.115), fvw for the waste package ranges from

0.044 to 0.26. Over the measured range of f~,p (0 to 0.621), fV, ranges from 0.0 to

(2.22)(0.621) =1.38. The range obtained for fVrp (0.909 to 2.00), based on the mean smooth

drip shield surface value of fp, (0.295), is higher. When the measured range of smooth surface

f-p, values (0.0 to 1.066; see Figure D-10) for the waste package flux splitting analysis is used

instead of the mean, fwp ranges from 0.0 to 3.28. The waste package flux splitting submodel
overestimates flow through breaches compared to the model validation estimates, which in turn
overestimates the advective releases of radionuclides compared to the model validation
estimates. The estimated values for fwp and fmw are summarized in Table 7.1-12.

Table 7.1-12. Summary of fvp and fvwValues

Based on Mean f,,t Based on Minimum f&rp Based on Maximum fept
Minimum Maximum Minimum Maximum

fwP0.909 2.001 0.0 3.28
fvw 0.044 0.26 0.0 1.38

As with the drip shield submodel, a final comparison is between fJ,,p, which lumps the

uncertainty in the rivulet spread angle into fwp, and a corresponding parameter for the rough

drip shield surface, few, where

f + Ltan a f-3
W =1+-2 Vs. (Eq. 7.1.1.2-3)

For the rough drip shield surface, a ranges from 00 to 19.00. Applying the maximum value for
a results in the range for f~, of 0 to 0.30, based on the mean value of f-p,. For comparison,
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fSp was estimated to range from 0 to 2.41. The wider range for fl,, means that the drip shield
flux splitting submodel tends to overestimate the flow through breaches in the drip shield. The
overlapping ranges for fwp and few validate the waste package flux splitting submodel.

Sections 7.1.1.1 and 7.1.1.2 have demonstrated that the drip shield and waste package flux
splitting submodels overestimate fluxes when compared to the experimental data presented. The
validations discussed uncertainties in relevant parameters. Based on these validation results, the
EBS flow model is adequate for its intended use.

7.1.2 Results of Independent Model Validation Technical Review of the EBS Flow Model

The results of the independent model validation technical review of the EBS flow model are
given in a memo (Jin 2004 [DIRS 170952]) presented in Section 7.2.3 that combines the
technical reviews of the EBS flow and transport models.

7.2 EBS TRANSPORT MODEL

The transport of radionuclides through the EBS is modeled, using assumptions in Section 5, as a
combination of advective and diffusive transport including retardation between a series of three
domains:

* Waste form domain
* Corrosion products domain
* Invert domain.

Advective transport is considered when water enters the waste form domain and is able to flow
through the EBS and enter the UZ. The EBS flow model (Section 7.1) calculates the water flux
between each domain and a separate model provides radionuclide concentrations.

Diffusive transport between each of the domains occurs regardless of whether water is flowing
though the EBS. Diffusive transport between each domain is modeled in one dimension and
therefore is dependent upon the following parameters that can vary as a function of time and
according to the specific transport pathway:

* Effective diffusion coefficient
* Diffusive area
* Diffusion length.

The effective diffusion coefficient is calculated from Archie's law and is dependent upon the free
water diffusion coefficient, porosity, and saturation in each domain. Additionally a temperature
correction is made for diffusion in the invert domain. Porosity is either assumed to be constant
or is provided by a separate model (e.g., BSC 2004 [DIRS 170023]). Saturation varies with
relative humidity. The diffusive area is calculated differently for each domain, but is either a
function of the number of breaches in the waste package (corrosion patches or stress corrosion
cracks) or it is calculated from the geometry of the different components of the EBS. The
diffusive area of breaches also depends on the scenario class being modeled. The diffusion
length is either calculated from EBS geometry or is sampled, depending upon the domain.
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As stated in Section 7, the level of confidence required for the EBS transport model is Level I.
Level I validation is described in Section 7. In Sections 6.3 and 6.5, a detailed explanation and
justification is presented on the formulation of the transport model. These sections include a
great amount of information that is relevant to Level I validation. In addition, the following
sections include auxiliary information aimed to validate further certain components of the
transport model. In some cases these descriptions and comparisons go beyond Level I validation
criteria, but are included for completeness.

Section 7.2.1 describes a comparison between the in-package diffusion submodel and two
similar, independently developed models of transport from a waste package to the invert. The
comparison shows that although each model uses a different set of assumptions, the assumptions
used and the final diffusion coefficients calculated by each model generally agree and thus the
transport model is valid for its intended purpose.

Section 7.2.2 compares the invert diffusion coefficient of free water diffusivity for radionuclides
at different temperatures and with other cations and anions and shows that the self-diffusion
coefficient of water at 250C is an upper bound.

7.2.1 In-Package Diffusion Submodel

Diffusive transport within the waste package will limit the release of radionuclides for those
waste packages in a no-seep environment. The in-package diffusion submodel is directly related
to the waste isolation attribute, limited release of radionuclides from the engineered barriers,
because the model predicts delays in the release of mass from the waste package in comparison
to the TSPA-SR model, which immediately mobilized radionuclides at the external surface of the
waste package.

Level I validation is appropriate for the in-package diffusion submodel, as it is part of the
mechanisms for radionuclide transport from waste package to the drift wall through the invert
(see Section 7 above). In addition, the in-package diffusion submodel has the following features:

* The in-package diffusion submodel is not extrapolated over large distances or spaces.
There is an inherent time extrapolation in the model.

* The in-package diffusion submodel bounds the uncertainties by considering
two bounding states. In the first state, the waste package internal components are
considered to be in their intact, as-emplaced condition. For the second state, the
iron-based waste package internal components are considered to be completely degraded
to a porous material. Although these are two bounding end states, uncertainties exist in
the time- and spatially-dependent intermediate conditions.

* The in-package diffusion submodel has a modest impact on dose time history in the first
10,000 years, based on sensitivity calculations performed for the prioritization report
Risk Information to Support Prioritization of Performance Assessment Models
(BSC 2003 [DIRS 168796], Sections 3.3.6 through 3.3.11). Those studies indicate that
the estimate of mean annual dose in the first 10,000 years has only a minor dependence
on in-package conditions that impact diffusion.
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The in-package diffusion submodel is validated by comparison to two other models:

* Electric Power Research Institute (EPRI) Phase 5 report (EPRI 2000 [DIRS 154149])

* A model by Lee et al. (1996 [DIRS 100913]) for diffusive releases from waste package
containers with multiple perforations.

The in-package diffusion submodel is based on the one-dimensional diffusion equation, Fick's
first law of diffusion (Bird et al. 1960 [DIRS 103524], p. 503):

qA = -D a . (Eq. 7.2.1-1)

That is, the fundamental process being modeled is diffusion through a porous medium, a process
that is well understood and fully accepted throughout the scientific and engineering community.

Certain underlying assumptions need to be addressed. It is assumed that the bulk of the
corrosion products inside a waste package is hematite, Fe2O3 , based simply on the predominance
of iron in the composition of internal non-waste form components. This assumption is also used
in the EPRI report (EPRI 2000 [DIRS 154149], p. 6-22), based on cited studies (EPRI 2000
[DIRS 154149], p. 6-31) of corrosion products of carbon steel in humid, oxidizing environments
that indicate that in the presence of an abundant supply of oxygen, iron would be expected to
exist as Fe203, or FeOOH or Fe(OH)3 .

The specific surface area of hematite has been measured by numerous investigators. The range
of values obtained varies widely, depending on the morphology of the sample. As can be seen in
the expressions for effective saturation and diffusion coefficient, Equations 6.5.1.2.1-27
and 6.5.1.2.1-28, the diffusion coefficient is proportional to the square of the specific surface
area, which from Table 6.5-6 varies by about a factor of about 12. This uncertainty is accounted
for in the uncertain parameter, SurfaceArea CP (Table 6.5-13), which ranges from 1.0 to
22 m 2 g'1

The water adsorption isotherm used for the in-package diffusion submodel is compared with
another measured isotherm (McCafferty and Zettlemoyer 1971 [DIRS 154378], Figure 3) in
Figure 7.2-1, which shows the close agreement between independent investigators. In addition,
Figure 6.5-4 shows that hematite over-predicts the amount of water adsorbed compared to nickel
oxide, which is one of the other major components of stainless steel
(DTN: M00003RIB00076.000 [DIRS 153044]) that would comprise the products of corrosion
of the waste package internal components.
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Zettlemoyer 1971 [DIRS 154378].

Figure 7.2-1. Adsorption Isotherms for Water Vapor on a- Fe2O3

7.2.1.1 Comparison with Electric Power Research Institute 2000

Validation of the in-package diffusion submodel is provided in part by qualitative comparison
with a similar model developed independently by a reputable performance assessment program
(EPRI 2000 [DIRS 154149]).

The EPRI source-term model, COMPASS2000, implements five compartments-Waste,
Corrosion Products, Canister, Invert, Near-Field Rock-of which two (Corrosion Products and
Canister) are analogous to portions of the in-package diffusion submodel. The Corrosion
Products compartment represents the porous material that is formed after the basket materials are
corroded. The Canister compartment represents the failed metal canisters. As with the GoldSim
TSPA-LA model, each compartment is treated as a mixing cell in which radionuclide
concentrations are assumed to be uniform. Mass balances in each compartment account for the
various processes that comprise the model, including transport by diffusion and advection,
radioactive decay and ingrowth, sorption, dissolution, and precipitation.
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In the EPRI model, EBS transport parameters are assigned fixed values. Both the Corrosion
Products and corroded Canister compartments have a porosity of 0.42 (EPRI 2000
[DIRS 154149], p. 6-21), less than the initial porosity of a CSNF waste package, 0.54, as
estimated in Section 6.5.1.2.1.3. The EPRI value accounts for the volume occupied by the oxide.
A lower value for porosity overestimates releases of radionuclides. However, in the in-package
diffusion submodel (Equation 6.5.1.2.1-28), the higher value of porosity increases the estimated
diffusion coefficient by only a factor of 1.5, which is small compared to other uncertainties in the
model.

The EPRI model assumes a fixed water saturation of 0.35 in both the Corrosion Products and
corroded Canister compartments (EPRI 2000 [DIRS 154149], p. 6-21). This value is appropriate
for scenarios involving advective transport, but overestimates releases of radionuclides for the
expected large fraction of the repository that has no seepage flux, where the only water present is
adsorbed water. The in-package diffusion submodel specifically applies to those regions and
provides a more realistic estimate of saturation as a function of relative humidity.

The EPRI model uses a fixed value for effective diffusion coefficient of 4.645xlO4 m 22 yl in
both the Corrosion Products and corroded Canister compartments (EPRI 2000 [DIRS 154149],
p. 6-22). This converts to 1.472x10-7 cm2 s4l or to 1.472x101 m2 s-l. For diffusion through a
fully degraded waste package (Equation 6.5.1.2.1-27), this corresponds to a relative humidity of
97.9 percent. Thus, when the humidity is high, the EPRI model and the in-package diffusion
submodel agree well. In contrast, the in-package diffusion submodel provides
humidity-dependent diffusion coefficient values.

The EPRI model also specifies fixed diffusive lengths, which are defined as the distance from the
center of the compartment to the interface of the two contacting compartments. For the
Corrosion Products compartment, the diffusion length is 0.046 m; for the Canister compartment,
the diffusion length is 0.025 m (EPRI 2000 [DIRS 154149], p. 6-22). In a well-degraded waste
package, these are reasonable values, comparable to those used in the in-package diffusion
submodel. However, the in-package diffusion submodel accounts for the uncertainty in diffusion
lengths at all times, and provides special treatment at early times when large masses of corrosion
products are not yet formed.

For the conditions assumed in the EPRI model, namely, at later times when the waste package is
extensively corroded, the in-package diffusion submodel agrees quite well with the EPRI model.
The primary differences are that the in-package diffusion submodel accounts for a wider range of
conditions, including times just after breaches first appear in the waste package. In addition, the
in-package diffusion submodel accounts explicitly for the relative humidity, which realistically is
the only source of water when seepage does not occur. And finally, in contrast to the EPRI
model, the in-package diffusion submodel accounts for uncertainty in diffusive path lengths.
Thus, there is agreement between the models, and where differences occur, it is primarily to
increase the realism of the diffusive release calculation and to account for uncertainty.
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7.2.1.2 Comparison with Lee et al. 1996

Validation of the in-package diffusion submodel is provided in part by comparison with a similar
model developed independently and published in technical literature (Lee et al. 1996
[DIRS 100913]).

Lee et al. (1996 [DIRS 100913]) developed a model for steady-state and "quasi-transient"
diffusive releases from waste packages into the invert. In this model, perforations in the package
are assumed to be cylindrical in shape. The diffusion path consists of the approach to the
opening of the perforation from the waste form side; the path through the cylindrical portion of
the perforation, which is filled with corrosion products; and the path through the exit disk
separating the perforation from the invert. The waste is assumed to be distributed uniformly
inside the waste container. The package is approximated by an equivalent spherical
configuration, and the underlying invert is represented by a spherical shell surrounding the
package.

The model of Lee et al. (1996 [DIRS 100913]) is suitable for the late stages of package
degradation, when the waste form has become a mass of porous corrosion products. Although
Lee et al. (1996 [DIRS 100913]) assumed the packages failed by localized corrosion, this model
should be equally applicable to failure by general corrosion.

The assumption of Lee et al. (1996 [DIRS 100913]) that the waste (i.e., the radionuclide source)
is uniformly distributed inside the waste package restricts the applicability of the model and
comparison to the in-package diffusion submodel to the times when the waste package has
extensively corroded. The object of the in-package diffusion submodel is to provide more
realism at earlier and intermediate times, when the waste cannot yet be considered a uniform
porous medium. (In the in-package diffusion submodel, the dependence of the diffusive
properties of the waste package on the extent of degradation is computed explicitly as a function
of time; see Sections 6.5.1.2.1.3.2 and 6.5.3.2.) On the other hand, the fundamental assumption
that diffusive releases are controlled by diffusion through breaches that are filled with porous
corrosion products may be valid over much of the waste package lifetime, including early times,
when stress corrosion cracks are the first breaches to appear. Lee et al. (1996 [DIRS 100913],
p. 5-67) assume that the porosity of the perforations is qcp = 0.4, and the volumetric water
content is 0 = 10 percent (so the water saturation in the perforations is a constant
S,, =D/(l009S0c)=0.25). Based on data by Conca and Wright (1990 [DIRS 101582]; 1992
[DIRS 100436]), Lee et al. compute a diffusion coefficient, D (cm 2 sl), for the porous corrosion
products filling the perforations (Lee et al. 1996 [DIRS 100913], p. 5-67):

log,0 D = -8.255(±0.0499)+1.898(±0.0464)logl 0 A, (Eq. 7.2.1.2-1)

where the numbers in parentheses are one standard deviation. For cD = 10 percent (the assumed
volumetric water content of the perforations), D = 4.4 x 10 7 cm2 sl. Lee et al. assume that the
diffusion coefficient inside the waste package (as opposed to the perforations) is i0-5 cm2 S*l
(Lee et al. 1996 [DIRS 100913], p. 5-67). As a comparison, the self-diffusion coefficient for
water is 2.299 x I0'5 cm2 s-1 (Mills 1973 [DIRS 133392], Table III), and for many actinides the
diffusion coefficient in water is roughly 5 x 106 cm2 s1 (Table 7.2-11). The value for D given
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by Equation 7.2.1.2-1 accounts for porosity and saturation, and so is comparable to the value
forD, given by Equation 6.5.1.2.1-28.

Using Equation 7.2.1.2-1 to obtain D =4.4 x 10 7 cm2 s, (for cD =10 percent) and dividing this
value by the self-diffusion coefficient for water, Do (2.299xl0s5 cm2 Sol), gives

DIDo = 1.91 x 10.2. This is greater than the largest value in Table 6.5-10, indicating that the
Lee et al. (1996 [DIRS 100913]) model for D represents high relative humidity and high surface
area if adsorption is the sole mechanism for water appearing in the corrosion products. If no
advection takes place, the assumption of a water saturation of S, = 0.25 is excessive. Using the
lower saturations obtained from adsorption isotherms brings the diffusion coefficient from
Equation 7.2.1.2-1 into closer agreement with the values in Table 6.5-11. For example, if
Sw = 10'5, then Equation 7.2.1.2-1 would give DIDo = 8.59 x 10'".

A more detailed calculation can be performed to estimate the surface area of corrosion patches,
the amount of water adsorbed at various relative humidity values, the resulting water saturation
of the patches, and obtain a diffusion coefficient using Equation 6.5.1.2.1-28 or
Equation 7.2.1.2-1. Alternatively, the diffusion coefficient can be obtained using
Equation 7.2.1.2-1, in which

cD =I OOSW.CPoCP = 1.1 94(- In RH)0 4 0 8  (Eq. 7.2.1.2-2)

This equation uses a porosity of 0cp = 0.4, but obtains the effective water saturation from
Equation 6.5.1.2.1-27, which is based on the assumption that all water comes from adsorption of
water vapor onto hematite having a specific surface area of 9.1 m2 g'. Then

loge0 D=-8.255+1.8981og, 0 D

= -8.255 + 1.898[0.07707 - 0.408 log 0 (- In RH)] (Eq. 7.2.1.2-3)

= -8.109 - 0.775 logl0 (- In RH).

For example, at RH = 0.95, and using Do = 2.299 x 10- 9 m2s-' (self-diffusion coefficient
for water), the effective* diffusion coefficient for the patch using Archie's law
(Equation 6.5.1.2.1-28) is D, = 7.03 x 10.12 m2 S4, whereas using Equation 7.2.1.2-3, the

diffusion coefficient for the corrosion patch is D= 7.77 x 10-12 m2 sl. For comparison with
Table 6.5-10, D, /Do= 3.06 x 10-3 and 3.38 x 10-3 for these respective cases.

Thus, for those cases where the release rate is controlled by diffusion through porous corrosion
products, the in-package diffusion submodel agrees well with the model of Lee et al. (1996
[DIRS 100913]).

The in-package diffusion submodel provides a means for quantifying the uncertainty in diffusion
coefficients for diffusion of radionuclides from within the waste form to the invert. Whereas
other models consider only the times when the waste package is largely degraded, the in-package
diffusion submodel presented here also considers earlier times, starting from the time of the
initial waste package breach. The time period between initial breach and complete degradation
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of the internal components may span many thousands of years. Thus, the in-package diffusion
submodel fills a major time gap in modeling diffusive releases from a waste package. In effect,
it provides a rationale for interpolating between essentially a zero diffusion coefficient (due to
the absence of water) when a waste package is first breached to a value at a time when porous
corrosion products can be expected to fill the waste package with a degree of water saturation
capable of transporting radionuclides. The in-package diffusion submodel is considered
validated based on corroborating data for input parameters such as water adsorption isotherms
and specific surface areas, and based on the agreement with tvo other waste package diffusion
models in areas where these models apply.

7.2.2 Invert Diffusion Submodel

Level I validation is appropriate for the invert diffusion submodel, as it is part of the mechanisms
for radionuclide transport from waste package to the drift wall through the invert (see Section 7).
In addition, the invert diffusion submodel has the following features:

* Diffusive release from the engineered barrier system does not result in significant
releases from the repository system. Under expected conditions, there is a small
probability of waste package breaching, and only limited release at all is likely.
Therefore, the diffusion properties of the invert that might affect this release are expected
to play a small role in the estimate of performance of the system under these conditions.
The invert diffusion coefficient is also expected to play a small role for disruptive
conditions under which more significant breaching of the waste package might occur. In
this case, transport through the invert would be dominated by advection, and diffusion
would therefore provide only a minor contribution. Therefore, the diffusion submodel is
not expected to play a major role in the assessment of system performance.

* In addition to the above, the invert diffusion properties submodel is not extrapolated
beyond the conditions and distances considered in the development of the model. The
model applies only on the scale of the EBS and is not applied to larger scales, for
example to the unsaturated zone rock.

The invert diffusion coefficient abstraction considers the free water diffusivity for radionuclides
as an upper bound. The validation of each of these factors is considered in the following
sections.

Section 6.3.4.1.2 describes modification of the self-diffusion coefficient due to temperature. The
modification is based on established principles of diffusion in fluids and thus no validation is
necessary. The temperature modification is based on the relationship between diffusion and
viscosity and temperature (Cussler 1997 [DIRS 111468], p. 114). The relationship between
temperature and viscosity of water is available in text books. Thus, it is straightforward to
establish a direct relationship between diffusion coefficient and temperature.

7.2.2.1 Self-Diffusion Coefficient of Water

The self-diffusion coefficient of water at 250C, 2.299 x 10'5 cm2 s 1 (Mills 1973 [DIRS 133392],
Table III), provides an upper bound for the diffusion of ionic and neutral inorganic, and
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organo-metal species that may be released from a waste package. This assertion is based on the
following points, which are discussed in the text following this list:

1. A survey of compiled diffusion coefficients at 251C shows that simple cation and
anion species (excluding the proton and hydroxyl species, which are not appropriate
analogs to diffusing radionuclide species) have diffusion coefficients that are smaller
than that of water.

2. The self-diffusion coefficient for water at 90'C is larger than compiled diffusion
coefficients for simple inorganic species at 1000C.

3. Diffusion coefficients for simple lanthanide and actinide cations are much smaller than
the self-diffusion coefficient of water and are expected to be even smaller for their
hydroxyl and carbonate complexes.

In a compilation of diffusion coefficients for 97 ionic species, only 3 species, H+, OH-, and OD
have diffusion coefficients at 251C that are larger than the self-diffusion of water at 251C (Mills
and Lobo 1989 [DIRS 138725], Appendix A, Tables 1.1 to 1.6, pages 314 to 319). Of the
33 ionic species for which Mills and Lobo list diffusion coefficients at 1000C in Tables 1.1
through Table 1.7, only 2 species, II and OI, have diffusion coefficients larger than the
self-diffusion of water (H2

180) at 90TC (Mills and Lobo 1989 [DIRS 138725]; Table 1, page 17).
The fact that the self-diffusion of H218O is less than that of H20, and that the self-diffusion of
H20 at 90'C would be greater than that of various ionic species at I 000C, further supports the
contention that the self-diffusion of water at 250C is bounding.

The compilation below (Table 7.2-1) lists a selection of diffusion coefficients for some trivalent
lanthanides and actinides. Table 7.2-1 also includes some anions not listed in most compilations
but relevant and/or analogous to those expected for radionuclides released from the waste
package. The listing shows that the diffusion coefficients for these species are all smaller than
the self-diffusion of water, by factors ranging from 1.6 to 14.7. In the case of uranium, the
carbonate complexes of the metal species have even smaller diffusion coefficients. Based on the
Stokes-Einstein equation (Bird et al. 1960 [DIRS 103524], p. 514, Equation 16.5-4), the
diffusivity of a solute in a liquid is inversely proportional to the radius of the diffusing particles.
It is therefore expected that other carbonate and hydroxyl complexes, on the basis of the greater
size of the complexes relative to the metal species, will also have smaller diffusion coefficients
than the metal species listed in Table 7.2-1.

As an alternative, four diffusion coefficients could be used. One coefficient could be used for
each charge (mono-, di-, and tri-valent species) and one for the hydroxyl and carbonate
complexes of the actinides and lanthanides. At 250C, the mono-, di-, and trivalent species have
bounding values of 2.2 x 1 05 cm2 s-, 1.2 x 10-5 cm2 s-1, 0.7 x 10 5 cm2 s-', respectively, as shown
in Figure 7.2-2. Although this alternative model is not used for TSPA-LA, it provides further
evidence that the use of the self-diffusion coefficient of water bounds the diffusion coefficients
of diffusing radionuclide species in the EBS.
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Source: Selected from Mills and Lobo 1989 [DIRS 138725], Appendix I, Tables 1.1 to 1.6; pp. 314 to 319.

Figure 7.2-2. Limiting Diffusion Coefficients for Anions and Simple (Non-Complexed) Cations

Table 7.2-1. Compilation of Diffusion Coefficients for
Lanthanide and Actinide Species

Yttrium, Technetium, Molecular Iodine, and

Species D*, cm2 s | Comments Reference
Y 5.7±0.06 x 104 | 25C0 Mills and Lobo 1989 [DIRS 138725],

____ ____ ____p. 220.
TcO4  1.48±0.01 x lo-, 250C Mills and Lobo 1989 [DIRS 138725],

P. 105.
li i.360. 04 x 105 250C; 0.075 M H2SO4  Cantrel et al. 1997 [DIRS 1385511,

1.360.04Table 5.
La3+ 250C; 0.1 M NaCI0 4; Rosch and Khalkin 1990 [DIRS 138739],

5.42 x 104 u = 6.33 cm2 s'1 V' calculated from mobility data reported in
Table 1. p. 103.'

La3 ' 6.18±0.06 x 1 0 25°C Mills and Lobo 1989 [DIRS 138725],
p. 93.

Ce(IlI)- 2.68±012 106 5.5 M K2CO3, pH 13, Haltier et al. 1990 [DIRS 138643], p.111.
carbonate .6 . x presumably at 250C.

Ce(IV)- 1o 5.5 M K2CO3, pH 13, Haltieretal. 1990 [DIRS 138643]. p.111.
carbonate 1.56±0.07 x 10 presumably at 250C.

Eu3  25°C; 0.1 M NaCI04; Rosch and Khalkin 1990 [DIRS 138739];
4.38 x I u = 5.12 cm2 s' V1  calculated from mobility data reported in

Table 1, p. 103.'
Gd3  25°C; 0.1 M NaCI0 4; Rosch and Khalkin 1990 [DIRS 138739];

5.24 x I04  u = 6.12 cm2 s-1 V' calculated from mobility data reported in
I__ Table 1, p. 103.'
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Table 7.2-1. Compilation of Diffusion Coefficients for Yttrium, Technetium, Molecular Iodine, and
Lanthanide and Actinide Species (Continued)

Species D^, cm2 s1 | Comments Reference
Tb-h 250C; 0.1 M NaCIO4; Rosch and Khalkin 1990 [DIRS 138739];

5.01 x 104 u = 5.85 cm2 s ' VI calculated from mobility data reported in
Table 1, p. 103.'

Tm3  25°C; 0.1 M NaCIO4; Rosch and Khalkin 1990 [DIRS 138739],
5.10 x 104 u = 5.96 cm2 S1 V' calculated from mobility data reported in

Table 1; p. 103.'
Yb3 ' 250C; 0.1 M NaCIO4; Rosch and Khalkin 1990 [DIRS 138739],

5.23 x 104 u = 6.11 cm2 s VI calculated from mobility data reported in
Table 1; p. 103.'

Lu3* 25°C; 0.1 M NaCIO4; Rosch and Khalkin 1990 [DIRS 138739],
5.01 x 104 u = 5.85 cm2 S ' calculated from mobility data reported in

_ _Table 1; p. 103.'
U0 2(CO3)3

4  3.6 x 10 I M total carbonate, 220C Perry et al. 1988 [DIRS 138732]. p. 302.
UO2(CO3)3  3.0±0.7 x 10o 0.2 M total carbonate, pH 9.8, Perry et al. 1988 [DIRS 138732], p. 302.

3.0±0.7 2500C_________________
UO 2 (CO3 )3 5 3.81±0.26 x 1 0.75 M Na2CO3, 0.6 M NaCIO4, Haltieretal. 1990 [DIRS 138643], p. 110.

_______ _ x__ 1 pH 11.5, presumably at250C
U02  6.8 x Io0 250C Millard and Hedges 1996 [DIRS 138677],

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ p .2 14 1 .

UO2-carbonate Calculated using Stokes- Millard and Hedges 1996 [DIRS 138677],
1.9 X 1o Einstein with a radius of p. 2141.

8 A at 100C
Np(V)-carbonate Calculated using Stokes- Tsukamoto et al. 1994 [DIRS 138747]; p.

7 x 104 Einstein with a radius of 469.
3.4 A at 250C

Am3+ 250C; 0.1 M NaCIO4; Rosch and Khalkin 1990 [DIRS 138739];
5.78 x 1 04 V = 6.75 cm2 S ' V' calculated from mobility data reported in

Table 1; p. 103.'

Am3+ 5.95±0.06 x 104 25°C, in 0.0002 M Nd(CI04)3  Mills and Lobo 1989 [DIRS 138725];
____ ____ ____p. 131.

Cf+ 250C; 0.1 M NaCIO4; Rosch and Khalkin 1990 [DIRS 138739];
4.39 x 104 u = 5.13 cm2 

51 V1 calculated from mobility data reported in
C______Table 1; p. 103.'

5.50±0.06 x 104 250C, in 0.0002 M Nd(CI04)3 Mills and Lobo 1989 [DIRS 138725];
_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _p. 132.

Es"+ 5.50±0.06 x 104 25°C, in 0.0002 M Nd(CI0 4)3  Mills and Lobo 1989 [DIRS 138725];
_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ p . 1 3 2 .

*Calculation of diffusion coefficients from reported ionic mobilities (Rosch and Khalkin 1990 [DIRS 138739];
Table 1). The mobilities (u) were measured In 0.1 M NaCIO4 at various pHs (below the pH of hydrolysis) and
were slightly larger at pHs greater than 5, and these are the data that were used for the calculation. The equation
used to calculate the diffusion coefficient is: D* = (kTI(Izje)) u, where k is Boltzmann constant (J K'), T is the
temperature (K), z is the valence of the ion, e is the elementary charge (C), and u is the mobility (cmi se VI)
(Atkins 1990 [DIRS 111464], Box 25.1, Einstein relation, p.765).
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7.2.2.2 Modification for Porosity and Saturation

Validation of the dependence of invert diffusion coefficient on porosity and saturation is
provided by comparison with measured data obtained independently of the data used for model
development. Data used for validation are obtained from diffusivity measurements for crushed
tuff using electrical conductivity measurements (CRWMS M&O 2000 [DIRS 156680]) and from
direct measurements of diffusivity between machined cubes of tuff (Hu et al. 2001
[DIRS 161623]).

Conca and Wright (1992 [DIRS 100436]) and Conca et al. (1993 [DIRS 170709]) obtained
diffusion coefficients from electrical conductivity measurements for various granular materials,
including tuff, with volumetric moisture content ranging from 0.5 percent to 66.3 percent. A
statistical fit of the data (Conca and Wright 1992 [DIRS 100436], Figure 2; Conca et al. 1993
[DIRS 170709], Figure 2; listed in Table 4.1-14) ranging from 1.5 percent to 66.3 percent
volumetric moisture content, based on Archie's law, results in the model used in TSPA-LA
(Section 6.3.4.1.1 and Appendix G):

D = D0O) 863 Sw63 I oQND(- 0=033.a01) (Eq. 7.2.2.2-1)
= DO 9 1 63 1 0 ND(p-0.033.r-0.218)7

where 0 = OS, is the volumetric moisture content (fraction: m3 water m-3 rock). The object of
this validation is to show that the diffusion coefficient given by Equation 7.2.2.2-1 obtained from
the electrical conductivity measurements of Conca and Wright (1992 [DIRS 100436]) and Conca
et al. (1993 [DIRS 170709]) tends to overestimate the diffusivity of invert materials.

The diffusion coefficient has also been determined specifically for tuff, also using electrical
conductivity measurements (CRWMS M&O 2000 [DIRS 156680], Tables A-I and A-2). These
data are listed in Table 7.2-2 and are plotted in Figure 7.2-3, along with the mean value and plus
and minus three standard deviations from Equation 7.2.2.2-1. This plot shows that the fit to the
measured diffusion coefficient data (Equation 7.2.2.2-1) overestimates the diffusion coefficient
relative to The Determination of Diffusion Coefficient of Invert Materials (CRWMS M&O 2000
[DIRS 156680], Tables A-I and A-2). This plot was created using Microsoft Excel; see
Appendix G, Worksheet: Validation, p. VII-IO.

The electrical conductivity measurements by Conca and Wright (1992 [DIRS 100436]) and
Conca et al. (1993 [DIRS 170709]) use conductivity as an analog for diffusivity. While the
analog is known to be valid in fully saturated media, its application to unsaturated media,
particularly at low moisture contents, is questionable due to the difficulty in preparing samples
and in making reliable electrical contact between the electrical leads and the samples. To avoid
these problems, Hu et al. (2001 [DIRS 161623]) measured diffusive tracer concentrations in tuff
cubes directly using laser ablation coupled with inductively coupled plasma-mass spectrometry
(LA-ICP-MS), rather than relying on electrical analogs.
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Figure 7.2-3. Comparison of EBS Radionuclide Transport Abstraction Invert Diffusion Submodel
(Equation 7.2.2.2-1) with Measured Diffusion Coefficients for Tuff

Table 7.2-2. Diffusion Coefficient of Crushed Tuff Invert Materials

Volumetric Moisture Diffusion Coefficient
Sample Content (%) (cm2 51)

1 32.13 2.02 x 10-6

2 18.15 5.40 x107

3 9.26 4.05-x

4 7.03 6.75 x l
5 6.97 7.45 x 10 9

6 6.89 6.73 x 10-9
7 6.75 5.42 x 10-9

8 6.63 4.39 x 10e
9 6.63 3.76 x le

10 6.23 3.40 x 10-9
11 6.00 3.43x 10f9

12 5.55 2.04 x 109

13 5.46 2.04 x 109

14 8.29 2.24 x 109
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Table 7.2-2. Diffusion Coefficient of Crushed Tuff Invert Materials (Continued)

Volumetric Moisture Diffusion Coefficient
Sample Content (¾) (cm2 s1 )

15 7.54 6.81 x 1i 9

16 7.36 6.21 x 10-9
17 7.22 4.38 x 109
18 6.84 2.19 x 109
19 6.11 1.55x169
20 5.41 9.97 x 10'°
21 4.45 6.19 x 101'°
22 3.64 5.00 x 10.'1
23 0.29 1.24 x 10.1°
24 0.20 1.25 x 10¶'°

Source: CRWMS M&O 2000 [DIRS 156680], Tables A-1 and A-2.

LA-ICP-MS has recently evolved as a powerful analytical tool for solid samples (Russo
etal.2000 [DIRS 155697]). It can simultaneously determine a large number of chemical
elements with low detection limits. Laser ablation uses an intense burst of energy delivered by a
short laser pulse to vaporize a minute sample (in the range of nanograms) from a small area.
Several spot sizes can be selected (from 25 pm to 200 pm in diameter), allowing a choice of
appropriate spot size for different applications. A smaller spot size will sample less solid
material, leading to lower analytical precision, but allowing more heterogeneity to be observed.
A single laser pulse reveals surface compositions, while multiple pulses allows compositions to
measured at various depths below the surface, with the crater depth proportional to the number of
laser pulses applied. For example, two pulses reach about 4 pm into the tuff matrix
(Hu et al. 2001 [DIRS 161623], p. 22), and 50 pulses ablates to a depth of about 35 pm
(Hu et al. 2001 [DIRS 161623], Figure 6).

In the approach of Hu et al. (2001 [DIRS 161623]), a machined 1.5-cm tuff cube containing a
tracer was placed in contact with a cube not containing the tracer, both under the same
thermodynamic conditions. The tracer is allowed to diffuse from the tracer-containing cube to
the other. Tracers were chosen based on their chemical similarity to radionuclides of interest.
The source cube was vacuum-saturated with a tracer solution mixture of NaBr, NaReO4, CsBr,
and RbBr; both Brf and perrhenate (ReO4) act as nonsorbing tracers. The sink cube was also
vacuum-saturated, but had no tracers. Source and sink cubes were separately placed inside a
humidity chamber within an incubator maintained at 220C until the cubes equilibrated to a
constant weight (13 days). The cubes were then clamped together in the relative humidity (RH)
chamber to start the diffusion test. After 87 days, the diffusion test was stopped by separating
the source and sink cubes. The surface and depth distribution of the tracer was then mapped
using LA-ICP-MS. The mapping was done on the interface, the far side face (opposite side from
the interface), and along the side perpendicular to the interface.

Measurements along the outside surface of the sink cube indicated that a nonsorbing tracer
(ReO4 ) diffused along the surface at a rate similar to its aqueous diffusion rate in bulk water
(Hu et al. 2001 [DIRS 161623], pp. 21 and 22). This result was reasonable because the tuff
cubes were located in the high-RH chamber, with the likely presence on the outside of the cube
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of a thick water film that behaves like bulk water. These measurements provided a bounding
value for the diffusivity of the tracer, comparable to the diffusion coefficient of 1.48x 0-5 cm2 s,1
(Table 7.2-1) for its analog, TcO4-. In other words, in regions on the tuff samples that were
saturated or at least had high water saturation, the direct diffusivity measurements agreed with
theoretical predictions.

Hu et al. also measured tracer concentrations at greater depths into the cube by using the laser
ablation technique to probe into the surface. They found that internal diffusion coefficients, at
depths of 60-410 pm, were on the order of 10.12 cm2 s-1 (Hu et al. 2001 [DIRS 161623], p. 22).
The measured volumetric water content of the tuff matrix was 8.9 percent (Hu et al. 2001
[DIRS 161623], p. 25). The mean diffusion coefficient predicted by the invert diffusion
properties submodel (Equation 7.2.2.2-1) would then be 2.6 x 10-7 cm2 s-1. This is a factor of 105
larger than the measurement. Thus, the diffusion coefficient throughout most of a grain of
crushed tuff is lower than that predicted by the invert diffusion properties submodel. This
provides corroborating evidence that the invert diffusion properties submodel overestimates
releases of radionuclides from the EBS. These data also show that the overestimation of
diffusivities in the invert diffusion properties submodel may be excessive. However, insufficient
data exist to reduce the uncertainty in this model, and, if this additional uncertainty were
included in the invert diffusion submodel, estimated releases of radionuclides from the EBS
would be reduced and no longer be bounding. Because the model has a low impact on repository
performance, the degree of uncertainty in this model is acceptable for TSPA-LA.

The study by Hu et al. (2001 [DIRS 161623]) was primarily a development of the technique for
using LA-ICP-MS of microscale profiling of the distribution of diffusing tracers. However, in
the process, some preliminary data were obtained that can be used to corroborate the electrical
conductivity measurements of Conca and Wright (1992 [DIRS 100436]) and Conca et al. (1993
[DIRS 170709]).

Sections 7.2.1 and 7.2.2 have demonstrated that the component models of the EBS transport
model meet Level I validation. Based on the validation results, the EBS transport model is
adequate for its intended use.

7.2.3 Results of Independent Model Validation Technical Review of the EBS Flow and
Transport Models

An independent model validation technical review of the EBS flow and transport models was
conducted, as specified in the TWP (BSC 2004 [DIRS 170775], Section 2.2.3). This model
validation approach is justified based on requirements of AP-SIII.IOQ, Section 5.3.2 c), where
independent technical review is listed as an appropriate method for model validation. The results
of the independent model validation technical review of the EBS flow and transport models are
presented in a memo (Jin 2004 [DIRS 170952]), a verbatim copy of which follows.
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MEMO

Date: July 22,2004

To: James Schreiber, Cliff Howard, and Kathryn Knowles, Yucca Mountain Project

From: Minquan Jin, INTERA Inc., Austin, Texas

RE: Independent Model Validation Technical Review of the EBS Flow and Transport Sub-
Models of the Radionuclide Transport Abstraction Model for the Yucca Mountain
Project

Pursuant to your request to perform an independent model validation, a technical review is being
conducted of three sub-models of the Engineered Barrier System (EBS) Radionuclide Transport
Abstraction model as documented in ANL-WIS-PA-00000I Rev 01K, I have performed and
documented the following review. This review is being conducted consistent with the
requirements of the Technical Work Plan TWP-MGR-PA-000020 Rev 00. The three sub-models
are the EBS flow sub-model, EBS transport sub-model, and EBS UZ interface sub-model. This
memo describes the results of my review of the EBS flow sub-model and EBS transport sub-
model only.

Review Qualifications

Section 2.2A of the Technical Work Plan TWP-MGR-PA-000020 Rev 00 describes the
qualifications and responsibilities of the independent model validation technical reviewer. Based
on the evaluation of the information provided in the document, I qualify to perform the work
described for the following reasons. (1). I have not contributed to the development of the model
assumptions, parameters, or implementing algorithms documented in ANL-WIS-PA-000001 Rev
01K, (2). I have a PhD degree in Petroleum and Geosystems Engineering and am a Licensed
Professional Engineer in the State of Texas, and (3). I have more than ten years of professional
expertise in modeling fluid flow and transport in porous media. More detailed information
regarding my credentials can be found in the resume attached.

Appropriateness and Adequacy of the Conceptual Model

Document ANL-WVIS-PA-00000I Rev 01K describes the conceptual model used to determine the
rate of radionuclide release from EBS to the unsaturated zone. This model consists of two main
components-a flow model and a transport model. The flow model defines the pathways for
water flow in the EBS and specifies how the flow rate is computed for each pathway. The
transport model considers the transport of radionuclide through each pathway. Sections 6.1,
6.3.1.1, 6.3.2, and 6.3.3 of the document provide a complete and clear description of the
fundamental bases of the conceptual flow model. Sections 6.3.1.2 and 6.3.4 provide detailed
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MEMO (Continued)

description of the fundamental bases of the conceptual transport model. In addition to the
conceptual models developed, several alternative conceptual models are also considered and
presented in Section 6.4. These alternative models are screened out in analysis and the rationales
are summarized in Table 27. Based on the review of these sections and other related sections of
the document, it is my professional judgment that both the flow model and the transport model
incorporate the important design features, physical phenomena, and the relevant mechanisms that
have a significant effect on the flow and transport of radionuclide in EBS.

The conceptual flow sub-model logically divides the EBS components into three domains: the
waste form, the waste package corrosion products, and the invert. As a result, flow and transport
in these domains is treated separately. The output of the waste form domain feeds into the
corrosion products domain. The output of the corrosion products domain, in turn, feeds into the
invert. Separation of domain makes it easier to identify the eight unique pathways of water flow
through EBS. This approach and the algorithms therefore capture all known flow pathways into
and from the EBS components and simplify a complicated problem. The magnitude of seepage
fluid passing through the drip shield and the waste package is accounted for using the flux
splitting sub-model.

The transport sub-model consists of the same three domains as the flow sub-model, the waste
form, the waste package corrosion products, and the invert. The waste form is the source of all
radionuclides where degradation processes occur. Dissolved radionuclide species are transported
by advection and/or diffusion to the waste package corrosion products domain. Radionuclide
species released from the corrosion products domain are then transported to the invert domain and
interact with the crushed tuff in the invert by adsorption processes. Advective transport is
considered when water enters the waste form domain and is able to flow through the EBS.
Diffusive transport between each of the domains occurs regardless of whether water is flowing
though the EBS. The properties that affect the rate of transport of radionuclides through each
domain include the volume, porosity, water saturation, sorption, temperature, diffusion cross
sectional area, and diffusive path length. These properties are well defined and discussed in
details in the document. The concentration of each radionuclide during transport is limited by the
sum of its solubility limit and the presence of any colloidal particles that may act as reversible or
irreversible carriers for the radionuclide.

In general, the document sufficiently describes the uncertainties in model parameters, processes,
and assumptions. The potential impacts of these uncertainties are discussed. In addition to the
description of the conceptual model, the modeling assumptions are clearly defined, discussed, and
justified as appropriate for the intended use of the two sub-models. This is done in a separate
section (Section 5). Based on the review of the sections of the document described above, it is my
professional judgment that the conceptual flow model and the conceptual transport model
developed for water flow and radionuclide transport through the EBS are appropriate and adequate
for their intended use.

Appropriateness of the Mathematical Representation of the Conceptual Model

Section 6.5 of the report provides a complete and clear description of the mathematic
representation of the conceptual flow model and the conceptual transport model. As with any
engineering mathematical model, assumptions and simplifications have been made in the
development of the mathematical representations of the conceptual EBS flow sub-model and the
transport sub-model. Review of the document indicates that the mathematical formulations
developed provide justifiable representations of the technically important mechanisms identified in
the conceptual models. Assumptions which are used to formulate models are justified and have a
defensible technical basis (Section 5). The important parameters for the mathematical models are
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derived from experimental data and by comparison of the experimental data to model calculations
(Sections 6.5.1.1 and 6.5.1.2). Uncertainties associated with experimental data are quantified. For

the parameters with high uncertainty, assumptions are made such that the parameters used would
predict a higher radionuclide release rate through the system. Based on review of this information,
I conclude that both mathematical representations of the flow model and the transport model are
appropriate for their intended use.

Appropriateness of the Key Model Assumptions

In Section 5 of the document, a number of key assumptions are identified and discussed in detail.
The table below presents an assessment of the assumptions.

Assumptions Comments
1. All seepage into the drift falls on the crown I agree with the assumption and assessment
of the drip shield, and, in the absence of a drip as provided by the author. The assumption is
shield, all seepage falls on the crown of the reasonable and appropriate.
waste package.

2. There is no evaporation of seepage water This assumption will overestimate water flow,
from the surface of the drip shield. since water evaporation will occur upon contact

with a hot object. Nevertheless, this assumptio
has no adverse effect on the model results and
only maximizes the water flux through the EBS.

3. Evaporation of water from the surface or Same comments as item #2 above.
interior of a waste package does not occur.

4. Chemical reactions In the EBS neither I concur with the author. This Is a very reasonab
produce nor consume water and therefore do assumption. In general, the consumption or
not affect water mass balance In the EBS production of water tends to be negligible.

5. A thin film of adsorbed water is assumed to I agree with the assumption and assessment
always exist on the surfaces of Internal waste as provided by the author. The assumption
package components and corrosion products allows radionuclides to diffuse through the
in a breached waste package waste package interior and through corrosion

products under no liquid flux condition. This
assumption maximizes the rate of radionuclide
transport through the EBS.

6. The products of the corrosion of all internal I concur with the author. The assumption is
waste package components, except for the fuel reasonable in the absence of detailed
rods and spent nuclear fuel, are Fe2O3  compositional data, corrosion process
(hematite). information, and adsorption isotherms for the

numerous other potential steel corrosion
products. The limited experimental data
presented in the report also appear to support
the validity of this assumption.
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Assumptions Comments
7. The void volume of a waste package remains I agree with the assumption and assessment
constant as the internal components degrade. as provided by the author. Reduction of void

volume due to corrosion is a time-dependent
variable and difficult to quantify. Nevertheless,
a reduction in void volume can only reduce the
diffusive releases of radionuclides. This
assumption therefore maximizes the rate of
radionuclide release through the EBS.

8. No corrosion products exist in the invert. This is a reasonable assumption. it reduces
the potential effectiveness of the invert as a
transport barrier, and therefore, maximizes the
rate of radionuclide release through the EBS.

As stated in the table above, the assumptions used for model development and application are
appropriate. This is standard practice and is appropriate.

Evaluation of Model Validation

Documentation of the flow sub-model validation is presented in Section 7.1 and was performed in
accordance with AP-2.27Q, Planningfor Science Actiiviies, and AP-SIII.IOQ according to the
author. Validation is achieved through comparison of the model calculation results to qualified
experimental data collected during associated testing. The method of model validation by
comparison of model calculation results to that of the experimental data is standard practice and
therefore the model validation method used here is appropriate. Because of the large spread of the
experimental data and the uncertainties associated with the chaotic nature of the flow of droplets
on a corroded surface, the model validation criterion is that the predictions of the abstraction
bound the experimental measurements. This is also standard practice and is appropriate. The
results documented in the report demonstrate that the drip shield and waste package flux splitting
sub-models bound the experimental data. Calculations could not be checked for accuracy because
of their complexity. The calculations do, however, appear to be reasonable and consistent with the
methodology. Review of the document indicates to me that the validation calculation of the flow
sub-model is adequate and appropriate.

Documentation of the transport sub-model validation is presented in Section 7.2. Validation is
achieved through comparison of the model calculation results to qualified literature data. The
method of model validation by comparison of model calculation results to that of the literature
data is standard practice and therefore the model validation method used here is also appropriate.
Section 7.2.1 describes a comparison of the in-package diffusion sub-model to the model reported
by Electric Power Research Institute Phase 5 report (EPRI 2000) and a model by Lee et al. (1996).
The comparison shows that the final diffusion coefficients calculated by each model generally
agree. Section 7.2.2 provides a compilation of literature data to show that the use of self-diffusion
coefficient of water at 250C for radionuclide species in the invert diffusion sub-model as an upper
bound is appropriate. A comparison of the mean diffusion coefficient predicted by the invert
diffusion sub-model with experimental data reported by Conca and Wright (1992) and by Hu et al.
(2001) indicates that the invert diffusion sub-model significantly overestimates releases of
radionuclides from the EBS. It is recommended that further studies be conducted to reduce the
uncertainties of this model predication. Nevertheless, this overestimation has no adverse effect on
the model results and only maximizes the release of radionuclides through the EBS. Review of
the document indicates to me that the model validation meets Level I validation criteria and the
model developed is therefore adequate for its intended use.
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Evaluation of Model Validation Criteria

In Section 2.2.4 of Technical Work Plan TWP-MGR-PA-000020 Rev 00, a number of model
validation criteria are identified. The tables below present an assessment of these criteria.

Evaluation of Flowv Sub-model Validation Criteria

Criteria
Criteria met? Response

a) The approach and algorithms Yes Section 6.3 of the document
described in the document and provided provides detailed information on the
to the TSPA capture all known flow approach and algorithms of the flow
pathways into and from EBS model and Table 21 summarizes all
components. known flow pathways and related

parameters.

b) Modeling assumptions are clearly Yes Section 5 of the document presents
defined, discussed, and justified as a clear and complete description of
appropriate for the intended use of the the model assumptions and
model. justifications.

c) Uncertainties in parameters, Yes Input parameters are documented in
processes, and assumptions are Section 4. Uncertainties are
sufficiently described, and impacts of discussed throughout the document
these uncertainties discussed. whenever the related parameters are

used.

d) The overall technical credibility of the Yes The conceptual model is well
approach, including assumptions, presented and documented. Some
parameters, equations, and the TSPA of the assumptions are made such
implementation, are sufficient for the that the model would overestimate
model's intended use. flow rate and therefore the model is

well suited for its intended use.

Evaluation of Transport Sub-model Validation Criteria

Criteria
Criteria met? Response

a) The approach and algorithms Yes The detailed explanation on the
described In the document and provided approach and algorithms of the
to TSPA address all known modes of transport model developed is
radionuclide transport within and from presented in Sections 6.3 and 6.5 of
the EBS components. the document. All known transport

modes and related parameters are
summarized in Table 22.

b) Modeling assumptions are dearly Yes Section 5 of the document presents
defined, discussed, and justified as a dear and complete description of
appropriate for the Intended use of the the model assumptions and
model. justifications.
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Criteria
Criteria met? Response

c) Uncertainties in parameters, Yes Input parameters are documented in
processes, and assumptions are Section 4. Uncertainties are
sufficiently described, and Impacts of discussed throughout the document
these uncertainties discussed. whenever the related parameters are

used.

d) The overall technical credibility of the Yes A great amount of information is
approach, including assumptions, given in the development,
parameters, equations, and the TSPA formulation and validation of the
implementation, are sufficient for the conceptual model. Review of the
model's intended use. document indicates to me that EBS

transport sub-model is adequate for
its intended use.

Conclusions

The EBS flow sub-model and transport sub-model documented in report ANL-WIS-PA-000001
Rev 01K incorporate important design features, physical phenomena, and appropriate
assumptions. Sufficient technical bases and justifications are provided for the model development
and mathematical representation. Assumptions are well documented and justified and some of the
model assumptions are made such that the model would overestimate water flow rate and
radionuclide release through the EBS. Uncertainties are adequately and realistically bounded.
Model validations are performed either by comparison of the model calculation results to the
experimental data or by comparison to the literature values. It is my professional judgment that
both EBS flow sub-model and EBS transport sub-model are adequate for their intended use.
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7.3 EBS-UZ INTERFACE SUBMODEL

The output of the invert domain feeds into the unsaturated zone through the EBS-UZ interface
submodel. In the EBS RT Abstraction, the invert is modeled as a single-continuum porous
medium whereas the adjacent UZ is modeled as a dual continuum fracture-matrix medium. The
model is described in detail in Section 6.5.3.6.

The mass flux from the invert flows into the top layer of the middle zone in the UZ. The portion
of the advective flux from the invert that is attributable to the seepage flux (F,) flows into the UZ
fractures. The imbibition flux into the invert (F7) flows out of the invert into the UZ matrix. The
diffusive flux from the invert can go into both UZ continua based on the concentration gradient
and effective diffusion coefficient. The diffusive area remains the same because they are
overlapping continua. The advective flux flowing through the UZ fracture cells in the middle
zone is given by the greater of the advective flux out of the invert and the steady state UZ
fracture flux. The advective flux in the two outer zones is given by the steady state UZ flow in
each continuum at the repository horizon; the drift shadow effects are ignored.

For TSPA-LA, a semi-infinite zero concentration boundary condition is used for the EBS-UZ
interface. This is approximated by applying an effective zero-concentration boundary at
approximately three drift diameters below the invert-UZ boundary into the UZ. By moving the
zero concentration boundary some distance below the invert, a more realistic diffusive gradient
through the invert is achieved.

The EBS-UZ interface submodel of the EBS RTAbstraction provides input to the unsaturated
zone radionuclide transport model in Particle Tracking Model and Abstraction of Transport
Processes (BSC 2004 [DIRS 170041]). The appropriate level of confidence identified for
unsaturated zone radionuclide transport is Level II. Therefore, Level II also represents
appropriate level of confidence for the EBS-UZ interface submodel of the EBS RTAbstraction.

Section 7.3.1.1 describes the semi-analytical fracture-matrix partitioning model that is used to
validate the EBS-UZ interface submodel of the EBS RTAbstraction. Section 7.3.1.2 compares
the two interface models, and Section 7.3.1.3 provides an evaluation of differences between the
two models and discussion of the applicability and suitability of the EBS-UZ interface submodel
for TSPA-LA transport modeling.

7.3.1 Validation of EBS-UZ Boundary Condition Implementation in TSPA-LA

In this section, the predictions of the analytical fracture-matrix partitioning model developed in
Drift-Scale Radionuclide Transport (BSC 2004 [DIRS 170040]) are compared with the
fracture-matrix partitioning at the EBS-UZ boundary predicted by the EBS RT Abstraction
(Section 6.5.3.6). Because the two models are conceptually different, exact agreement in their
results is not expected. The objective of the validation is to demonstrate qualitative agreement,
i.e., that the trends and general qualitative behavior of the EBS-UZ boundary condition
implementation in the EBS RTAbstraction are also seen in a model that has been independently
developed and uses a completely different solution approach.
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7.3.1.1 Description of Fracture-Matrix Partitioning Model

The fracture-matrix partitioning model, described in Drift-Scale Radionuclide Transport
(BSC 2004 [DIRS 170040]), is developed for the case where there is no seepage inside the drift.
It may be used to compute the relative fraction of the radionuclide mass entering the UZ matrix
and UZ fracture from the invert by the process of diffusion. The fracture-matrix partitioning
model is extended to the case where there is seepage through the drift by specifying that all mass
leaving the invert by advection enters the UZ fractures, i.e., there is no partitioning in this case.

The fracture-matrix partitioning model considers only that part of the invert that is directly
underneath the waste package, and effectively treats the invert as a single continuum by
assuming zero saturation in the intergranular pores of the invert and a fully saturated
intragranular invert continuum, in order to compute a single continuum (or bulk) water content.
A rectangular geometry is used for the invert, with a vertical length sampled from a uniform
distribution whose maximum is the maximum thickness of the invert directly under the package
and whose minimum is the thickness of the invert under the projected edges of the package. The
invert width is defined to be equal to the half-fracture spacing in the UZ, which is the reciprocal
of the sampled value of the fracture frequency. The model assumes two-dimensional steady state
diffusion in a homogeneous invert material. The governing mass transport equation is the
Laplace equation:

V2 C(xy) = O. (Eq. 7.3.1.1-1)

Both lateral boundaries are considered lines of symmetry and treated as no-flow boundaries
(BSC 2004 [DIRS 170040], Section 6.4.1 and Figure 6-10). Along the top of the invert, a
constant concentration boundary condition is imposed. At the bottom of the invert, two flux
boundary conditions are imposed - one across the interface between the invert and the saturated
width of the single UZ fracture (i.e., the water film thickness), and one for the interface of the
invert with UZ matrix. The model only considers a single fracture in the UZ, located directly
under the left boundary of the invert. The remaining width (the half fracture spacing minus the
fracture water film thickness) interfaces with the UZ matrix. Within the single UZ fracture, only
diffusive transport is allowed for a vertical distance below the invert that is sampled uniformly
between zero and the fracture spacing. Beneath that point, only advective transport in the
fracture is allowed. The imposed boundary condition is such that the diffusive flux in the
fracture is equal to the downward advective flux in the fracture at this sampled transition point
between diffusion and advection. For the UZ matrix, only advective transport is allowed, and the
boundary condition is such that the diffusive flux from the invert to the UZ matrix is equal to the
UZ matrix advective mass flux.

The fracture-matrix partitioning first formulates the above partial differential equation for
concentration with boundary conditions in dimensionless form, which is then solved analytically
by infinite series expansion in cosines and hyperbolic tangent functions. The flux to the fracture
is then determined by integration at the invert-UZ boundary of the gradient of the concentration.
The integral over the UZ fracture portion of the UZ represents the flux to the UZ fracture, while
integration of the concentration gradient over the UZ matrix portion of the boundary provides the
flux to the UZ matrix.
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7.3.1.2 Comparison of Results from Fracture-Matrix Partitioning Model with Results
from the Modified EBSRTAbstraction

The two models are compared for the predictions of the fraction of mass of radionuclides
released to fractures of the unsaturated zone. The comparison is based on the results of the
Fracture-Matrix Partitioning Model reported in Section 6.4.6 of the Drift-Scale Radionuclide
Transport (BSC 2004 [DIRS 170040]). In that report, calculations are done for the three
infiltration rates (lower, mean and upper) of the glacial transition climate. The calculations
include parameter uncertainty. The EBS-UZ interface submodel is modified, as discussed
below, to allow comparison of the two models without changing the conceptual design or
solution algorithm. GoldSim V8.01 (Golder Associates 2003 [DIRS 166572]) is used for the
EBSRTAbstraction calculations.

In order to compare the EBS RT Abstraction with the fracture-matrix partitioning model, all
sampled and time-varying parameters in the EBS and UZ in the TSPA-LA system model are
made consistent with the parameters used in the fracture-matrix partitioning model. Additional
modifications made to the EBS RTAbstraction are listed below:

1. Delete the upstream waste form and corrosion products domains.

2. Apply uniform concentration at the top of the invert domain.

3. Set the seepage flux entering the invert domain to zero, so that the only transport
mechanism is via diffusion.

4. Set the water saturation of invert intragranular continuum to 1.0 (fully saturated) and
the water saturation of the intergranular continuum to zero. For the single continuum
representation of the invert, the bulk water content is computed.

5. Turn off the imbibition flux entering the invert domain.

6. Change the diffusive property of the invert domain to match Equation E-l of
Drift-Scale Radionuclide Transport (BSC 2004 [DIRS 170040]).

7. Change the free water diffusion coefficient (Do) to a lognormal distribution with the
mean of logDo of 4.69 mm2 yf I(1.49 x 10-9 cm2 s-1) and standard deviation of logDO
of 0.150 mm2 y f-' (4.8 x 1011 cm2 sm), consistent with the approach adopted in
Drift-Scale Radionuclide Transport (BSC 2004 [DIRS 170040], p. E-2 of
Appendix E).

8. Change the diffusive thickness in the invert to a uniform distribution between 0.675 m
and 0.806 m, as shown in Drift-Scale Radionuclide Transport (BSC 2004
[DIRS 170040], Appendix G, p. G-8).

9. Set the diffusive outflow area of the UZ matrix cells to zero, consistent with the
boundary conditions imposed by the fracture-matrix partitioning model Drift-Scale
Radionuclide Transport (BSC 2004 [DIRS 170040], Section 6.4.1). As a result, only
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diffusive transport occurs from invert domain to the UZ matrix continuum, and only
advective transport occurs in the UZ matrix continuum.

10. The distance where the flow occurs in the UZ fracture is uniformly sampled between
0 m and the fracture spacing (inverse of fracture frequency). For the UZ matrix, the
flow occurs immediately under the invert.

11. Set the diffusive mass transfer term between the UZ matrix and fracture continuum to
zero.

12. Ignore the transverse diffusion to the side UZ matrix and fracture cells from the UZ
cells in the middle zone (These zones and cells in the EBS-UZ interface submodel are
described in Section 6.5.3.6 and Figure 6.5-5).

Figure 7.3-1 (shown below) compares the fraction of the radionuclide mass released to the
fractures as predicted by the fracture-matrix partitioning model (labeled as "F-M Partitioning
Model" in Figure 7.3-1) with the fraction predicted by the EBS-UZ boundary condition
implementation for TSPA-LA in the modified EBS RTAbstraction (labeled as "EBS RT Model"
in Figure 7.3-1). The cumulative distribution function from the EBS RTAbstraction (thick red
and green curves) is based on 100 realizations, while that for fracture-matrix partitioning model
is based on 24 random samples selected for each infiltration case, as discussed in Section 6.4.6 of
Drift-Scale Radionuclide Transport (BSC 2004 [DIRS 170040]). The 24 samples are the
minimum required to ensure sampling of hydrologic parameters from each of the four host rock
units (TSw33, TSw34, TSw35, and TSw36). Based on this sample size, it is estimated that for
95 percent confidence limit, the sample mean is within ±0.41la, of the population mean, where

a, is the sample standard deviation. Increasing the sample size narrows the estimated spread
around the true mean and improves the accuracy of estimation. For the 100 realizations
performed by the modified EBS RTAbstraction, the estimate of the sample mean for 95 percent
confidence limit is within ±0.2o-, of the population mean. The uncertain parameters for the
100 realizations are sampled using the Latin Hypercube Sampling methodology employed by
GoldSim.

The results for the fracture-matrix partitioning model for the three infiltration cases have been
combined (weighted by the probability of each infiltration case) into a single curve (thick blue
curve - "Combined Infiltration") for comparison with the EBS-UZ boundary condition
implementation for TSPA-LA EBSRTAbstraction. The thick red curve shows the results for the
modified EBS RTAbstraction using the single continuum representation of the invert, which is
the base case model used in TSPA-LA. (Though not pertinent to model validation, the modified
EBS RT Abstraction was also run using the dual continuum representation of the invert, an
alternative conceptual model; results are shown as the thick green curve. These thick red and
green curves virtually overlap showing little effect on the mass fraction released to fractures.)

In general, the modified EBS RT Abstraction predicts less mass fraction released to fracture
compared to the fracture-matrix partitioning model. The difference is due to the fact that the two
models are conceptually different with regard to the placement of fracture and matrix medium
underneath the invert and in computing the flux out of the invert. The fracture-matrix
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partitioning model solves the transport equation semi-analytically, whereas the modified EBS RT
Abstraction model uses a finite difference approach. Because of these differences, a perfect
match between the two models is not expected. Nevertheless, the comparison shows a similar
qualitative and quantitative behavior between the two models.

The modified EBS RT Abstraction and the fracture-matrix partitioning model (combined
infiltration curve) agree within a factor of three for the median and lower quantile values. At
higher quantiles, the modified EBS RTAbstraction tends to agree more closely with the high
infiltration case, in which releases are smaller than for lower infiltration cases because of the
larger advective flux in the matrix (BSC 2004 [DIRS 170040], Section 6.4.6). The median
matrix flux for the high infiltration case is more than a factor of four greater than the median
matrix fluxes for the low and mean infiltration cases, which in turn are similar and therefore have
similar fractions released to fractures in Figure 7.3-1 (BSC 2004 [DIRS 170040], Section 6.4.6).
The uncertainty in the three infiltration curves, shown as error bars in Figures 6-26 and 6-28 of
Drift-Scale Radionuclide Transport (BSC 2004 [DIRS 170040]), is bounded by the "Upper Error
margin" and "Lower Error margin" curves in Figure 7.3-1. The thick red (or green) curve
generally falls within the "error margins" of the individual infiltration case curves, indicating a
close match between the modified EBS RT Abstraction and the fracture-matrix partitioning
model, considering the uncertainties in the infiltration curves.

Although conceptual differences exist between the fracture-matrix partitioning model and the
EBS-UZ interface submodel in the EBS RTAbstraction, with appropriate modifications to bring
them into closer conceptual alignment, the two models display similar qualitative and
quantitative behavior. The similarity in the results gives confidence that the EBS-UZ interface
submodel is valid for use in TSPA-LA.

7.3.1.3 Applicability of EBS-UZ Interface Submodel in TSPA-LA in Comparison with
Fracture-Matrix Partitioning Model

The EBS-UZ interface submodel of the EBS RT Abstraction is more suitable for TSPA-LA
compared to the fracture-matrix partitioning model for the following reasons:

* The fracture-matrix partitioning model assumes steady state mass transport and is solved
with a semi-analytic solution to the Laplace equation, assuming a constant concentration
boundary at the top of the invert and a variable flux boundary at the bottom. This
approach is restrictive compared to the EBS RT Abstraction, wherein the radionuclide
concentrations will be varying with time. Thus, important transient effects related to
fuel degradation, thermal-hydrology, in-drift chemistry, and seepage are captured in the
EBS RT Abstraction, but may not be captured adequately in the fracture-matrix
partitioning model.
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Fracture-Matrix Partitioning Model: BSC 2004 [DIRS 170040], Figures 6-26b and 6-28b.

Figure 7.3-1. Fracture-Matrix Partitioning for No Seepage Case

* The EBS RTAbstraction is a finite difference type model that treats the EBS processes
and the near-field UZ processes as a coupled system. The upstream boundary condition
is provided by a specified mass flux based on the degradation rate of the waste form and
the radionuclide solubility limits, while the downstream boundary is provided by
assuming a zero concentration boundary at some distance (-3 drift diameters) from the
invert in the UZ. Consequently, the mass flux of radionuclides from the waste package
to the invert and from the invert to the UZ is based on solving the coupled system of
differential equations with realistic boundary conditions. Since the mass flux from the
invert to the UZ is based on the EBS-UZ boundary condition implementation for
TSPA-LA in the EBS RTAbstraction, to be consistent, the mass flux partitioning into
the far-field UZ transport model (FEHM) should also be based on the EBS RT
Abstraction, rather than on the fracture-matrix partitioning model.

* The fracture-matrix partitioning model assumes a discrete fracture network with no
coupling between the fracture and matrix domains. In contrast, the EBS-UZ boundary
condition implementation for TSPA-LA in the EBS RTAbstraction treats the UZ as a
dual continuum (overlapping UZ fracture and matrix continua), with diffusive mass
transfer capability between the two continua. This dual continuum modeling approach is
consistent with the various process-level UZ flow and transport models created for the
YMP.
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* The imbibition flux from the surrounding host rock into the intragranular continuum is
modeled in the EBS RT Abstraction, whereas its contribution in the fracture-matrix
partitioning model is ignored. This flux could potentially carry some radionuclide mass
into the UZ matrix that could lower the partitioning to the fracture continuum, which is
realistic. The fracture-matrix partitioning model may overestimate the fraction released
to the fractures where imbibition flux is significant.

* In the regions of the repository where water seeps through the drift, the fracture-matrix
partitioning model arbitrarily proposes putting all the mass from the invert into the UZ
fracture. This is a bounding approach and ignores the matrix pathway, which occupies
most of the area under the invert. The EBS-UZ boundary condition implementation for
TSPA-LA in the EBS RT Abstraction, however, applies a more realistic approach,
computing the fracture-matrix partitioning based on the appropriate set of boundary
conditions in drifts with seepage and including transport in the UZ matrix, as discussed
in item (b) above. Sections 6.5.3.5 and 6.5.3.6 discuss how the advective flux from the
invert is apportioned between fractures and matrix in the UZ.

The above comparisons of the results of the two models and their comparative suitability for
TSPA-LA have demonstrated that the EBS-UZ interface submodel meets Level II validation
criteria. Based on the validation results, the EBS-UZ interface submodel is suitable for its
intended use.

7.3.2 Results of Independent Model Validation Technical Review of the EBS-UZ Interface
Submodel

An independent model validation technical review of the EBS-UZ interface submodel was
conducted, as specified in the TWP (BSC 2004 [DIRS 170775], Section 2.2.3). This model
validation approach is justified based on requirements of AP-Slll.lOQ, Section 5.3.2 c), where
independent technical review is listed as an appropriate method for model validation. The results
of the independent model validation technical review of the EBS-UZ interface submodel are
presented in a memo (Baker and Grisak 2004 [DIRS 170953]), a verbatim copy of which
follows.

MEMO

Date: July 27, 2004

To: James Schreiber and CliffHomwd, Yucca Mountain Project

Cc:

From: Noreen A. Baker, Gerald E. Grisak, INTERA Inc., Austin, Texas

RE: Independent Model Validation Technical Review of the EBS-UZ Interface Sub-
Model of the Radionuclide Transport Abstraction Model for the Yucca Mountain
Project
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MEMO (Continued)

Pursuant to your request to perform an independent model validation technical review of three
sub-models of the Engineered Barrier System (EBS) Radionuclide Transport Abstraction (RTA)
model as documented in ANL-WIS-PA-000001 Rev 01K, we have performed and documented the
review consistent with the requirements of the Technical Work Plan TWP-MGR-PA-000020 Rev
00. We reviewed the EBS-UZ interface sub-model of the EBS RTA report, and the results of the
review are provided in this memo.

Review Qualifications

Section 2.2.4 of the Technical Work Plan TWP-MGR-PA-000020 Rev 00 describes the
qualifications and responsibilities the independent model validation technical reviewer. We are
qualified to perform the work described for the following reasons. (1). we have not contributed to
the development of the model assumptions, parameters, or implementing algorithms documented
in ANL-WIS-PA-000001 Rev 01K, (2). Noreen A. Baker has a BS and MS degree in Geology
with specialties in Engineering Geology and Hydrogeology, respectively, with more than ten years
of professional experience modeling fluid flow and transport in geologic media (3) G. E. Grisak
has BS (Geology) and MS (Hydrogeology) degrees, and over 30 years experience evaluating and
modeling fluid flow and transport in geologic media, including several publications on
fracture/matrix flow and transport, (3) Both N. A. Baker and G. E. Grisak are licensed
Professional Geoscientists in the State of Texas. More detailed information regarding credentials
can be found in the resumes attached.

Appropriateness and Adequacy of the EBS-UZ Interface Sub-Mlodel Conceptual Model

Discussion of the EBS-UZ interface sub-model is provided in Section 6.5.3.6. Discussion of the
EBS-UZ interface sub-model is provided in Section 6.5.3.6. In the EBS-UZ interface sub-model,
the near-field UZ is modeled as a dual continuum of overlapping UZ-matrix and UZ-fracture
media. This approach is consistent with current technical approaches to modeling flow and
ransport in fractured geologic media (Liu et al., 1998; Nitao, 1991). The matrix and fracture
continua are represented by a two dimensional vertical array of cells oriented parallel to a cross
section of a drift and located immediately beneath a drift. The array consists of three vertical
zones, with each zone containing both a fracture cell and a matrix cell. The vertical zones are four
layers deep in the vertical direction. The invert is in direct communication with the center zone of
UZ matrix/fracture cells. A semi-infinite zero concentration boundary condition at the EBS-UZ
interface is approximated by setting a zero concentration boundary at a distance of 3 drift
diameters below the invert-UZ boundary.

The mass flux from the invert flows into the top layer of the middle zone in the UZ. The mass
flux from the invert is routed to both the fracture cell and the matrix cell in the center zone beneath
the invert, with the advective flux routed to the fracture and matrix cells in a manner that is
consistent with physical reality. That is, the advective flux coming out of the invert, which is
attributable to the dripping flux is routed to the fracture cell in the middle zone, while the
imbibition flux is routed to the matrix. The diffusive flux is allowed to enter both the matrix and
the fracture cells. The advective flux in the fractures is taken as the larger of the steady-state
advective flux in the fractures and the advective flux out of the invert.

The mass flux that enters the center zone cells in the UZ below the invert is then transported by
advection and diffusion throughout the modeled area. The advective flux in the two outer zones is
given by the steady state UZ flow in the fractures and the matrix at the repository horizon.
Advection occurs downward only, from the fracture cell of one layer to the fracture cell of the
underlying layer in the same zone, and from the matrix cell of one layer to the matrix cell of the
underlying layer in the same zone. Advection does not occur across zones. The fracture and
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MEMO (Continued)

matrix cells of each zone interact via diffusion. The entire modeled area interacts through
thematrix cells via diffusion, with the matrix cells of one zone interacting via diffusion with the
matrix cells of adjacent zones, and the matrix cells of one layer in a zone interacting with adjacent
overlying and underlying matrix cells in the same zone.

The conceptual model of how the EBS and UZ interface is well captured by the EBS-UZ interface
model. The conceptual model recognizes the physical reality by considering both an advective
and diffusive flux and by treating the UZ as a dual-permeability medium with both fracture and
matrix continua. This modeling approach is consistent with the manner in which dual-
permeability continua are modeled (Pruess, 2003). The conceptual model is appropriate for
describing the interconnection between the EBS and the UZ because it considers the important
components of mass flux out of the EBS and it conserves all the mass flux from the EBS and
transfers it to the UZ. The mass transfer to the UZ also captures temporal variations, which may
be due to variable radionuclide concentrations in the waste, production of corrosion products, or
varying water flux through the EBS. The mass is distributed to the fractures and the matrix in the
EBS-UZ interface sub-model in a manner that is conceptually logical. The mass is finally
gathered from the EBS-UZ interface sub-model into a collector cell for delivery to the UZ
transport model. The delivery from the collector cell to the UZ transport model retains the relative
fractions of mass in the fractures and the matrix that is determined within the EBS-UZ interface
sub-model.

Appropriateness of the Mathematical Representation of the EBS-UZ Interface Sub-Mlodel

The EBS-UZ interface sub-model represents the UZ immediately below the invert as a dual
continuum of UZ matrix and UZ fracture media. The dual permeability modeling approach is an
appropriate way to model transport in fractured media. Mass is tracked and accounted for in the
model in both fracture and matrix cells and the fracture and matrix cells have physical dimensions
which adequately approximate the physical hydrogeologic system. The mathematical formulation
of the dual permeability modeling approach is described in Particle Tracking Model and
Abstraction of Transport Processes (BSC 2003w).

EBS-UZ Interface Sub-Model Assumptions and Boundary Conditions

The EBS-UZ sub-model assumptions and comments are provided below.

Assumptions/Boundary Condition Comments
1. A semi-infinite zero concentration boundary We agree with the boundary condition and with
condition is used for the EBS-UZ interface. the manner in which it is implemented. Placing
The boundary condition is set at a distance of the boundary condition at the interface would
3 drift diameters below the invert-UZ boundary. result In an unrealistically high diffusive flux

from the invert to the UZ.

2. Wth respect to the advective flux in the We agree with the assumption. Drift shadow
outer two zones of cells, drift shadow effects effects would increase the advective flux in the
are Ignored. two outer zones and result in dilution of

radionuclide concentrations entering the UZ
Immediately below the invert.

Evaluation of Model Validation

Documentation of the model validation is presented in Section 7.3.1. The EBS-UZ sub-model is
validated by comparison with an alternative mathematical model developed for a closely
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comparable description of the EBS-UZ interface. The alternative model used for the comparison
is the fracture-matrix partitioning model described in Drift-Scale Radionuclide Transport (BSC
2004m). The primary validation criterion is corroboration of the model results with an alternative
mathematical model, as described in TWP-MGR-PA-000020 Rev 00. This is a common approach
to model validation where site specific or generic field or laboratory data or experiments do not
adequately capture the processes involved. The EBS-UZ interface sub-model involves coupling
the porous medium invert to the dual-permeability UZ with a numerical solution of a discretized
model. In the fracture-matrix partitioning model, the coupling is accomplished by formulating the
problem as a partial differential equation for concentration and deriving an analytical solution to
the problem. In order to compare the two models, all sampled and time-varying parameters in the
EBS-UZ interface sub-model are made consistent with the parameters used in the fracture-matrix
partitioning model. Additionally, other changes to the EBS-UZ interface sub-model were made to
more closely approximate conditions in the fracture-matrix partitioning model. The EBS-UZ
interface sub-model was also run using an alternative conceptualization for the invert as a dual
continuum. The results of the CDFs of the fraction released to fractures are then compared. This
is a technically reasonable and appropriate approach to model validation.

Evaluation of Model Validation Criteria

In Section 2.2.4 of Technical Work Plan TWP-MGR-PA-000020 Rev 00, provides validation
criteria for the EBS-UZ interface sub-model. The table below provides our assessment of these
criteria.

Criteria
Criteria met? Response

1. The results of the UBS-UZ interface The two models display similar
sub-model shall show qualitative qualitative results, and in addition are
agreement with the results of the reasonably similar quantitatively, in
fracture-matrix partitioning model. that the results of the EBS-UZ

interface sub-model fall within the
shadow of the error bars of the low,
mean and high infiltration cases of the

Yes fracture-matrix partitioning model.

2. The report shall document equivalent Equivalent trends and correlations
trends and correlations between input between input parameter variations
parameter variation and predicted results and predicted results are visually

obvious on the graphical comparison
between the two methods. Either the
single or dual continuum
representation of the invert by the
EBS-UZ interface sub-model is

Yes adequate.

3. Identification of differences between Differences between model results
model results. and the reasons for the differences

Yes are provided in section 7.3.1.2

4. Demonstrate that the EBS-UZ The suitability and applicability of the
interface sub-model does not EBS-UZ interface sub-model is
underestimate radionuclide transport discussed and justified in
from the EBS to the UZ. Section 7.3.1.3. The sub-model is

Yes suitable for its intended use.
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Conclusions

The EBS-UZ interface sub-model documented in report ANL-WIS-PA-000001 Rev OIK
incorporates all the significant aspects contributing to mass flux from the invert to the UZ. The
sub-model is validated against an alternative model developed for similar purposes and the results
are comparable. The advective flux is the primary uncertainty in the mass flux to the fractures,
and this uncertainty has been adequately and realistically bounded by the low, mean and high
infiltration cases used in the fracture-matrix partitioning model in the validation comparison. It is
our professional judgment that the EBS flow sub-model is appropriate for use in the Radionuclide
Transport Abstraction.
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7.4 VALIDATION SUMMARY

The EBS RT Abstraction has been validated by applying acceptance criteria based on an
evaluation of the model's relative importance to the potential performance of the repository
system. All validation requirements defined in the Technical Work Plan for: Near-Field
Environment and Transport: Engineered Barrier System: Radionuclide Transport Abstraction
Model Report Integration (BSC 2004 [DIRS 170775]), Sections 2.2.1, 2.2.2, and 2.2.3 have been
fulfilled. Requirements for confidence building during model development have also been
satisfied. The model development activities and post-development validation activities described
establish the scientific bases for the EBSRTAbstraction. Based on this, the EBSRTAbstraction
is considered to be sufficiently accurate and adequate for the intended purpose and to the level of
confidence required by the model's relative importance to the performance of the proposed
repository system.
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8. CONCLUSIONS

This abstraction defines the conceptual model used to determine the rate of release of
radionuclides from the EBS to the unsaturated zone in the TSPA-LA given the assumptions
listed in Section 5. The EBS RT Abstraction includes algorithms used in the TSPA-LA for
computing the flow of water and the transport of radionuclides through the EBS and specifies
how parameters used in the model are calculated or from what other models they are obtained.
This model is reasonably bounding because it overestimates flow through the drip shield and into
the waste package and transport out of the EBS. At the same time, wherever possible, it is
realistic, not just bounding, within the appropriate range of uncertainty for TSPA-LA
calculations.

8.1 CONCEPTUAL MODEL SUMMARY

This section summarizes the conceptual model for transport of radionuclides from the EBS as
modeled in TSPA-LA. Radionuclide transport out of the waste form and waste package, through
the invert, and into the unsaturated zone is dependent on a complex series of events in the
repository. After the waste packages are emplaced, radioactive decay of the waste will heat the
drifts and locally perturb the normal percolation of water through the mountain. As the drifts
cool, some of the water percolating through the mountain may drip into the drifts and
subsequently contact some of the drip shields. Over time, the drip shield, waste package, and
other components of the EBS are expected to degrade, leading to contact between the water and
the waste form, resulting in the mobilization and transport of radionuclides through the EBS to
the unsaturated zone. The primary transport medium through the EBS is anticipated to be water.
Either a thin film of water or moving water is necessary for radionuclides to be transported out of
the waste package and through the invert to the unsaturated zone.

A number of key factors will affect the mobilization and transport of radionuclides through the
EBS, including barrier effectiveness and transport behavior:

* Performance of the drip shields
* Performance of the waste packages
* Protection provided by cladding
* Waste form degradation rates
* Entry and movement of water through waste packages
* Solubilities of radionuclides
* Transport of radionuclides through and out of the waste packages
* Transport of radionuclides through the invert below the waste packages
* Colloidal transport of radionuclides.

Once the drip shield is breached, water may contact the waste packages. Once a waste package
is breached, water may enter the package as water vapor or as drips. If the cladding around spent
fuel rods or the canister around a vitrified waste form is also breached, radionuclides may start to
dissolve in the water. The concentration of each radionuclide mobilized from the waste form
cannot exceed the radionuclide solubility limit, unless suspended colloids are included. Colloids
are important for two reasons: they may potentially increase the release of radionuclides from
the waste package, and they may potentially increase the transport velocity of radionuclides.
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Radionuclides mobilized in water as dissolved species or in association with colloidal species
may then be transported by advection and/or diffusion from the waste form, through the waste
package, and out of breaches in the waste packages. Once outside the package, the radionuclides
may be transported through the invert predominantly by diffusion, if water is not flowing
through the invert, or by advection, if water is flowing through the invert.

The conceptual model for flow of water through the EBS identifies eight key flow pathways.
These pathways and their relationships are summarized in the following list and in Table 8.1-1.
Sections 6.3.1.1, 6.3.2, 6.3.3, and 6.5.1.1 contain detailed technical discussions of the EBS flow
abstraction portion of the EBS RTAbstraction.

* Seepage Flux-This is the input flux or boundary condition; it is a time- and
location-dependent input to this model provided by Abstraction of Drift Seepage
(BSC 2004 [DIRS 169131]). Any condensation that may occur on the walls of the drift
above the drip shield is included in the seepage flux.

* Through the Drip Shield to the Waste Package-Flux through the drip shield is
proportional to the ratio of the axial lengths of breaches in the drip shield to the total
axial length of the drip shield, multiplied by a sampled factor that accounts for
uncertainty in the fraction of the flux that is diverted by the drip shield. This flux
splitting submodel for the drip shield should only be applied when there is a
time-varying failure of the drip shield.

* Drip Shield to Invert (Diversion around the Drip Shield)-Any seepage flux that does
not go through the drip shield flows directly into the invert.

* Through the Waste Package to the Waste Form-Flux into the waste package is
proportional to the product of the flux through the drip shield and the ratio of the lengths
of breaches in the waste package to the total axial length of the waste package,
multiplied by a sampled factor that accounts for uncertainty in the fraction of the flux
that is diverted by the waste package. The number of patches in the waste package is
calculated by the waste package degradation model, JWAPDEG Analysis of WJaste
Package and Drip Shield Degradation (BSC 2004 [DIRS 169996]).

* Waste Package to Invert (Diversion around the Waste Package)-Flow that does not
go through the waste package is diverted directly to the invert.

* Waste Package to Invert-All of the flux from the waste package flows directly to the
invert, independent of breach location on the waste package. The presence of the
emplacement pallet, which maintains an air gap between the waste package and the
invert and could potentially interfere with flow to the invert, is ignored in order to bound
the water flow through this pathway.

* Imbibition to Invert-Water can be imbibed from the host rock matrix into the invert.

* Invert to Unsaturated Zone-All of the flux into the invert is released into the
unsaturated zone.

In the conceptual model of radionuclide transport through the EBS, the waste form is the source
of all radionuclides in the repository system. Radionuclides can be transported downward,
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through corrosion products in the waste package, through the invert, and into the unsaturated
zone. Transport can occur through advection when there is a liquid flux through the waste
package, and by diffusion through any water present in the waste package. Diffusion can occur
in a seep environment, when advective transport also takes place, as well as in a no-seep
environment where no advective transport occurs; thin films of water are assumed to be present
on all surfaces. If the only breaches in a waste package are stress corrosion cracks, advective
transport does not occur, but diffusion of radionuclides out of the waste package can still take
place. The concentration of each radionuclide during transport is limited by the sum of its
solubility limit and the presence of any colloidal particles that may act as reversible or
irreversible carriers for the radionuclide. The transport pathways and transport processes
(advection or diffusion) are summarized in Table 8.1-2. Sections 6.3.4, 6.5.1.2, and 6.5.3
contain a detailed technical discussion of the EBS transport abstraction.

Table 8.1-1. Summary of EBS Flow Abstraction

Flow Pathway, Pathway Flux Flow Parameters Data Sources & Notes
1. Total dripping flux, F1  Total dripping flux is a function of Abstraction of Drift Seepage (BSC

fracture properties, rock properties, 2004 [DIRS 169131]) provides time-
and the percolation flux. and location-dependent values of total

dripping flux.
2. Flux through the drip shield, LDsoPatC is axial half-ength of each This flux splitting submodel for the drip

F2  patch due to general corrosion of Ti. shield should only be applied when
Los is axial length of the drip shield. there is a time-varying failure of the
Nbos is number of corrosion patches drip shield. For the seismic scenario,
oflength is numb n of rrosio pthiels the opening area is computed basedof length LoS afc, in the drip shield. on the drip shield damage fraction
fbs is sampled uncertain parameter, multiplied by the area of the drip

Flux...SplitDS_Uncert. shield.
F2 = min[FjNbosLDs Patdfbs.4b s, Fa]

3. Diversion around drip F3 = Fi - F2. Continuity of liquid flux.
shield, F3

4. Flux into the WP, F4  Lw,,Pav is axial half-length of each WAPDEG (BSC 2004 [DIRS 169996])
patch due to general corrosion of provides the number of patches and
Alloy 22. stress corrosion cracks on the WP.
Lwp is axial length of the WP. No flow through stress corrosion
Ntuwp is number of corrosion patches cracks due to plugging (BSC 2004
in the waste package. [DIRS 172203], Section 6.3.7).
f'WP is sampled uncertain parameter, Steady state flow through WP (outflow
Flux Split WPUncert. = inflow in steady state; this is
F4 = min1F2NusWLwP P&"fW/wP, F2] bounding for release).

5. Diversion around the WP, F5  F5 = F2 - F4  Continuity of liquid flux.
6. Flux to the invert, Fe F6 = F5 + F4 + F3  All advective flux enters the invert.

= F1  Only F4 can transport radionuclides
into the invert.

7. Imbibition flux from the host F7 is an Input to the EBS flow model. Imbibition flux is provided by
rock matrix into the invert, F7  Multiscale Thermohydrologic Model

calculations (BSC 2004 [DIRS
169565]).
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Table 8.1-1. Summary of EBS Flow Abstraction (Continued)

Flow Pathway, Pathway Flux Flow Parameters Data Sources & Notes
8. Flux from the invert into to the Fe = Fe + F7  Total dripping flux portion (F1) of

unsaturated zone, Fe = Fi + e advective flux from the invert flows Into
the UZ fractures, imbibition flux (F7)
flows into the UZ matrix.

Output DTN: SN0410T0507703.018.

WP = waste package

In the transport abstraction, the EBS is modeled as consisting of three domains. The first domain
is the source (i.e., SNF or HLW). The second domain consists of corrosion products from the
degradation of steel waste package internal components. The third domain is the invert. The
physical and chemical properties and conditions are uniform throughout each domain, as though
the contents of the domain were thoroughly and continuously stirred.

Parameters that define the size of the two waste package domains, specifically the volumes and
diffusive path lengths, are summarized in Table 8.2-1. Parameter values that are provided by
other models are identified there. The path length for diffusion through the invert is set to the
average thickness of the invert, 0.597 m.

The mass of corrosion products is a function of time and depends on the corrosion rates of
carbon steel and stainless steel, which are uncertain parameters with values that are sampled in
TSPA-LA. In a seep environment, the corrosion products are fully saturated with water. In a
no-seep environment for CSNF, the water saturation is based on the amount of water adsorbed
onto iron oxide surfaces, which is a function of the relative humidity. The RH is an input to the
transport model that depends on time and location in the repository. Calculation of corrosion
products mass and saturation is discussed in Section 6.5.3.2.

The diffusion coefficient in the corrosion products is based on the self-diffusion coefficient of
water at 250 C as a bounding value for all radionuclides, modified for the porosity and
time-dependent water saturation.

The diffusion coefficient in the invert is also based on the self-diffusion coefficient of water at
250 C as a bounding value for all radionuclides. The effects of porosity and time-dependent
saturation in the invert are incorporated, based on experimental data. The effect of temperature
is also incorporated into the abstraction for the diffusion coefficient. The diffusion coefficient
for colloids is assumed to be 1/1O0'h of the diffusion coefficient for a dissolved species
(Section 6.3.4.4).

Sorption of radionuclides may occur on corrosion products in the waste package and on crushed
tuff in the invert. Values for sorption distribution coefficients on corrosion products and on
crushed tuff for all radionuclides of interest are determined in Section 6.3.4.2. Kd values for
sorption on corrosion products are summarized in Table 8.2-2, with the uncertainty in each value
represented by a specified range and distribution.
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Table 8.1-2. Summary of EBS Transport Abstraction

Transport Pathway Transport Modes Transport Parameters and Data Sources
1. Waste form and Diffusion through stress No lateral or forward dispersion.

corrosion products corrosion cracks (no Colloidal particles will transport radionuclides.
domains advective transport through Diffusive area for each stress corrosion crack is

stress corrosion cracks). 7.7 X reM2 (see Section 6.3.3.1.2.1).
Diffusion and advection
through patches. Diffusion coefficient (all radionuclides):

* Free water diffusion coefficient: 2.299 x 105
cm2 s'1 at 25°C (Mills 1973 [DIRS 133392],
Table l1l)

* Modified for porosity and saturation (see
Section 6.5.1.2.1.4)

* Reduced by a factor of 100 if radionuclide is
bound to a colloid (see Section 6.3.4.4).

The cross-sectional area for radionuclide transport is
dependent on the scenario class (see
Sections 6.5.3.1.1 and 6.5.3.1.2).
Transport of radionuclides is retarded by sorption onto
corrosion products; time-dependent mass of corrosion
products available for sorption is calculated based on
corrosion rates of carbon and stainless steels.
See Section 6.5.3 for further details.

2. Invert Diffusion and advection Liquid flux for advection = F6 = Fs (diverted by WP) +
(Fe) from corrosion F4 (flux through WP) + F3 (diverted by drip shield).
products domain into the Diffusion coefficient (all radionuclides):
invert. * Free water diffusion coefficient: 2.299 x 10-5

cm2 s' at 250C (Mills 1973 [DIRS 133392], Table
111)

* Modified for porosity and saturation (see Section
6.3.4.1)

* Temperature modification defined in Section
6.3.4.1.2; invert temperature is provided by
Multiscale Thermohydrologic Model calculations
(BSC 2004 [DIRS 169565]

* Reduced by a factor of 100 if radionuclide is
bound to a colloid (see Section 6.3.4.4).

The cross-sectional area for radionuclide transport is
the width of the invert times the waste package length.
Transport of radionuclides is retarded by sorption onto
crushed tuff in invert.
See Section 6.5.3 for further details.

3. Invert-UZ interface Advection from the invert The invert diffusion calculation uses radionuclide
to UZ fractures (Fe) and UZ concentrations in the WP corrosion products domain
matrix (F7); total flux Is FE. as the boundary condition at the top of the invert and a
Diffusion from the invert to series of unsaturated zone computational cells below
UZ fractures and matrix. the invert that provide a gradient to a zero radionuclide

concentration at some distance from the bottom of the
Invert. See Section 6.5.3.6.

Output DTN: SN0410T0507703.018.

WP = waste package
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8.2 MODEL OUTPUTS

Table 8.2-1 summarizes parameters that define the three-domain EBS transport abstraction,
which is described in more detail in Section 6.5.3. These domains are comprised of:

* The waste form. In the case of CSNF waste packages, this consists of fuel rods. In
codisposal waste packages, the waste form is a composite of HLW glass and DSNF;
however, only HLW is modeled in this domain, because DSNF mass is added to the
corrosion product domain due to near-instantaneous degradation. Transport processes
that occur in this domain are dissolution of radionuclides in the waste form and diffusion
from the waste form domain to the corrosion products domain.

* Corrosion products inside the waste package. These are the result of corrosion of steel
internal waste package components such as baskets, HLW canisters, and the inner
stainless steel vessel. The stationary iron-oxide-based corrosion products are strong
sorbers of many radionuclides. In addition, radionuclides sorb onto colloidal materials
released from the corrosion products and onto groundwater colloids. These sorption
processes, both reversible and irreversible, are modeled as occurring in the corrosion
products domain. Precipitation and dissolution can also take place in this domain.
Diffusion transports radionuclides into this domain from the waste form domain and
from this domain to the invert domain. In a codisposal waste package, the degraded
DSNF is conceptualized to be in a powdered form that is commingled with steel
corrosion products and is thus included in the corrosion product domain for purposes of
calculating the mass of corrosion products and the volume of water in the domain.

* Invert. Advection and diffusion transport radionuclides into this domain from the
corrosion products domain and from this domain to the unsaturated zone. Because the
chemical environment of the invert may be different from the corrosion products
domain, colloid stability may be affected and dissolution or precipitation of
radionuclides may take place. The submodel for transport through the invert is
summarized in transport pathway 3 of the transport abstraction summary, Table 8.1-2.

Transport is affected by the parameters that define the physicochemical environment, including
the porosity and pore volume, water saturation, interfacial diffusive areas, diffusive path lengths,
and diffusion coefficients. These diffusive transport parameters are discussed in Section 6.5.3.

Output from the EBS RT Abstraction, including algorithms and parameters, is summarized in
final output DTN: SN0410T0507703.018. In addition, two preliminary output DTNs were
created prior to final approval of this report: DTNs: SN0403T0507703.015 and
SN0409T0507703.017. The DTNs consist of the tables found in Sections 8.1 and 8.2 of the EBS
RTAbstraction. Differences between the preliminary and final DTNs are described in Appendix
1. Both of the preliminary DTNs that were developed have been superseded by the final output
DTN SN0410T0507703.018. The two preliminary output DTNs are discussed in Appendix I
solely to provide transparency and traceability for TSPA-LA applications that were initially
developed based on the preliminary DTNs. These two DTNs are not intended for any other
application.
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Table 8.2-1. Parameters for EBS Transport Abstraction

Transport
Waste Type Mode Seep Case No-Seep Case

Waste Form Domain (Fuel Rods, HLW)

CSNF Advection Rind and water volume * Same as Seep Case
* Provided by Clad Degradation -

Summary and Abstraction for LA
(BSC 2004 [DIRS 1700231)

Diffusion Diffusive area of Waste Form Domain: * Same as Seep Case
* Total exposed surface area of all

failed (axially split) fuel rods, limited
to the total surface area of the
waste package.

* Provided by Clad Degradation -
Summary and Abstraction for LA
(BSC 2004 [DIRS 170023])

Diffusion path length:
* Thickness of rind; function of time.
* Provided by Clad Degradation -

Summary and Abstraction for LA
(BSC 2004 [DIRS 170023])

Diffusion coefficient in Waste Form
Domain, DwF:
* Archie's law: Dvw = P

3s52Do
* = porosity of rind (BSC 2004

IDIRS 170023])
* Sw = water saturation in rind = 1.0
* Do = free water diffusion coefficient
(Note the DvF is an effective value
defined in the same manner as Ds in
Equation 6.5.1.2.1-12.)

Waste Form Domain (Fuel Rods, HLW)

Codisposal Advection Volume of rind: * Same as Seep Case
* Provided as function of time by

Defense HLW Glass Degradation
Model (BSC 2004 [DIRS 169988],
Section 6.7, Eq. 56)

* Porosity provided by Defense HLW
Glass Degradation Model
(BSC 2004 [DIRS 169988],
Table 8-1)

* Sw = water saturation = 1.0
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Table 8.2-1. Parameters for EBS Transport Abstraction (Continued)

Transport
Waste Type Mode Seep Case No-Seep Case

Diffusion Diffusive area: * Same as Seep Case
* Total initial surface area of 5 glass

logs
* Provided by Defense HLW Glass

Degradation Model (BSC 2004
[DIRS 169988], Section 8.1)

Diffusion path length:
* Thickness of degraded glass layer;

function of time.
* Provided by Defense HLWGlass

Degradation Model (BSC 2004
[DIRS 169988], Section 6.7, Eq. 56)

Diffusion coefficient In Waste Form
Domain, DwF:

* Archie's law. Dvr = el3Sw2Do
* = porosity of degraded glass layer

(BSC 2004 [DIRS 169988],
Table 8-1)

* Sw = water saturation = 1.0
* Do = free water diffusion coefficient
(Note the Dw" is an effective value
defined in the same manner as Ds in
Equation 6.5.1.2.1-12.)

Corrosion Product Domain

CSNF Advection Volume of corrosion products, Vcp: * Same as Seep Case
* Mass of corrosion products, mcp, is

function of time, Table 8.2-5,
Equation 8-7

* Porosity Up = 0.4
* Vcp from Table 8.2-5, Equation 8-6
Volume of water Volume of water:
* Sw = water saturation in CP = 1.0 * Swcp = effective water saturation in
* Water volume = SWVCP CP from adsorbed water

(in-package diffusion submodel);
Table 8.2-5, Equation 8-5

* Sv,cp function of RH and sampled
specific surface area of CP
CP._Spec Surf Area

* Water volume = SwcpVcp
Diffusion Diffusive area: * Same as Seep Case

* Total area of all waste package
breaches

Diffusion path length: * Same as Seep Case
* Sampled parameter

Diff Path Length CP CSNF
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Table 8.2-1. Parameters for EBS Transport Abstraction (Continued)

Transport
Waste Type Mode Seep Case No-Seep Case

Diffusion coefficient In corrosion Diffusion coefficient in corrosion
products, Dcp: products, DCp:

* Archie's law Dcp = 1'c .
3Sw2Do * Sewecp = effective water saturation in

* Ocp = porosity of CP = 0.4 CP from adsorbed water
* S, = water saturation in CP = 1.0 (in-package diffusion submodel);
* Do = free water diffusion coefficient * function of RH and sampled
(Note the Dcp is an effective value specific surface area of CP
defined in the same manner as Ds in CP Spec Surf Area
Equation 6.5.1.2.1-12.) * Ocp = porosity of CP = 0.4

a Do = free water diffusion coefficient
Codisposal Advection Volume of corrosion products, Vcp: * Same as Seep Case

* Same as for CSNF drip case
* kcP = porosity of CP = 0.4
* S, = water saturation in CP = 1.0
Volume of degraded DSNF, VDSNF

* VOSF = 1 m3

* ODSNF = porosity of DSNF = 0.2
* SW = water saturation In DSNF = 1
Volume of water: * Same as Seep Case
* Water volume =

max[SwVcP, SWASNFVDSNF]

Diffusion Diffusive area: * Same as Seep Case
* Same as for CSNF drip case
Diffusion path length:
* Sampled parameter

Diff Path-Length-CPSCDSP
Diffusion coefficient In corrosion
products, Dcp:
* Archie's lawu Dcp = S cp13Sw2Do
* bcp = porosity of CP = 0.4
* Sw = water saturation = 1.0
* Do = free water diffusion

coefficient
(Note the Dcp is an effective value
defined in the same manner as D. in

_____ ____ ___ ____ ____ Equation 6.5.1.2.1-12.) _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _

OutputDTN: SN0410T0507703.018.

DSNF = defense spent nuclear fuel

ANL-WIS-PA-000001 REV O0 8-9 November 2004



EBS Radionuclide Transport Abstraction

Table 8.2-2 summarizes the range and distribution of radionuclide sorption distribution
coefficients for retardation in the waste package corrosion products. These parameter values are
discussed in Section 6.3.4.2.

The ranges and distributions of radionuclide sorption distribution coefficients for sorption on
devitrified unsaturated zone tuff given in Table 4.1-12 (DTNs: LA0408AM831341.001
[DIRS 171584]) are assigned to Kd values on crushed tuff in the invert. Correlations for
sampling sorption distribution coefficient probability distributions for devitrified UZ tuff given
in Table 4.1-13 (DTN: LA031 IAM831341.001 [DIRS 167015]) are assigned to invert crushed
tuff. The value for actinium sorption distribution coefficient for sorption on crushed tuff in the
invert is set equal to the sampled americium Kd value on crushed tuff in the invert.

Table 8.2-2. Summary of Sorption Distribution Coefficient (Kd) Ranges and Distributions for Sorption on
Waste Package Corrosion Products

Minimum Kd Maximum Kd
Input Name Element (ml gq') (ml g1  Distribution Type

Kd Ac FeOx CP Actinium 100 5,000 Log-Uniform
Kd Am FeOx CP Americium 100 5,000 Log-Uniform
Kd C FeOx CP Carbon 10 100 Uniform

Kd Cs FeOx CP Cesium 0 300 Beta
__ __ _E(x)=30; o(x)=30

Kd I FeOx CP Iodine 0 0.6 Uniform
Kd Np FeOx CP Neptunium 1 1,000 Log-Uniform
Kd Pu FeOx CP Plutonium 100 5,000 Log-Uniform
Kd Pa FeOx CP Protactinium 100 1,000 Uniform

Kd Ra FeOx CP Radium 0 500 Beta
____ ___ ___ ___ ____ ___ ___ ___E(x)=30; o(x)=30

Kd Sr FeOxCP Strontium 0 20 Beta
____ ___ ____ __ ____ ___ ___E(x)=10; a(x)=2.5

Kd Tc FeOx CP Technetium 0 0.6 Uniform
Kd Th FeOx CP Thorium 100 5,000 Log-Uniform
Kd U FeOx CP Uranium 100 1,000 Log-Uniform
Output DTN: SN0410T0507703.018.

NOTES: E(x) = Expected value
a;(x) = Standard deviation

Table 8.2-3 summarizes various sampled parameters to be used in the EBS radionuclide transport
abstraction, with the range and distribution of each parameter provided. This table is itself a
summary of Table 6.5-13, which, along with the rest of Section 6.5.2, gives further details about
each parameter and the location in this document where the parameter is developed. A summary
of fixed, single-value parameters to be used in the EBS radionuclide transport abstraction is
given in Table 8.2-4. Equations used to compute various parameters in the EBS radionuclide
transport abstraction are shown in Table 8.2-5.
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Table 8.2-3. Sampled Model Inputs Used in the EBS Radionuclide Transport Abstraction

Input Name Input Description Range Distribution
lnverL.Diff CoeffUncert Invert diffusion coefficient uncertainty; Range: IO13ao' ND

Table 8.2-5, Equation 8-1 (dimensionless)
Mean: p = 0.033;
Std. Dev. a= 0.218

SSCorrosionRate Stainless steel corrosion rate (DTN: Rate (pm yr1) CDF
MO0409SPAACRWP.000 [DIRS 0.03699 0.000
172059]; Spreadsheet 0.037 0.063
'ECDF metals2.xls'; Worksheet 0.1016 0.125
'316 ss!, Columns L & M, Rows 5-15); 0.109 0.188
cumulative distribution function 0.1524 0.250

0.154 0.313
0.1778 0.375
0.2032 0.438
0.2286 0.563
0.254 0.750
0.2794 0.813
0.51 1.000

CSCorrosionRate Carbon steel corrosion rate (DTN: Rate (pm yrf') CDF
MO0409SPMCRWP.000 [DIRS 65.76 0.000
172059]; Spreadsheet 65.77 0.042
'ECDFmetals2.xls'; Worksheet 66.75 0.083
'A516-Carbon Steel, Columns B & C, 69.84 0.125
Rows 5-30);cumulative distribution 70.00 0.167
function 71.25 0.208

72.21 0.250
72.64 0.292
72.87 0.333
72.89 0.375
73.47 0.417
74.29 0.458
74.51 0.500
74.60 0.542
75.41 0.583
77.31 0.625
79.29 0.667
80.00 0.708
80.87 0.750
83.26 0.792
83.66 0.833
83.74 0.875
85.68 0.917
90.97 0.958

106.93 1.000
Diff PathLengthCP._CSNF Diffusive path length through corrosion 0.02 - 0.859 m Uniform

products domain for CSNF packages
Diff Path-LengthCPCDSP Diffusive path length through corrosion 0.025 - 1.063 m Uniform

products domain for codisposal
packages

CPSpecSurf Area Specific surface area of Fe2O3 1.0 - 22 m2 g" Uniform
corrosion products

DSFluxUncertainty Drip shield flux splitting uncertainty 0 - 0.85 Uniform
factor (dimensionless)
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Table 8.2-3. Sampled Model Inputs Used in the EBS Radionuclide Transport Abstraction (Continued)

Input Name Input Description Range Distribution
WPFlux Uncertainty Waste package flux splitting 0-2.41 Uniform

___ uncertainty factor (dimensionless)

Fracture-Frequency Unsaturated zone fracture frequency Log-normal
(BSC 2004 [DIRS 170040], Mean=3.16 m L
Appendix A, Table A-1) Std. Dev.=2.63 m1

UZFractureFraction Unsaturated zone fracture porosity 0 - 1 Beta
(BSC 2004 [DIRS 170040], (fraction);
Appendix D, Table D-1) E(x)=9.6 x 10i3;

_(x)=2.82 x 10-3

UZMatrixPorosity Unsaturated zone matrix porosity 0 1 Beta
(BSC 2004 [DIRS 1700401, (fraction);
Appendix D, Table D-1) E(x)=0.131;

o(x)=0.031

Fracture Saturation Unsaturated zone fracture saturation Uniform sampling Provided in
(DTN: LB0307FMRADTRN.001 from 433 locations for source DTN
[DIRS 1654511) each infiltration case

FractureResidual Sat Unsaturated zone fracture residual Uniform sampling Provided in
saturation from 433 locations source DTN
(DTN: LB0307FMRADTRN.001
[DIRS 1654511)

Fracture Percolation Flux Unsaturated zone fracture percolation Uniform sampling Provided in
flux (DTN: LB0307FMRADTRN.001 from 433 locations for source DTN
[DIRS 1654511) each infiltration case

FlowFocusFactor Unsaturated zone fracture percolation Uniform sampling Provided in
flow-focusing factor (DTN: from 433 locations for source DTN
LB0307FMRADTRN.001 each infiltration case
[DIRS 1654511)

UZMatrixSaturation Unsaturated zone matrix saturation Uniform sampling Provided in
(DTN: LB0307FMRADTRN.001 from 433 locations for source DTN
[DIRS 1654511) each infiltration case

Matrix_PercolationFlux Unsaturated zone matrix percolation Uniform sampling Provided in
flux (DTN: LB0307FMRADTRN.001 from 433 locations for source DTN
[DIRS 1654511) each infiltration case

Matrix RelPermLow, Unsaturated zone matrix relative Uniform sampling Provided in
Matrix_Rel_Perm Mean, permeability for all three infiltration from 433 locations for source DTN
Matrix Rel PermHigh cases (DTN: LB0307FMRADTRN.001 each infiltration case

[DIRS 1654511)
Output DTN: SN0410T0507703.018.
NOTES: ND = Truncated normal distribution

E(x) = Expected value
c(x) = Standard deviation
CDF = cumulative distribution function
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Table 8.2-4. Fixed Model Inputs Used in the EBS Radionuclide Transport Abstraction

Source, or Developed In
Input Name Input Description EBS RTAbstractlon Value

MaxMassCPCSNF Mass of corrosion products in Developed: Table 6.3-4 19,440 kg
CSNF waste package

MaxMassCPHLW Mass of corrosion products in Developed: Table 6.3-4 14,230 kg
CDSP waste package

MaxThickCS Maximum thickness of carbon IED BSC 2004 10 mm
steel waste package Internal (DIRS 169472]
components

Max Thick-SS Maximum thickness of stainless IED BSC 2004 50.8 mm
steel waste package internal [DIRS 167394]
components

DSTotalLength Length of drip shield IED BSC 2004 5,805 mm
[DIRS 169220], Table I

DensitySCP Density of corrosion products Weast 1985 5,240 kg m4
[DIRS 111561]

PorosityOP Porosity of corrosion products Developed: 0.4
Section 6.5.1.2.1.3.2 (fraction)

Width-invert Width of invert Developed: 4.00 m
Equation 6.5.3.3-1

Thickinvert Average thickness of invert Developed: 0.597 m
(flow and diffusive path length) Equation 6.5.3.3-5

VertCrossSectAreaInvert Vertical cross sectional area of Developed: 2.39 m2

invert Equation 6.5.3.3-2
DensityWater Water density at 250C Weast 1985 997.0449 kg m4

[DIRS 1115611
ViscosityWater Water viscosity at 250C Lide 2000 [DIRS 162229] 0.890 x 10 4 Pa s

| (0.000890 kg m r1 e)

IntergranularPorosityjInvert Porosity of crushed tuff Invert BSC 2004 [DIRS 169565], 0.45
ballast Appendix X (fraction)

Invert ViscosityRef Temp Reference temperature for Reference temperature for 298.15 K
viscosity giving temperature free water diffusion
dependence of invert diffusion coefficient (250C)
coefficient

InterfaceScaleFactor Scale factor used In numerical Developed: I x 106
approximation for computing Section 6.5.3.5 (dimensionless)
mass flux distribution from
single-continuum to dual-
continuum medium

Intragranular Porosity_lnvert Porosity of TSw35 tuff rock DTN: 0.131
matrix (used in dual-continuum LB0207REVUZPRP.002 (fraction)
invert alternative conceptual [DIRS 159672],
model) Spreadsheet

'Matrix Props.xls', Row
20, Column C .-

FractureAperture Unsaturated zone fracture DTN: 1.5 x 104 m
aperture LB0205REVUZPRP.001

[DIRS 159525],
Spreadsheet
'FRACTURE PROPERTY

_.xls,- Row 20, Column L
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Table 8.2-4. Fixed Model Inputs Used in the EBS Radionuclide Transport Abstraction (Continued)

Source, or Developed In
Input Name Input Description EBS RTAbstractlon Value

Fracture Interface Area Unsaturated zone fracture DTN: 9.68 m2 m4
interface area LB0205REVUZPRP.001

[DIRS 159525],
Spreadsheet
'FRACTURE-PROPERTY
.xls,' Row 20, Column R

ActiveFractureParameter Unsaturated zone active DTN: Low=0.476
fracture parameter for TSw35 LB03013DSSCP31.001 Mean=0.569
for all three infiltration cases [DIRS 162379] High=0.570

(dimensionless)
MatrixPerm TSW33 Unsaturated zone matrix DTNs:

permeability for TSw33 for all LB0208UZDSCPLI.002 Low=1.60 x 1o- m2

three infiltration cases [DIRS 161788]
LB0208UZDSCPMI.002 Mean=6.57 x 10.18 m2

[DIRS 161243]
LB0302UZDSCPUI.002 High=2.39 x 10 17 m2

[DIRS 161787]

MatrixPemm TSW34 Unsaturated zone matrix DTNs:
permeability for TSw34 for all LB0208UZDSCPLI.002 Low=1.38 x 10 m
three infiltration cases [DIRS 1617881;

LB0208UZDSCPMI.002 Mean=1.77 x 1019 m2

[DIRS 161243]
LB0302UZDSCPUI.002 High=2.96 x 10.19 m2

[DIRS 161787]

Matrix PermmTSW35 Unsaturated zone matrix DTNs:
permeability for TSw35 for all LB0208UZDSCPLI.002 Low=2.33 x 10.18 m2

three infiltration cases [DIRS 1617881
LB0208UZDSCPMI.002 Mean=4.48 x 10-18 m2

[DIRS 161243]

LB0302UZDSCPUI.002 High=8.55 x 10.18 m2

[DIRS 161787]
Matrix-PermmTSW36 Unsaturated zone matrix DTNs:

permeability for TSw36 for all LB0208UZDSCPLI.002 Low=5.58 x 10.19 m2

three infiltration cases [DIRS 1617881
LB0208UZDSCPMI.002 Mean=2.00 x 101 m
[DIRS 161243]

LB0302UZDSCPUI.002 High=7.41 x 10 19 m2

[DIRS 161787]

UZMatrixDensity Unsaturated zone dry matrix DTN:
density for TSw35 SN0404T0503102.011 1,980 kg m3

[DIRS 1691291
Output DTN: SN0410T0507703.018.

IED = information exchange drawing
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Table 8.2-5. Calculated Model Inputs Used in the EBS Radionuclide Transport Abstraction

Input Equation and
Parameter DescriptionInput Description

Equation 8-1
Invert diffusion
coefficient
(Equation 6.3.4.1.1-16)

-t

D = Dobl.963Sl.63o 0 ND(pu-0.033.o-O.21S)

D = invert diffusion coefficient (cm2 s1)
Do = free water diffusion coefficient (cm2 sel)

0 = invert bulk porosity (fraction)
S. = invert water saturation (fraction)
ND = truncated normal distribution (±3 standard deviations from the mean)
p = mean
a = standard deviation
(Note that D is an effective value that includes the effects from porosity,
saturation, and tortuositv.)

Equation 8-2 1 [.3272(293.1s-T.o0.000os3(Tr-293.15Y 11.J3272(293.1sT)-o.0010s3(T-293.l5)2 1
Temperature D D T 101 T0-168.s T-168.L1 J
modification for invert D - DT T
diffusion coefficient 0

(Equation 6.3.4.1.2-4) Dr = invert diffusion coefficient at temperature T (cm2 ela)

Dr = invert diffusion coefficient at temperature To (cm2 el)

T = temperature (K); valid range: 293.15 K • Ts 373.15 K
To = reference temperature (K) (Invert-Viscosity_1Ref-Temp)

Equation 8-3 log1o D,,, =-3.49 + 0.01 380m + 0.165 log,0 kme
Diffusion coefficient of 2 e
unsaturated zone matrix = diffusion coefficient of unsaturated zone matrix (cm s)
and fractures 9 = unsaturated zone matrix water content (percent)
(Equation 6.5.3.6-2)M

kme = effective permeability of unsaturated zone matrix (M2)

(Note that Dns is an effective value that includes the effects from porosity,
saturation, and tortuosity In the rock matrix.)

Equation 8-4 k = k k
Effective permeability of Me
unsaturated zone matrix kme = effective permeability of unsaturated zone tuff matrix (M2)
(Equation 6.5.3.6-3) krm= relative permeability of unsaturated zone tuff matrix (dimensionless)

km = intrinsic permeability of unsaturated zone tuff matrix (Mi)
(Matrix-Perm TSWxx, xx = 33, 34, 35, 36)

Equation 8-5 C = 3.28x1IO cp6 IR 1)2 .45

Effective water SwecP (-InRHY
saturation of corrosion Swe cP = effective water saturation of corrosion products
products
(Equation 6.5.1.2.1-27) Ycp = specific surface area of corrosion products (m2 kg"1)

(CP_ Spec Surf Area)
RH = relative humidity
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Table 8.2-5. Calculated Model Inputs Used in the EBS Radionuclide Transport Abstraction (Continued)

Input Equation and
Input Description Parameter Description

Equation 8-6 mC A

Pore volume of VCP = mP j CP
corrosion products PFx -CP
(Equation 6.5.3.1.1-1) Vcp = pore volume of corrosion products (i 3 )

J1cp = mass of corrosion products (kg)

pF.O, = density of corrosion products (kg m4) (DensityCP)

Ocp = porosity of corrosion products (m3 void m4 bulk volume) (PorositySCP)

Equation 8-7 MCP(t) = n7CP1 + MCP2
Mass of corrosion
products mncp = mass of corrosion products (kg)
(Equations 6.5.3.2-1 to I = time since waste package emplacement (yr)
6.5.3.2-5) to = time when waste package breach occurs (yr)

MM = If>113
M[ttof t to >sf

mcpf = mass of corrosion products when internal components are fully

degraded (kg) (MaxMassCPCSNF or MaxMassCPHLW)
t1D = lifetime of carbon steel (yr)

1000(Max Thick CS)

= corrosion rate of carbon steel (pm you) (CS.CorrosionRate)

l MCP2 = [t [I,)3 cp1, t3 •112

Mcpf t - to > tf2

t12 = lifetime of stainless steel (yr)

1000 (Max Thick SS)

r2

r2 = corrosion rate of stainless steel (pm you) (SSCorrosionRate)

Output DTN: SN0410T0507703.018.
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Input parameters for the dual-continuum invert alternative conceptual model are listed in
Table 8.2-6. Equations for calculating the intergranular and intragranular diffusion coefficients
are listed in Table 8.2-7.

Table 8.2-6. Invert Diffusion Coefficient Alternative Conceptual Model Parameters

Where Developed In
Input Name Input Description EBS RTAbstractlon Value

InvertGeometryCoef Dimensionless geometry- Section 6.6.4.1 8 -21
dependent coefficient for (dimensionless)
intergranular-intragranular mass Uniform
transfer coefficient

Diff LengthjInvylnterjIntra Characteristic length of the Section 6.6.4.1 5 mm
matrix structure

CritMoistureContent Intra Critical moisture content of invert Section 6.6.5.1 0.089
intragranular continuum (fraction)

Crit Moisture Content Inter Critical moisture content of invert Section 6.6.5.1 0.00932 - 0.0612
intergranular continuum Uniform

DiffThresholdjlnvert Threshold value of diffusion Section 6.6.5.2 1 x 10.12 cm2 e-
coefficient in intragranular invert
continuum l

Sat_Diff Coeff Matrix Diffusion coefficient in saturated Section 6.6.5.2 9.24 x I cm2 s '
Outpu____________ UZ matrix __ _

Output DTN: SN0410T0507703.018.

Table 8.2-7. Calculated Model Inputs Used in the EBS Radionuclide Transport Abstraction Invert Diffusion
Coefficient Alternative Conceptual Model

Input Equation and
Parameter DescriptionInnnt nescrinflnn

.

Eguation 8-8
Invert intergranular
continuum diffusion
coefficient
(Equation 6.6.5.2-3)

Dinter = 0.45Do ( I 000_int_) 01 O )

Diner = Dlimi X, 0 < 
0

c

Do = free water diffusion coefficient (cm2 el)

D1nier = invert intergranular continuum diffusion coefficient (cm2 el)

01 = inter + (I - 0-nter).Ifltm = bulk porosity of invert (fraction)

Oier = invert intergranular continuum porosity (fraction)
(Intergranular Porosityjlnvert)

01i1tra = invert intragranular continuum porosity (fraction)
(Intragranular._Porosity Invert)

0 = invert bulk moisture content (percent)
Oc = invert intergranular continuum critical moisture content (percent)

(Crit Moisture ContentInter)
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Table 8.2-7. Calculated Model Inputs Used in the EBS Radionuclide Transport Abstraction Invert Diffusion
Coefficient Alternative Conceptual Model (Continued)

Input Equation and
Parameter DescriptionInndut Dreurintinn

- - M-- _ - - |

Equation 8-9
Invert intragranular
continuum diffusion
coefficient
(Equations 6.6.5.2-5
and 6.6.5.2-6)

Dj,,. = D. C r ) Ž0.

lo ,"' 1 OM.n )> Olr in

Dnm = Dom,,, 0jntra < .min

Dj~t,: = invert intragranular continuum diffusion coefficient (cm2 s1)

D,,,s = tuff matrix saturated diffusion coefficient (cm2 Se) (Sat_DiffCoeff Matrix)

D1,mim = threshold value of diffusion coefficient in intragranular invert continuum
(=m2 se) (Diff ThresholdInvert)

Sna = invert intragranular continuum moisture content (percent)

0i1nt1 = invert intragranular continuum porosity (fraction)
(IntragranularPorosity~jnvert)

0log, D,,m., - log1o Din,

(100)
0 min = critical moisture content of invert intragranular continuum (percent)

(Crit Moisture-Content Intra)

Output DTN: SN0410T0507703.018.

8.3 EVALUATION OF YUCCA MOUNTAIN REVIEW PLAN CRITERIA

This model report documents the abstraction model for flow of liquid and transport of
radionuclides through the EBS. This section provides responses to the Yucca Mountain Reviewv
Plan, Final Report acceptance criteria applicable to this model report. Being conceptual in
nature, it is not possible to evaluate quantitatively many of the Yucca Mountain Review Plan,
Final Report (NRC 2003 [DIRS 163274]) acceptance criteria in Section 4.2.1.

The relevance of this model report to Yucca Mountain Review Plan, Final Report (NRC 2003
[DIRS 163274], Section 2.2.1.3.3) criteria for "Quantity and Chemistry of Water Contacting
Engineered Barriers and Waste Forms," which are based on meeting the requirements of
10 CFR 63.114(a)-(c) and (e)-(g) [DIRS 158535], is as follows:

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.
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Response: The EBS radionuclide transport abstraction incorporates important design features,
physical phenomena, and couplings, and uses consistent assumptions throughout the evaluation
of the quantity of water contacting engineered barriers and waste forms. Sections 6.3.2 and 6.3.3
describe the conceptual model for water flux through the EBS. Section 6.5.1 describes the
mathematical description of the EBS flow model. These sections provide information on
seepage, effectiveness of the EBS components and mechanisms for breach or failure of the drip
shield and waste package. Important general technical information related to water flow through
the EBS can also be found throughout Section 6.

(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" (NRC 2003 [DIRS 163274], Section 2.2.1.3.1);
"Mechanical Disruption of Engineered Barriers" (NRC 2003 [DIRS 163274],
Section 2.2.1.3.2); "Radionuclide Release Rates and Solubility Limits"
(Section 2.2.1.3.4); "Climate and Infiltration" (NRC 2003 [DIRS 163274],
Section 2.2.1.3.5); and "Flow Paths in the Unsaturated Zone" (NRC 2003
[DIRS 163274], 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.

Response: The EBS radionuclide transport abstraction uses assumptions, technical bases, data,
and models that are consistent with other related U.S. Department of Energy abstractions.
Sections 6.3.2, 6.3.3 and 6.5.1 of this model report provide descriptions and technical bases to
support the quantity-related portion of the abstraction of quantity and chemistry of water
contacting engineered barriers and waste forms. Section 5 provides assumptions that are relevant
to the EBS flow model.

(3) Important design features, such as waste package design and material selection, drip
shield, ground support, thermal loading strategy, and degradation processes, are
considered during the determination of initial and boundary conditions for calculations
of the quantity of water contacting engineered barriers and waste forms.

Response: Sections 6.3 and 6.5 provide the technical bases and details of model features for the
EBS flow model. Section 6.3.2 describes drip shield design, effectiveness and breaching.
Section 6.3.3 describes waste package design, breaching and impact of heat generation. Sections
6.3.3 and 6.5.3 provide invert model features.

(4) The U.S. Department of Energy reasonably accounts for the range of environmental
conditions expected inside breached waste packages and in the engineered barrier
environment surrounding the waste package. For example, the U.S. Department of
Energy should provide a description and sufficient technical bases for its abstraction of
changes in hydrologic properties in the near field, caused by coupled
thermal-hydrologic-mechanical-chemical processes.
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Response: Spatial and temporal abstractions address physical couplings (thermal-hydrologic-
mechanical-chemical). Sections 6.3 and 6.5 provide descriptions of coupled effects for the flow
model. These effects include heat generation inside the waste package and condensation on the
drip shield surface. The seepage and imbibition fluxes are also the product of 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.

Response: The technical bases and justification are provided for total system performance
assessment assumptions and approximations for modeling coupled thermal-hydrologic-
mechanical-chemical effects on flow and radionuclide release throughout Sections 5 and 6. The
effects of distribution of flow on the amount of water contacting the engineered barriers and
waste forms are consistently addressed in Sections 6.3 and 6.5.

(6) The expected ranges of environmental conditions within the waste package
emplacement drifts, inside of breached waste packages, and contacting the waste
forms and their evolution with time are identified.

Response: These are provided in Sections 6.3, 6.5 and 6.7. Examples include the effects of the
drip shield on the quantity of water (Sections 6.3.2 and 6.5.1); conditions that promote corrosion
of engineered barriers and degradation of waste forms (Sections 6.3 and 6.5); wet and dry cycles;
and size and distribution of penetrations of engineered barriers.

(7) 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.

Response: The EBS radionuclide transport abstraction is consistent with detailed information on
engineered barrier design and other engineered features. Analysis discussions in Section 6
demonstrate that no deleterious effects are caused by design or site features that are not taken
into account in this abstraction. Section 6.7 provides a summary discussion on the capability of
the engineered barriers.

(8) 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.
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Response: 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. These are provided
throughout Sections 6 and 7.

(9) 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.

Response: Performance-affecting processes that have been observed in thermal-hydrologic tests
and experiments are included primarily through the inputs (e.g., seepage values from Abstraction
of Drift Seepage (BSC 2004 [DIRS 169131]), described in Section 6.3.2 of this model report,
required to implement the EBS radionuclide transport abstraction.

Acceptance Criterion 2-Data are Sufficient for Model Justification.

(1) 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.

Response: The EBS radionuclide transport abstraction provides the technical justification for
geological, hydrological, and geochemical values used. There is also a description of how the
data were used, interpreted, and synthesized into associated parameter values. Section 6.5.2
provides a summary discussion on the use and interpretation of data used in the EBS flow and
transport models. The discussion includes the range, distribution and uncertainty of model data.
Detailed description of data and technical justification of values used are provided throughout
Sections 6.3 and 6.5.

(2) 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-hydrologic-mechanical-chemical coupled processes, that affect
seepage and flow and the engineered barrier chemical environment.

Response: Data and sources of data are provided in Section 4.1 on the characteristics of the
natural system and engineered materials needed to establish initial and boundary conditions for
conceptual models of thermal-hydrologic-mechanical-chemical coupled processes that affect
flow. Collection of input data used in this model report was done using acceptable techniques
under the YMP quality assurance plan; specific techniques are provided in Sections 4.1.1 to
4.1.3.

(4) Sufficient information to formulate the conceptual approach(es) for analyzing water
contact with the drip shield, engineered barriers, and waste forms is provided.
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Response: Information required to formulate the conceptual approaches for analyzing water
contact with the drip shield, engineered barriers, and waste forms is provided in Sections 6.3 and
6.5. Sections 6.3.2, 6.3.3 and 6.5.1 present the conceptual models used for water flux through the
Engineered Barrier System, together with information on drip shield effectiveness, drip shield
and waste package breaching, seepage and imbibition flux from the unsaturated zone matrix.

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.

Response: The EBS radionuclide transport abstraction uses parameter values, assumed ranges,
probability distributions, and bounding assumptions that account for uncertainties and
variabilities, and that do not result in an under-representation of the risk estimate. Section 4.1
lists the data and parameters used, together with their sources. Section 6.5.2 provides a summary
of the base case model inputs together with associated uncertainties.

(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.

Response: Parameter values, assumed ranges, probability distributions, and bounding
assumptions used in the total system performance assessment calculations of quantity of water
contacting engineered barriers and waste forms are based on data from the Yucca Mountain
region, laboratory experiments, field measurements, natural analog research, and process-level
modeling studies. Section 4.1 lists the data and parameters used, together with their sources.
Section 6.5.2 provides a summary of the base case model inputs together with associated
uncertainties.

(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.
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Response: Input values used in the total system performance assessment calculations of quantity
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. Reasonable or conservative ranges of parameters or
functional relations have been established. Section 4.1 lists the data and parameters used,
together with their sources. Section 6.5.2 provides a summary of the base case model inputs
together with associated uncertainties.

(4) Uncertainty is adequately represented in parameter development for conceptual
models, process models, and alternative conceptual models considered in developing
the abstraction of radionuclide release rates and solubility limits, either through
sensitivity analyses or use of bounding analyses.

Response: 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. In some instances, uncertainty is
constrained using conservative limits. Parameter development for the models described in this
model report is provided throughout Sections 6.3, 6.4, 6.5 and 6.6.

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.

Response: Alternative modeling approaches of features, events, and processes are considered in
Sections 6.4 and 6.6 and are consistent with available data and current scientific understanding,
and the results and limitations are considered.

(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.

Response: Alternative modeling approaches are considered in Sections 6.4 and 6.6. 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.

(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.
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Response: Consideration of conceptual model uncertainty is consistent with available site
characterization data, laboratory experiments, field measurements, natural analog information
and process-level modeling studies. The fundamental relationships, e.g., mass balance and flow
equations, upon which the EBS radionuclide transport abstraction is based, are well-established
with a long history of use in the scientific community and as such are not subject to significant
uncertainty. In addition, the alternative conceptual models have been screened out (Section 6.4),
thereby increasing confidence in the selected conceptual model. Other sources of uncertainty
involve modeling choices (e.g., assumptions, geometry) that, because of their conservative
nature, effectively bound uncertainty. This 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.

Response: Consideration is given in Sections 6.4 and 6.6 to effects of thermal-hydrologic-
mechanical-chemical coupled processes in the assessment of alternative conceptual models.

Acceptance Criterion 5-Model Abstraction Output Is Supported by Objective
Comparisons.

(1) The models implemented in this total system performance assessment abstraction
provide results consistent with output from detailed process-level models and/or
empirical observations (laboratory and field testings and/or natural analogs).

Response: The models implemented in this total system performance assessment abstraction
provide results consistent with output from detailed process-level models and/or empirical
observations (laboratory testings). For example, Sections 6.5.1 and 7.1 provide comparison of
the drip shield and waste package flux splitting models with breached drip shield and waste
package experiments.

(2) Abstracted models for coupled thermal-hydrologic-mechanical-chemical effects on
seepage and flow and the engineered barrier chemical environment, as well as on the
chemical environment for radionuclide release, are based on the same assumptions and
approximations demonstrated to be appropriate for process-level models or closely
analogous natural or experimental systems. For example, abstractions of processes,
such as thermally induced changes in hydrological properties, or estimated diversion
of percolation away from the drifts, are adequately justified by comparison to results
of process-level modeling, that are consistent with direct observations and field
studies.
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Response: Abstracted models for coupled thermal-hydrologic-mechanical-chemical effects on
flow and radionuclide release are based on the same assumptions and approximations
demonstrated to be appropriate for process-level models or closely analogous natural or
experimental systems, as demonstrated throughout Sections 5 and 6.

(3) Accepted and well-documented procedures are used to construct and test the numerical
models that simulate coupled thermal-hydrologic-mechanical-chemical effects on
seepage and flow, engineered barrier chemical environment, and the chemical
environment for radionuclide release. Analytical and numerical models are
appropriately supported. Abstracted model results are compared with different
mathematical models, to judge robustness of results.

Response: The EBS radionuclide transport abstraction uses accepted and well-documented
procedures to construct and test the numerical models that simulate coupled thermal-hydrologic-
mechanical-chemical effects on flow and radionuclide release, as provided throughout Sections 6
and 7. Technical support is presented for analytical and numerical models.

The relevance of this model report to the Yucca Mountain Review Plan criteria for "Radionuclide
Release Rates and Solubility Limits" (NRC 2003 [DIRS 163274], Section 2.2.1.3.4), which are
based on meeting the requirements of 10 CFR 63.114(a)-(c) and (e)-(g) [DIRS 158535], is as
follows:

Acceptance Criterion 1-System Description and Model Integration Are Adequate.

(I) Total system performance assessment adequately incorporates important design
features, physical phenomena, and couplings, and uses consistent and appropriate
assumptions throughout the radionuclide release rates and solubility limits abstraction
process.

Response: Total system performance assessment adequately incorporates important design
features, physical phenomena, and couplings, and uses consistent and appropriate assumptions
throughout the radionuclide release rates and solubility limits abstraction process. Section 6.3.4
describes the conceptual model for EBS transport model. Sections 6.5.1 and 6.5.3 describe the
mathematical description of the EBS transport model components. These sections provide
information on diffusion, retardation, transport through stress corrosion cracks and EBS-UZ
boundary condition implementation. Important general technical information related to
radionuclide transport through the EBS can also be found throughout Section 6.

(2) The abstraction of radionuclide release rates 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 this model abstraction are
consistent with the abstractions of "Degradation of Engineered Barriers" (NRC 2003
[DIRS 163274], Section 2.2.1.3.1); "Mechanical Disruption of Engineered Barriers"
(NRC 2003 [DIRS 163274], Section 2.2.1.3.2); "Quantity and Chemistry of Water
Contacting Engineered Barriers and Waste Forms" (NRC 2003 [DIRS 163274],
Section 2.2.1.3.3); "Climate and Infiltration" (NRC 2003 [DIRS 163274],
Section 2.2.1.3.5); and "Flow Paths in the Unsaturated Zone" (NRC 2003
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[DIRS 163274], Section 2.2.1.3.6). The descriptions and technical bases provide
transparent and traceable support for the abstraction of radionuclide release rates.

Response: The EBS radionuclide transport abstraction uses assumptions, technical bases, data,
and models consistent with other related U.S. Department of Energy abstractions. The
descriptions and technical bases described in Sections 6.3.4, 6.5.1, and 6.5.3 provide support for
the abstraction of radionuclide release rates. Section 5 provides assumptions that are relevant to
the EBS transport model.

(3) The abstraction of radionuclide release rates provides sufficient, consistent design
information on waste packages and engineered barrier systems. For example,
inventory calculations and selected radionuclides are based on the detailed information
provided on the distribution (both spatially and by compositional phase) of the
radionuclide inventory, within the various types of high-level radioactive waste.

Response: The EBS radionuclide transport abstraction provides consistent design information
on waste packages and engineered barrier systems (Section 4.1 and throughout Section 6).
Selected radionuclides are based on the detailed information provided on the distribution (both
spatially and by compositional phase) of the radionuclide inventory, within the various types of
high-level radioactive waste. Input data on radionuclides are provided in Section 4.1 and 6.5.2.

(4) The U.S. Department of Energy reasonably accounts for the range of environmental
conditions expected inside breached waste packages and in the engineered barrier
environment surrounding the waste package. For example, the U.S. Department of
Energy should provide a description and sufficient technical bases for its abstraction of
changes in hydrologic properties in the near field, caused by coupled
thermal-hydrologic-mechanical-chemical processes.

Response: The EBS radionuclide transport abstraction accounts for the range of environmental
conditions expected inside breached waste packages and in the engineered barrier environment
surrounding the waste package. Sections 6.3 and 6.5 describe provisions for thermal, chemical,
and hydrologic conditions inside and surrounding the waste package.

(5) The description of process-level conceptual and mathematical models is sufficiently
complete, with respect to thermal-hydrologic processes affecting radionuclide release
from the emplacement drifts. For example, if the U.S. Department of Energy
uncouples coupled processes, the demonstration that uncoupled model results bound
predictions of fully coupled results is adequate.

Response: The description of process-level conceptual and mathematical models, with respect
to thermal-hydrologic processes affecting radionuclide release from the emplacement drifts is
provided in Section 6.5.

(6) Technical bases for inclusion of any thermal-hydrologic-mechanical-chemical
couplings and features, events, and processes in the radionuclide release rates and
solubility Review Plan for Safety Analysis Report limits model abstraction are
adequate. For example, technical bases may include activities, such as independent
modeling, laboratory or field data, or sensitivity studies.
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Response: Technical bases for inclusion of thermal-hydrologic-mechanical-chemical couplings
and the disposition of features, events, and processes in the EBS radionuclide transport
abstraction are summarized in Section 6.2.

Acceptance Criterion 2-Data Are Sufficient for Model Justification.

(1) 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.

Response: Technical justification for the geological, hydrological, and geochemical values used
in the EBS radionuclide transport abstraction is provided. There is also a discussion of how the
data are used, interpreted, and synthesized into associated parameters values. Section 6.5.2
provides a summary discussion on the use and interpretation of data used in the EBS flow and
transport models. The discussion includes the range, distribution and uncertainty of model data.
Detailed descriptions of data and technical justification of values used are provided throughout
Sections 6.3 and 6.5.

(2) Sufficient data have been collected on the characteristics of the natural system and
engineered materials to establish initial and boundary conditions for conceptual
models and simulations of thermal-hydrologic-chemical coupled processes. For
example, sufficient data should be provided on design features, such as the type,
quantity, and reactivity of materials, that may affect radionuclide release for this
abstraction.

Response: Section 4.1 provides data on characteristics of the natural system and engineered
materials needed to establish initial and boundary conditions for the EBS radionuclide transport
abstraction conceptual models and simulations of thermal-hydrologic-chemical coupled
processes.

(4) The corrosion and radionuclide release testing program for high-level radioactive
waste forms intended for disposal provides consistent, sufficient, and suitable data for
the in-package and in-drift chemistry used in the abstraction of radionuclide release
rates and solubility limits. For expected environmental conditions, the
U.S. Department of Energy provides sufficient justification for the use of test results,
not specifically collected from the Yucca Mountain site, for engineered barrier
components, such as high-level radioactive waste forms, drip shield, and backfill.

Response: The corrosion and radionuclide release testing program for HLW forms intended for
disposal provides data for the in-package and in-drift chemistry used in the EBS radionuclide
transport abstraction (Section 4.1). For expected environmental conditions, the EBS
radionuclide transport abstraction provides justification for the use of test results, not specifically
collected from the Yucca Mountain site, for engineered barrier components, such as HLW forms
and drip shield (Sections 6.3 and 6.5).
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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.

Response: The EBS radionuclide transport abstraction uses parameter values, assumed ranges,
probability distributions, and/or bounding assumptions that account for uncertainties and
variabilities, and that do not cause an under-representation of the risk estimate. Section 4.1 lists
the data and parameters used, together with their sources. Section 6.5.2 provides a summary of
the base case model inputs together with associated uncertainties.

(2) Parameter values, assumed ranges, probability distributions, and bounding
assumptions used in the abstractions of radionuclide release rates and solubility limits
in the total system performance assessment are technically defensible and reasonable
based on data from the Yucca Mountain region, laboratory tests, and natural analogs.
For example, parameter values, assumed ranges, probability distributions, and
bounding assumptions adequately reflect the range of environmental conditions
expected inside breached waste packages.

Response: Parameter values, assumed ranges, probability distributions, and bounding
assumptions used in the abstractions of radionuclide release rates and solubility limits in the total
system performance assessment are based on data from the Yucca Mountain region, laboratory
tests, and natural analogs. Parameter values, assumed ranges, probability distributions, and
bounding assumptions reflect the range of environmental conditions expected inside breached
waste packages. Section 4.1 lists the data and parameters used, together with their sources.
Section 6.5.2 provides a summary of the base case model inputs together with associated
uncertainties.

(3) DOE uses reasonable or conservative ranges of parameters or functional relations to
determine effects of coupled thermal-hydrologic-chemical processes on radionuclide
release. These values are consistent with the initial and boundary conditions and the
assumptions for the conceptual models and design concepts for natural and engineered
barriers at the Yucca Mountain site. If any correlations between the input values exist,
they are adequately established in the total system performance assessment. For
example, estimations are based on a thermal loading and ventilation strategy;
engineered barrier system design (including drift liner, backfill, and drip-shield); and
natural system masses and fluxes that are consistent with those used in other
abstractions.
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Response: The EBS radionuclide transport abstraction uses reasonable or conservative ranges of
parameters or functional relations to determine effects of coupled thermal-hydrologic-chemical
processes on radionuclide release. These values are consistent with the initial and boundary
conditions and the assumptions for the conceptual models and design concepts for natural and
engineered barriers at the Yucca Mountain site. Section 4.1 lists the data and parameters used,
together with their sources. Section 6.5.2 provides a summary of the base case model inputs
together with associated uncertainties.

(4) Uncertainty is adequately represented in parameter development for conceptual
models, process models, and alternative conceptual models considered in developing
the abstraction of radionuclide release rates and solubility limits, either through
sensitivity analyses or use of bounding analyses.

Response: Uncertainty is represented in parameter development for conceptual models, process
models, and alternative conceptual models considered in developing the abstraction of
radionuclide release rates and solubility limits. Parameter development for the models described
in this model report is provided throughout Sections 6.3, 6.4, 6.5, and 6.6.

(5) Parameters used to describe flow through and out of the engineered barrier,
sufficiently bound the effects of backfill, excavation-induced changes, and thermally
induced mechanical changes that affect flow.

Response: The EBS radionuclide transport abstraction considers the uncertainties, in the
characteristics of the natural system and engineered materials, such as the type, quantity, and
reactivity of material, in establishing initial and boundary conditions for conceptual models and
simulations of thermal-hydrologic-chemical coupled processes that affect radionuclide release.
Parameter development for the models described in this model report is provided throughout
Sections 6.3, 6.4, 6.5, and 6.6.

(8) DOE adequately considers the uncertainties, in the characteristics of the natural system
and engineered materials, such as the type, quantity, and reactivity of material, in
establishing initial and boundary conditions for conceptual models and simulations of
thermal-hydrologic-chemical coupled processes that affect radionuclide release.

Response: Parameters used to describe flow through and out of the engineered barrier bound the
effects of excavation-induced changes and thermally induced mechanical changes that affect
flow.

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.
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Response: Alternative modeling approaches of features, events, and processes are considered in
Section 6.4 and are consistent with available data and current scientific understanding, and the
results and limitations are considered.

(2) In considering alternative conceptual models for radionuclide release rates and
solubility limits, DOE uses appropriate models, tests, and analyses that are sensitive to
the processes modeled for both natural and engineering systems. Conceptual model
uncertainties are adequately defined and documented, and effects on conclusions
regarding performance are properly assessed. For example, in modeling flow and
radionuclide release from the drifts, DOE represents significant discrete features, such
as fault zones, separately, or demonstrates that their inclusion in the equivalent
continuum model produces a conservative effect on calculated performance.

Response: In considering alternative conceptual models for radionuclide release rates and
solubility limits (Sections 6.4. and 6.6), the EBS radionuclide transport abstraction uses models
and analyses that are sensitive to the processes modeled for both natural and engineering
systems. Conceptual model uncertainties are defined and documented, and effects on
conclusions regarding performance are assessed. The fundamental relationships, e.g., mass
balance and flow equations, upon which the EBS radionuclide transport abstraction is based, are
well-established with a long history of use in the scientific community and as such are not
subject to significant uncertainty. In addition, the alternative conceptual models have been
screened out (Section 6.4), thereby increasing confidence in the selected conceptual model.
Other sources of uncertainty involve modeling choices (e.g., assumptions, geometry) that,
because of their conservative nature, effectively bound uncertainty.

(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.

Response: 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, as discussed throughout Section 6. Section
6.5.2 provides discussions on parameter uncertainty.

(4) The effects of thermal-hydrologic-chemical coupled processes that may occur in the
natural setting, or from interactions with engineered materials, or their alteration
products, on radionuclide release, are appropriately considered.

Response: The effects of thermal-hydrologic-chemical coupled processes that may occur in the
natural setting or from interactions with engineered materials or their alteration products, on
radionuclide release, are considered in Section 6. For example, the effect of corrosion products
on the transport of radionuclides is provided in Sections 6.3.4, 6.5.1, and 6.5.3.
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Acceptance Criterion 5-Model Abstraction Output Is Supported by Objective
Comparisons.

(1) The models implemented in this total system performance assessment abstraction
provide results consistent with output from detailed process-level models and/or
empirical observations (laboratory and field testings and/or natural analogs).

Response: The models implemented in this total system performance assessment abstraction
provide results consistent with output from detailed process-level models and/or empirical
observations (laboratory testings), as described in Sections 6.3, 6.5, and 7. Section 7 provides
comparisons of models developed in this model report with other models and experimental
results.

(3) DOE adopts well-documented procedures that have been accepted by the scientific
community to construct and test the numerical models, used to simulate coupled
thermal-hydrologic-chemical effects on radionuclide release. For example, DOE
demonstrates that the numerical models used for high-level radioactive waste
degradation and dissolution, and radionuclide release from the engineered barrier
system, are adequate representations; include consideration of uncertainties; and are
not likely to underestimate radiological exposures to the reasonably maximally
exposed individual and releases of radionuclides into the accessible environment.

Response: The EBS radionuclide transport abstraction uses well-documented procedures in
Section 6.5 that have been accepted by the scientific community to construct and test the
numerical models used to simulate radionuclide release. The abstraction demonstrates that the
numerical models used for radionuclide release from the EBS include consideration of
uncertainties and are not likely to underestimate radiological exposures to the reasonably
maximally exposed individual and releases of radionuclides into the accessible environment.

8.4 RESTRICTIONS FOR SUBSEQUENT USE

This abstraction was developed specifically for application in TSPA-LA. Assumptions and
approximations are made in order to integrate with and be consistent with other models and
abstractions incorporated in TSPA-LA. Therefore, individual submodels should not be used
independently outside of the TSPA-LA framework. This abstraction must be reevaluated if any
models that feed into it are modified.

Use of the two preliminary output DTNs: SN0403T0507703.015 and SN0409T0507703.017 is
restricted to providing traceability in TSPA-LA. For any other application, the final output
DTN: SN0410T0507703.018 is to be used. Differences between the preliminary and final
DTNs are described in Appendix I.
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Submittal date: 12/18/2003.

MO0407SEPFEPLA.000. LA FEP List. Submittal date: 07/20/2004. 170760

MO0409SPAACRWP.000. Aqueous Corrosion Rates for Non-Waste Form Waste 172059
Package Materials. Submittal date: 09/16/2004.

SN0306T0504103.006. Revised Sorption Partition Coefficients (Kd Values) for 164131
Selected Radionuclides Modeled in the TSPA (Total System Performance
Assessment). Submittal date: 06/30/2003.

SN0309T0504103.010. Updated Iron Oxyhydroxide Colloid Concentration 165540
Parameters, Specific Surface Area (SA) of Iron Oxyhydroxide Colloids, Target Flux
Out Ratio (FRN) and Forward Rate Constant (K) for Pu & Am Sorption to Iron
Oxyhydroxide Colloids & Stationary Corrosion. Submittal date: 09/18/2003.

SN0310T0505503.004. Initial Radionuclide Inventories for TSPA-LA. Submittal 168761
date: 10/27/2003.

SN0404T0503102.011. Thermal Conductivity of the Potential Repository Horizon 169129
Rev 3. Submittal date: 04/27/2004.
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9.4 OUTPUT DATA, LISTED BY DATA TRACKING NUMBER (DTN)

SN0403T0507703.015. Model Inputs Used in Engineered Barrier System (EBS)
Radionuclide Transport Abstraction, Version 1. Submittal date: 03/12/2004.
(Preliminary developed data).

SN0409T0507703.017. Model Inputs Used in Engineered Barrier System (EBS)
Radionuclide Transport Abstraction. Submittal date: 09/27/2004. (Preliminary
developed data).

SN0410T0507703.018. Engineered Barrier System (EBS) Radionuclide Transport
Abstraction Model Inputs. Submittal date: 11/03/2004.

9.5 SOFTWARE CODES

Golder Associates 2003. Software Code: GoldSim. V8.01 Service Pack 1. PC, 166572
Windows 2000. 10344-8.01 SPI-00.
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APPENDIX A
MICROSOFT EXCEL SPREADSHEET "MASSES OF MATERIALS"
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MICROSOFT EXCEL SPREADSHEET "MASSES OF MATERIALS"

In this spreadsheet, the mass of iron and the equivalent mass of Fe2O3 is calculated for four waste
packages. The results are reported in Table 6.3-4. The calculation is done: 21-PWR (absorber
plate), 44-BWR (absorber plate), 5-DHLW/DOE Short, and Naval Long.

The procedure for determining the equivalent mass of Fe2O3 is to calculate the total mass of each
type of iron-containing alloy, calculate the mass of iron in all components of each alloy based on
the iron content of the alloy, sum the mass of iron in the waste package, and convert the iron
mass to Fe2O3 mass using the stoichiometry and molecular weights. Only the components within
the outer corrosion barrier are included in the calculation; the outer corrosion barrier is
considered to be inert.

For a 21-PWR waste package, the mass and number of each component are listed in Figures A-1
and A-2 as shown in Table 4.1-17 (BSC 2004 [DIRS 169472], Table 2). This calculation uses
the previous waste package design in which the absorber plates are composed of Neutronit,
rather than the current design with Ni-Gd absorber plates (BSC 2004 [DIRS 170710]). The
impact of using the previous design is discussed in Section 6.3.4.2.3, where it is shown that the
differences in absorber plate design should have negligible net effect on radionuclides transport
from the EBS. In Column E (Figure A-1), the total mass of the components is -computed
(e.g., E2=C2*D2). The total mass of all components is summed in Cell E23. The calculation is
repeated for a 44-BWR waste package (BSC 2004 [DIRS 169472], Table 3) in Column K
(Figure A-1), for a 5 -DHLW/DOE Short waste package (BSC 2004 [DIRS 167207], Table 5) in
Column Q (Figure A-2), and for a Naval Long waste package (BSC 2004 [DIRS 169472],
Table 4) in Column W (Figure A-2). Consistent with the treatment for the 21-PWR waste
package, the previous design with Neutronit absorber plates is considered for a 44-BWR waste
package rather than the current design (BSC 2004 [DIRS 170838]). For the 5 DHLW/DOE
Short waste package, a mass of 1 kg is erroneously used for the Interface Ring (Column 0,
Row 5 in Figure A-2); the correct mass is 44.6 kg (BSC 2004 [DIRS 167207], Table 5).
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Figure A-I. Spreadsheet 'Masses of Materials;" Calculation of Mass of 21-PWR and 44-BWR Waste
Package Components
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Figure A-2. Spreadsheet 'Masses of Materials;' Calculation of Mass of 5-DHLW and Naval Long Waste
Package Components and Materials

In Rows 25-32, the calculation (Figure A-3) is repeated for a 21-PWR waste package for A 516
carbon steel components only. The total mass of carbon steel components is shown in Cell E32.
Similarly, the calculation is repeated in Rows 34-37 (Figure A-3) for Neutronit, with the total
Neutronit mass shown in Cell E37; in Rows 43-48 for 316 SS, with the total 316 SS mass shown
in Cell E48. The masses of Al 6061 and Alloy 22 are also calculated, but this information is not
used because the aluminum alloy contains a negligible amount of iron, and the Alloy 22 is
considered to be inert. The calculation is repeated for a 44-BWR waste package in Column K
(Figure A-3), for a 5-DHLW Short waste package in Column Q (Figure A-2), and for a Naval
Long waste package in Column W (Figure A-2).
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Figure A-3. Spreadsheet 'Masses of Materials; 0 Calculation of Mass of 21-PWR and 44-BWR Waste
Package Materials and Equivalent Mass of Fe2O3

In Row 78, Columns C-E (Figure A-4), the iron content is calculated for the three alloys of
interest (316 stainless steel, A 516 carbon steel, and Neutronit A 978, respectively). The iron
content of these alloys is specified as "Balance" (see Table 4.1-10). It is calculated by summing
the content of all nonferrous components of the alloys (Row 77, Columns C-E) and subtracting
from 100 percent.
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A B C D E F
64
65_l --

316NIG
Element Stainless A 516 Carbon Neutronit

66 Element stneel Steel" A 978'
67 Mo 3 0 2.2
68 Cr 18 0 18.5 I
69 Ni 14 0 13 3
70 Co 0 0 0.2
71 Mn 2 1.3 0
72 C 0.08 0.26 0.04
73_ P 0.045 0.035 0 __ l
74 . S 0.03 0.035 0 l
75 Si 0.75 0 0 __ l
76 N 0.156 0 0
77 Total Non-Fe 3B.065 1.63 33.94 l

70 ___._ Fe 61.935 98.37 65.06
79 __ l_._ _____ ___

80 _ [aDTN: M00003RI800076.000. 1
81 _ DTN: M00107TC240032.000. _
82 |_KOgler 1991, p.l15-
83I

DTN: M00003RIB00076.000 [DIRS 153044]; DTN: M00107TC240032.000 [DIRS 169970].

Source: KOgler 1991 [DIRS 155761], p.15.

Figure A-4. Spreadsheet 'Masses of Materials;" Elemental Weight Percent Compositions used in
Calculation of Iron Content in Three Steel Alloys

In Figure A-3, the total masses of 316 SS (from E48), of A 516 CS (from E32), and of Neutronit
A 978 (from E37) in all 21-PWR components are listed in Column D, Rows 58-60, respectively.
The iron content of all components for each alloy is calculated in Column E
(e.g., E58=C58*D58/100). The total iron content in the three alloys is summed in Cell E61.
The average i ron content of all c omponents c onstructed of these three alloys i s c alculated in
Cell F61 (F61 =E61 *1 00MD6); this information is not used.

The equivalent mass of Fe2O3 is computed in Cell E62 (Figure A-3) using the formula shown in
Footnote d of Table 6.3-4: E62=E61*0.15969/0.055847/2. The results of these calculations
(Rows 58-62, Columns C-F) are presented in Table 6.3-4 for a 21-PWR. These calculations are
repeated for a 44-BWR waste package (Rows 58-62, Columns I-L; see Figure A-3), a 5-DHLW
waste package (Rows 58-62, Columns O-R; Figure A-5), and for a Naval Long waste package
(Rows 58-62, Columns U-X; Figure A-5).
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Figure A-5. Spreadsheet "Masses of Materials;" Calculation of Equivalent Mass of Fe2O3 in 5-DHLW and
Naval Long Waste Packages

ANL-WIS-PA-000001 REV 01 A-5 November 2004



EBS Radionuclide Transport Abstraction

INTENTIONALLY LEFT BLANK

ANL-WIS-PA-O0000I REV 01N A-6 November 2004



EBS Radionuclide Transport Abstraction

APPENDIX B
IMPLEMENTATION OF RADIONUCLIDE SORPTION ONTO COLLOIDAL AND

STATIONARY PHASES WITH FINITE DIFFERENCE SOLUTION
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IMPLEMENTATION OF RADIONUCLIDE SORPTION ONTO COLLOIDAL AND
STATIONARY PHASES WITH FINITE DIFFERENCE SOLUTION

CONCEPTUAL MODEL

This colloid model accounts for both reversible and irreversible sorption onto the iron
oxyhydroxide (designated FeO) mobile colloids and the immobile FeO corrosion products
together with reversible sorption onto both waste form and groundwater (GW) colloids within
the engineered barrier system (EBS). Figure B-1 shows the conceptual model of radionuclide
sorption onto the iron oxy-hydroxide colloidal and stationary phases. The upstream domain is
considered to be degraded fuel rods, including secondary mineral phases, in equilibrium with the
aqueous phase at the radionuclide solubility limit predicted by the solubility limits model
(BSC 2004 [DIRS 169425]). The radionuclides of concern are the Pu and Am isotopes. Since
the m aterial b alance e quations a re w ritten a s a m ass b alance, t he e quations a re v alid for a ny
solute species. Certain system parameters, such as solubility, decay rate, and partition
coefficients, will be dependent on the species. In this appendix, the species used for subsequent
analysis and discussion is Pu.

There is no sorption considered in the upstream domain. Pu at its solubility limit is considered to
transport by both advection and diffusion downstream into the corrosion product domain, where
it can be involved in six separate reactions:

* Reversible Pu sorption onto FeO colloidal particles
* Reversible Pu sorption onto the stationary phase FeO corrosion products
* Irreversible Pu sorption onto FeO colloidal particles
* Irreversible Pu sorption onto the stationary phase FeO corrosion products
* Reversible Pu sorption onto waste form colloids
* Reversible Pu sorption onto GW colloids.

Denote the concentrations (kg Pu m' 3 water) for the Pu in the seven possible states as

CPU -aq = concentration of Pu in aqueous solution

CPuNFeO-c = concentration of Pu in the FeO colloid state from reversible sorption

CPuFeO_CP = concentration of Pu in the stationary FeO corrosion product state from

reversible sorption

Clnv Pu -FeO = concentration of Pu in the FeO colloid state from irreversible sorption

Ctrm PuFeO CP = concentration of Pu in the stationary FeO corrosion products state from

irreversible sorption

CPUIVF-c = concentration of Pu in the waste form colloid state from reversible
sorption

CN-_CyC = concentration of Pu in the GW colloid state from reversible sorption
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and let

cs, Pu solubility (concentration at the solubility limit) (kg Pu m-3 water).

The concentrations (kg colloid m 3 water) of all colloids and stationary corrosion products are:

Cseo ¢ = concentration of FeO in the colloid state

CFeOcP = concentration of FeO in the corrosion product state

CWFC = concentration of waste form in the colloid state

CGFV-c = concentration of GW in the colloid state.

As indicated in Figure B-1, the mass in the fluid exiting the corrosion-product domain (reaction
mixing cell) is expected to be proportioned such that the mass of Pu sorbed onto FeO colloids is
some fraction of the total mass of Pu exiting the system in all forms-aqueous, reversibly
sorbed, and irreversibly sorbed. Observations in nature, such as the transport of Pu from the
Benham test site (Kersting et al. 1999 [DIRS 103282]) suggest that this fraction is about
95 percent. This is expressed as:

colloid mass flux outK) = = 0.95 . (Eq. B-1)
total mass flux out

This value of 95 percent is uncertain with an uncertainty range of 0.90 to 0.99 associated with it
(BSC 2004 [DIRS 170025], Table 6-12, p. 6-72). It also may be a function of time, since the
observation time for the Benham test is only about 50 years.

upstream domain reaction mixing cell

colloitk1 j &.w Pu-aq loPu aq

|Pa rrv Pu c

:.Fuel rods -Pu. . Corrosion Products . . .. :.-.:.

Figure B-1. Conceptual Model Schematic

Also of interest is the ratio of the mass flux leaving the mixing cell to the mass flux entering the
mixing cell. This ratio of mass out to mass in is given by:

= mass flux out (Eq. B-2)
mass flux in

and is a measure of the retardation due to sorption on the stationary corrosion products. The
model is set up is such a way that most of the Pu mass entering the mixing cell is expected to be
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sorbed onto the stationary FeO phase and only a small fraction of it flows downstream to the
unsaturated zone.

REACTIONS

The reactions considered in this model are as follows, where R., represents the bulk reaction rate
of Pu for the iih reaction, in units (kg Pu mn3 yrf ):

RI: Pu(aq) Pu(FeO%'") (Eq. B-3)

R2: Pu(aq) - Pu(FeOd") (Eq. B4)

R3: Pu(aq) -> Pu(FeO,) (Eq. B-5)

R4: Pu(aq) +< Pu(FeOc) (Eq. B-6)

R5: Pu(aq) <-> Pu(WFj",) (Eq. B-7)

R6: Pu(aq) <e Pu(GW,.,) (Eq. B-8)

Note that the reactions in Equations B-5 through B-8 are reversible equilibrium reactions,
therefore their reaction rates are undefined and not included in subsequent mass balance
equations. Equilibrium mass-action relationships are imposed instead, for these four reactions.

KINETIC REACTIONS

The th irreversible reaction rate (where i = 1 or 2), RI (kg Pu m-3 bulk-volume yf 1), is expressed
in terms of the iih bulk surface area for the mineral phase involved in the reaction, S. (m2

FeO m 3 bulk-volume), and the ih intrinsic (or surface) reaction rate, r, (kg Pu m72 FeO yr 1):

R = Srl. (Eq. B-9)

The irreversible reaction of Pu onto FeO colloids is then

RI =SFO crl (Eq. B-10)

and for the irreversible reaction of Pu onto FeO corrosion products

R2 = SFE-CPr2 (Eq. B-11)

The bulk surface area (in2 FeO m 3 bulk-volume) for FeO colloids and corrosion products are,
respectively,

SFCO = SFCOCCFfO C0SW (Eq. B-12)

SFF0Ocp =S CP CFeCP0Sw (Eq. B-13)
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where i is the porosity of the FeO matrix, S, is the water saturation and

SFO-, = specific surface area of FeO colloids (m2 FeO-colloid kg" FeO-colloid)

3FIO CP = specific surface area of FeO corrosion products

(M2 FeO-CP kg" FeO-CP).

The intrinsic or surface reaction rate (i.e., rate per unit mineral surface area) is considered to be
the same for the colloidal and stationary phases, i.e., r. = r. =r, and it only has a forward
component, since the reaction is irreversible. Further, suppose that the reactions are first order in
the solution concentration Cp. aq:

r = kcpu, q (Eq. B-14)

where

k = forward rate constant, (mn3 water-volume m-2 FeO yi').

The two irreversible reaction rates on a water volume basis are then

SFoCCFO_,kCPUeq =RIc,_. (Eq. B-15)
OsS.

- = SFeOCPCFO CpkcP_-q=R2cpuaq (Eq. B-16)

where RI = SF_,OcFsOk and R2 = SFEOcpcFCOCPk are reaction rate constants (yr- ) for

colloids and corrosion products, respectively.

EQUILIBRIUM REACTIONS

The four chemical species, Pu(FeO ), Pu(FeO"), Pu(WFk¶ ") and Pu(GW,''), involved in

reversible equilibrium sorption reactions, Equations B-5, B-6, B-7, and B-8, follow the law of
mass action according to

3 [Pu(aq)] (Eq. B-17)

eq Pu(aqC~)]

4 [Pu(aq)] (Eq. B-18)

r [Pu(aq.l)]

t= [Pu(W- )] (Eq. B-19)
[Pu(aq)]

ANL-WIS-PA-000001 REV 01 B-4 November 2004



EBS Radionuclide Transport Abstraction

6 [P= ( I' (Eq. B-20)
6 [Pu(aq)]

where [Pu(j)] represents the thermodynamic activity of Pu in theth phase (aqueous, colloidal, or
corrosion product). Normally, these relationships are expressed for dilute solutions as a simple
linear (Kd ) (water volume/mass FeO) type of isotherm in terms of concentrations:

C4.FeO c = Kd FeO cCPu aq (Eq. B-21)

CP.uFeOCP = KdFeO-CPCP._aq (Eq. B-22)

p. CWF-c = KdWFFCPN_aq (Eq. B-23)

CNGWc = KdGW-CCPuaq (Eq. B-24)

where

Cu FfO- ¢= mass ratio of Pu sorbed onto FeO colloids (kg Pu kg"' FeO-colloid)

CPu FeO CP = mass ratio of Pu sorbed onto FeO corrosion products (kg Pu kg-' FeO-CP)

Cu WF = mass ratio of Pu sorbed onto waste form colloids (kg Pu kg" WF-colloid)

6Pu GIV e = mass ratio of Pu sorbed onto GW colloids (kg Pu kg-' GW-colloid).

The mass ratio for these reversible sorption reactions can be converted to water volume
concentrations by the following:

Cpu FeO c = CFeO cPuFeOc (Eq. B-25)

Cpu FeOCP =CFeO CPCPuFeOCP (Eq. B-26)

CPu WF c = CWF CCPu UHT'c (Eq. B-27)

CPu Gcw = CGWCCPuGH._c (Eq. B-28)

The reversible Pu equilibrium is expressed by the partition coefficients relating the aqueous state
and the two reversible states given by Equations B-25 to B-28 as

CPu-FecO = CFO cKd_FeO_cCPu aq = Kd_FeO_cCPu_aq (Eq. B-29)

CPu-FeO_CP = CFeO_CPKd_FeO_CPCPu_aq = KdFeOCPCPu aq (Eq. B-30)

CPu C'F-c = CWF cKd WF cCPuaq = Kd_ T _cCPu_.q (Eq. B-31)

cPu-WC-c =CWcKdGWcCPuaq =-Kd_W_cCPu_aq (Eq. B-32)

where Kd-F¢O-, Kd_FeO_CP Kd'WF c and Kd-Gw-c are dimensionless partition coefficients.

ANL-WIS-PA-00000I REV 01 B-5 November 2004



EBS Radionuclide Transport Abstraction

QUANTIFICATION OF CORROSION PRODUCTS

The corrosion products are generated from the degradation of the waste packages. It is the
corrosion product mass that provides the porous matrix for the transport of nuclides in the
reaction mixing cell. The amount of corrosion products is time dependent. As modeled, the
corrosion product density (kg m73 solid) and mass (kg) are known. Let

PFeOCP = corrosion product density

iF.0 CP = mass of corrosion product.

The volume of corrosion products (kg mn3 solid) is then

Ve M PFeOCPVFO-CP=
PF&OCP

If the porosity of the corrosion product mass is specified as

_ VP0S _pore

Vbulk

then

I VFeOCP

Vbulk

The bulk volume is computed from

VVFO CP
Vulk -

and the pore volume is

VPor = -Vblk 0 = nF,_CP

1- 0 PFeOCP

The stationary corrosion products concentration is defined as

maSFS& CP
CF OCP =-

Vpore
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TRANSPORT EQUATIONS

The mass balance equation for the Pu contained in the aqueous state, the reversible colloid state
and the reversible corrosion product state with radionuclide decay (neglecting ingrowth) is (see
development in Section 6.5.1.2):

aOS.(CP_ + +CP.FO_c ++CP _FOCP + WCP. WF c + CPu GIW c)

+ (CPU-aY + CPu-FeO-c + CPU WFC + CPU GW c)D aCPUaaq

Dc.i a(cpU FeoC + CPUWFC + C GV_

-x xSWDcoloid ax ) (Eq. B-33)

-=RI R2 
2 ASw(CPuaq +CPuFe- c +CPNF _CP +CPu_WF_c +CPu_G;V-c)

where 0 is the porosity of the FeO matrix, S. is the water saturation, u is the Darcy velocity of
the water (m yf 1), Daq is the diffusivity (m2 yf 1) of the Pu in solution, Dco,,Oid is the colloid

diffusivity (m2 yr" ), and A is the radionuclide decay rate (yf l). Now impose the reversible
equilibrium of the Pu mass between the aqueous, colloid and corrosion products (Equations B-29
and B-32) together with representing the irreversible reactions as functions of the aqueous phase
Pu concentration (Equations B-15 and B-16). The mass balance (Equation B-33) on a bulk
volume basis can be expressed in terms of the concentration in the aqueous state:

(I + Kd FeO-c + KdFeO-CP + -d-WFc + KdGW.c) at
Kd~~~IC + " Kd;C at

+ U(+KdFeOc + Kd WF-c + Kd-GW-C) ax
a OS.DGaCPc Ox

ax(0SwDa c ax ) (Eq. B-34)

OcN aq
Ox(wSWDc.oid(KdFe.c +Kd;YFC + dGJC) _ )

- -xO

=-OS(R 1 + R 2)Cpu-aq

AOSw(1 + Kd-FeOc + kd_FeO_CP + Kd_WF-c + KdGWe)CPuaq.

The mass balance equations for the irreversible Pu in the colloid and corrosion product states are,
respectively,

#swClrrvPu -Feo-. U acFrrvcPu-Fc- a S1 aChmvPu-Fe -

at ax ax Ox ) (Eq. B-35)

= JSRlcp. oq- -)-
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and

a1ASWCI._PU -FeO CP = jS R2cpu - ~ (Eq. B-36)

The boundary conditions require the upstream (left boundary cell, if flow is from left to right)
conditions

CPuNaq =C (

CPUWFc = KdWFcC q. 37)

CPu_FeO_c = CP _FeO_CP = Clm_Pu_FeO_c = C1,,_PuFeOCP =CP UG Y_ =0, (Eq. B-38)

where c, is the Pu solubility as defined earlier. In this model, no FeO or groundwater colloids
exit in the upstream waste form cell. The solubility at the upstream location is dependent on the
CO2 fugacity and pH at the upstream location (BSC 2004 [DIRS 169425], Section 8.1) and in
general is time dependent: c, = C, (t). The right boundary cell is a free flow boundary with
concentrations fixed at zero. For diffusion calculations it is required to specify down stream
diffusion parameters (porosity, diffusivity, diffusive length and diffusive area). The initial
conditions within the mixing cell are zero for all Pu concentrations.

Both the colloid and corrosion product concentrations are chosen to be time dependent:

CFeO c = CF1O-c ( )

CFCO.CP = CFeO.CP t) (Eq. B-39)

CWF C = CWF_C (t)

CGWc ¢= CGWc (t)

but are independent of the Pu concentrations. This implies that the reaction rates R, and R2 are
also time dependent.

The mass balance equations are solved numerically by finite difference method. The calculation
sequence for a time step is to solve Equation B-34 for C. a. Reversible equilibrium

Equations B-29 through B-32 then give CPU FCO ¢P CpU Fe'ocpp CPUWFC and CPU_GWV_- With

CPu aq known the mass balance Equations B-35 and B-36 for the irreversible components are

solved.

DIMENSIONLESS FORM OF TRANSPORT EQUATIONS

In order to express the governing equations in dimensionless form, define dimensionless length,
time and concentration, respectively,

Z=xlL
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lit W It

tatL L

c c/cs,

where L is the characteristic length (in) and W = - is the average linear advective velocity

(m yr'). The characteristic length would be the interval length or, for a finite difference
solution, the grid block cell length. Make the change of variables to dimensionless space and
time in the mass balance equations. If the colloid/corrosion product concentrations are taken to
be constant (Equations B-39), then the Pu mass balance equation in the aqueous state is:

(1 + KdFOc + Kd FeO_ CP + K4 WF~c + Kd GVW c) )Puaq

+ (1 + Edr~ + K4 II'F C+ Kd WI/c aip. aq
ca (Eq. B-40)

h[Aaq + A.oIold (K-F _c + KdWFc + KdGWvJc ax 2

-(e1 +E2 )Puo-r -(l +Kd-Fec +Kd FeO CP +Kd JF c +Kd-GjV_)ACp.jaq

where

Doq
= L = diffusiverate in water (Eq. B141)

ii advective rate
L

Dcotrold

Agollid = _- = diffusive rate of colloids (Eq. B-42)
Ft - advective rate
L

RI R= reaction rate to colloids (Eq. B43)
lo advective rate
L

o_ = R2  reaction rate to corrosion products (Eq. B-44)
U advective rate
L
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A=- decay rate (Eq. B-45)
u advective rate
L

The dimensionless form of the mass balance for the irreversible Pu concentrations
(Equations B-5 and B-36) are:

IClnrv Pu FeO c ill,'Pu_ FeO c _ AvpFo C

ar - 0 Iid ax (Eq. B-46)

= I CPu.aq ACIrVP._FEC

IrrvPuFeO-CP = 2Pu aq - A p FeOCP (Eq. B-47)
ar 2 pa AP eC.

DIFFERENCE SOLUTION OF TRANSPORT EQUATIONS

Consider a finite difference approximation of the governing mass balance equations. The
discretization uses three spatial cells. The left or first cell represents the upstream boundary
conditions. The second cell represents the mixing cell with reactions. The third or right cell
represents the down stream boundary conditions. Since cells one and three represent boundary
conditions, this discretization is a 0-dimensional or single cell representation of the processes.
Let time step length be At. Let superscript n, for example cp.,a denote the concentration at
the nt time step. The discretization uses a first order backward difference approximation for the
time derivative and the advective transport term. The diffusive flux uses a second order
approximation. This discretization is consistent with GoldSim (GoldSim Technology Group
2002 [DIRS 160579]). In this model, diffusion of dissolved mass and waste form colloids occurs
at the left boundary, and at the right boundary, diffusion of both dissolved mass and all colloids
occur. In addition, the porosity and water saturation are time-independent but may vary
spatially. If the discretization is fully implicit in concentrations and time dependent velocity,
irreversible reactions and solubility, then the discrete form of Equation B-34 is solved for C" 1

0a

as:

1n+1
KPu _ a ot

KTCAaq +[U +('+Kd-WF a)+Tlel ax +lD/efl-rolkd-_WF-cls At

K, + U K2 +Dleftaq +DIejfl._oKdtFc +DrIghtaq +Drigh, _. 1K3 +RI +RR 2 +A >Ki

(Eq. B-48)

where

uAt VUAtIr
;i_37 = = t
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is the Courant number (dimensionless), L is the characteristic length (m), Vwate is the volume of

water in the cell (m 3 ), U is the volumetric water flux (M3 yf 1), and U is the advective rate
constant (yf 1). Further,

KI I d_F¢O_., + Kd_FeO CP + Kd U'T c + Kd-G)V-e

K2 = Ie+ KdFOc + c+Kd N'F c +Kd KdGW

K3 = Kd_ FO_c + Kd-WF-e + Kd-GW-'

and

H('S-D)

D-_L -A
V.A,

is the diffusive rate constant with respect to either the solution or colloid mass at either the right
or left cell interface. Here, A. is the cross sectional area for diffusion (m2 ), and V,, is the pore

volume of the cell (mn3). H(jS.D) is the harmonic average:
L

H(OS.D) = L I L

SISWIDI 0 2 SW 2 D 2

at Cell I and Cell 2 interface, where Li and L2 are the half-lengths (m) of Cells I and 2,

respectively. The harmonic average of SD guarantees the continuity of the diffusive flux at
L

the cell interface. The diffusive rate constant subscript left or right refers to the left or right
diffusive boundary conditions, while the subscript aq or colloid refers to diffusion of the
dissolved mass or colloid mass, respectively.

The reversible concentrations are determined from Equations B-29 through B-32

CpUFeOC = Kd-FeO-c P _aq (Eq. B-49)

CP'_FOCP = KdFtOCPCpu-q (Eq. B-50)

CPU-WF-c = KdWFCCfaq (Eq. B-51)

Gp c =nKdcwccp'q n (Eq. B-52)
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The discretization of the balance Equation B-35 for irreversible Pu mass on the colloids yields

11+1 _ClF¢O_ + R1 AtC 1 q (Eq. B-53)
krFufe0_c l + (U"+' + Dright co + A)At

and for irreversible Pu mass on the corrosion products, Equation B-36 yields

Cn+PF - N = C-lrnuFrO CP + 2 Pu_aq (Eq. B-54)
lffvuFeOCP I+ AAt

SAMPLE CALCULATION WITH TSPA REPRESENTATIVE PARAMETERS

A sample calculation is performed to demonstrate the solution technique and illustrate the types
of behavior that might be expected in this model. Parameter values that are representative of the
TSPA-LA are used in this sample calculation and are given in Table B-i. Let the solubility, flow
velocity, and irreversible reaction parameters be constant over time.

For this set of parameters, the irreversible reactive rates, advective rate, diffusive rates, decay
rate and the dimensionless colloids and corrosion product partition coefficients are:

RI = 0.02000 yr'

R2 =786yf'

U = 0.04367 yr '

Djeflpaq = 0.09127 yr-'

Ddigh aq = 2.229 x 10 yr'

Dri gtc = 2.229 x I0- yr'

A = 2.875 x I0- yr'

Kd -FeOc = 0.20

Kd FeO CP = 1.965 x 10

KdWFc = 0.60

Kd GW c = 0.020.

The simulation for the mixing cell (Cell 2) concentrations over a 1000-year time interval is
shown in Figure B-2. The dominant rate constant, by several orders of magnitude, is the
irreversible rate constant of the corrosion products, R2 = 786 yr-'. This is a result of the large
mass of corrosion products and results in a relative large concentration of irreversibly sorbed Pu
on the corrosion products, clrmNUFeOCP- For this simulation, the amount of corrosion product

mass is representative of the total mass of corrosion products in a waste package, and all the
corrosion products are available at initial time. In the TSPA abstraction model, the corrosion
product mass is time dependent and a function of the corrosion rates for the carbon and stainless
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steel (see Section 6.5.3.2). A large mass of Pu is reversibly sorbed onto the corrosion products.
This is a result of the large reversible partition coefficient for the corrosion products,
Kd FeO c = 19650, which again is a result of the large corrosion product mass. For this

simulation, almost all of the mass is sorbed onto the corrosion products. Only a small amount of
mass remains in solution or is sorbed onto the colloids. The qualitative behavior of the
concentrations in Figure B-2 shows the concentrations approach a limiting value, with the
exception of the irreversibly sorbed mass on the corrosion products. This behavior is discussed
in the next section, where the concentrations are expressed analytically as solutions of difference
equations, and their asymptotic in time values are determined.

Table B-1. Representative Parameter Values for Sample Calculation

Parameter Value Units Description

C, 1.0 mg r Solubility

S 1.0 dimensionless Water saturation

1.0 dimensionless Porosity of Cell 1

02 0.4 dimensionless Porosity of Cell 2

03 0.3 dimensionless Porosity of Cell 3

U 0.1 m3 yr1  Volumetric water flux

Kd-Feo- 1 x 104 ml g1  Colloid partition coefficient

Kd-FeocP 2.5 x 103 ml g1  Corrosion product partition coefficient

Kd-VF-c 2 x 105 ml g1  Waste form colloids partition coefficient

Kd GWj~ c 2 x 15ml g"1  Groundwater colloids partition
coefficient

SFO 100 mg 9' Specific surface area of FeO colloids

10 m2 g 9Specific surface area of FeO corrosion

CFOc 20 mg j-1 Concentration of FeO colloids

CFeO CP 7.86 x 10 mg r Concentration of FeO corrosion
products

CWFrc 3.0 mg IF Concentration of waste form colloids

CG;VC 0.1 mg I" Concentration of groundwater colloids

k 0.001 cm yr ' Forward sorption rate constant

VP, 2.290 m3  Pore volume

.22 36.0 M2  Diffusive area between Cell 1 and Cell
A 2

A,,23 1.068 Diffusive area between Cell 2 and Cell
3

L0.0 m1 i Half-length of Cell I diffusive path

L2 5.0 in Half-length of Cell 2 diffusive path
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Table B-1. Representative Parameter Values for Sample Calculation (Continued)

Parameter Value Units Description

L 3  0.806 m Half-length of Cell 3 diffusive path

Daq 2.3 x 10 m2 s-' Aqueous diffusivity

D¢.rlofd 2.3 x 10."1 m2 s' Colloid diffusivity

A 2.875 x 10 I yr ' Radionuclide decay rate

I -=

1 0E-01 - Ffl+_ +

:IK , M'1UtM. . k !$,k4Aj4 G NjLA!
. _~M-# 1

_ _

IrE0
C
0

C

0
U

1.OE-03 4!

I.OE-04 -

1.OE-05

-- c_Pu-aq
-- c_PuFeO_c
-A-c_PuFeOCP

3( cPuWF_c
-c_PuGWc
-c_lrrvPuFeO_c

ic rrv Pu FeO_ CP1.OE-06 *- I t I _

I I

1.OE-07

1.OE-08

1 .OE-09

- --- - -- - - - - - - - - -- - - - - - - - - --- -I ~ ~- ----
-f V m I _W

ii1 JI _o
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Figure B-2. Concentrations with Respect to Pore Volume

CLOSED FORM SOLUTIONS OF THE DIFFERENCE EQUATIONS

If the solubility, advective flux, saturation, and irreversible rates are chosen to be constant over
time, then the mass balance equation for the aqueous Pu, Equation B-48, is a first order linear
constant coefficient nonhomogeneous difference equation. This equation is of the form

Cp 1
,q =aC, aq +a 2 (Eq. B-55)
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where

a, K II 2 T~o+hf IK VC+dh q fg~c, + 2 A 1 A
R + K + + . + R+ AK t

U(l + kdWFc) + Dfl aq +Df cot d WFc s
K, + (U K2 + D0_.aq + DAeflolKdWF_C + Ajghtaq +ight +R2 +4 At

The difference equation (Equation B-55) with initial condition of zero concentration has the
solution

C -= -a - . (Eq. B-56)
Cpu aq I-al

Since the condition 0 < a, < I is guaranteed, the solution cpU aq for large time is asymptotic to

limc cpU =-a
Pua I-a,

U(U +KdWFWC)+Tefla q +DIefl col Kd WFc) (Eq. B-57)
UK 2 +DIq? aq +DIKfl.CIKdJVF.C +Drlgh..aq right .o0 K3 +R? +R2 +AK,

The terms in this expression represent the effects of advection, diffusion, decay, and reversible
and irreversible sorption reactions.

The difference equation for the irreversible colloid concentration (Equation B-53) is first order
linear and is written as:

Cn+I n+
CIPU-FCOC =bCrrrv .Pu-FeO-c +b2 Pu aq (Eq. B-58)

where

1 (Eq. B-59)
I + (U + 5,," e + A)At

b2 = +,At (Eq. B-60)
+ (U + D,h, cot

and c"' a is given by Equation B-56. The difference Equation B-58 with initial condition zero
has solution

ua-- I [a 1 -b+ a, -b; (Eq. B-61)
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Since 0 < a, < 1 and 0 < b, < I, this solution has asymptotic behavior

lim clm- - - - a 2 b2  (Eq. B-62)

Thus

1iCp F b2 ljmn = Rimc" (Eq. B-63)!im Cj1-b t F Puca= PbI R+U 5right col+_a

The difference equation for the concentration of the irreversible mass on the corrosion products
is first order linear and is written as

Cn+t Il+1
IrrvPu FeO cP = elc m Pu FeO cp + e 2 cu (Eq. B-64)

where

e, = (Eq. B-65)
I+ AAt

e. = RIAt (Eq. B-66)

If A > 0, Equation B-64 with initial concentration of zero has solution

F +1 n+i1
Ca'[ II- efr' a, e,+I (Eq. B-67)

If A = 0, Equation B-64 with initial concentration of zero has solution

Cn ~~a2e2 Ira,+
C/mvpUFCOICP= Ia n+l I-a, (Eq. B-68)

The solution Equation B-67 has asymptotic value

n e2 lime a 2 CInaq (Eq. B-69)

while the solution Equation B-68 does not have a limiting value, but is unbounded as a function
of the time index n.
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BOUNDARY FLUXES

Now consider the two boundary flux conditions given in Equations B-1 and B-2. The left or
upstream boundary flux accounts for advection/diffusion of Pu mass in solution (Puaq) and Pu
mass sorbed to waste form colloids. In this analysis, upstream diffusion of colloids is ignored,
although the TSPA-LA implementation does account for upstream colloid diffusion. The mass
flux rates (kg yf 1) at this upstream left boundary for the th time step are:

AdvectivePuaq (kg yr1) =UV CPore s

DiffusivePu-aq (kg yrf)

AdvectivePuWFc (kg yr )

DiffusivePuWF-c (kg yrf1)

= DICJ aqVpore(cs -C;_aq)

= U Vpore dVF_,Cs

= ,ft cotVporedfiVF_, (C, Czuaq) -

The right or downstream boundary flux has contributions from advection/diffusion of Pu in
solution and colloid together with advection/diffusion of Irrv_Pu on colloids. There is no
advective or diffusive flux associated with the immobile corrosion products. The mass flux rates
(kg yr- ) at the right boundary assuming zero downstream concentrations are:

AdvectivePuaq (kg yr- )

Diffusive Pu aq (kg yr')

AdvectivePuFeO-c (kg yr )

DiffusivePuFeO-c (kg yr )

AdvectiveIrrvPuFeOc (kg yf')

DiffusiveIrrvPu FeO c (kg yr")

AdvectivePu_WFc (kg yrf')

DiffusivePuWF-c (kg yr- )

AdvectivePuGW-c (kg yr- )

DiffusivePuGW-c (kg yf 1)

Uv CTMVpore. Puaq

= Drigt aq pore Pu-aq

= U VP.,, KdF¢OcCP'u_aq

= Djgh, ,.IVP.rcrdF,0_cCP~u_aq

= UVM'Cc1rm-PuFcO-c

= Drgh,Vca Iprryi Pu FeO c

= UVporeKdWFecCPuaq

= g p colKporedIVFecCPuaq

= UVporeKd -GWFcCPu 0aq

= Dright cotVporeKdGWvcCPu_aq

The total flux at the left boundary (upstream) at the nt time step, Fie, _bddytotal t is

Flel_ bddy toral = UVporeCs + Defr_ aqVpore(C -CPu aq)

+UVporCKdwF-cCS + Dtji_ cotVporeKdU'_(CC PU _aq)
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The condition discussed in Equation B-1 considers the ratio of the colloid mass to total mass flux
out the right boundary. The right boundary colloidal flux, Frfng4, bddollod due to both reversibly

and irreversibly sorbed Pu is:

Fn UVporEd c" FUec
right bddy _oaold = d FecPuaq porervPuFc

y KcolToCd _cC + JV"c"

+UVporeKdaIVF-cCkuq +UVporeKdGlJ-cCPu aq

+ Drght coIVporeKd-FeOOCPu aq + Dright colV rCTMIrrv-pu-Feo-c

Dright coV pored _FcPuzq + DightcolvporeldGCIcPu aq

The total Pu flux at the right boundary, Fright_bd4_totat P is

Fr'ght bddy total FT cd otlold + CPU aq + rght. aq VporeCPu _aqright ~ dd~oIod Upore +D

The right boundary ratio of colloid flux out to total flux out at time level n is

= right_bddy cooloid

right bddyotat

Then

CTM

R3 + ;''-Y-'U-
Pu~aq

T UK2+Dright eq+Dright cotK3 CTrrM Pu c

U+Dright co, + P-aq

Now from Equation B-61

TmCH0 q U + Dtigh t.cO+ 2

The limiting value for the right boundary ratio of colloid flux to total flux is

~2=IimKTM -U +D5rgh co, +2
U K 2 + Drightoq +Dright cotK 3 +_ RI

U + ightcot ' +Dright -co+A
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or

+ = _ _ . (Eq. B-70)
-- - +DA'&-Cf J+A(UK 2 +Ddgh t -laqU +rigghf.ol + -A + R,

This can be written as

Q= Pi +R (Eq. B-7 1)
P2 +R.

where

Pi = K3 (a + Dif co, +A)

P2 = (U T2 + 5rig^t + ADc&st co, Tl R +5 h c )

Note the limiting flux out ratio El satisfies

Ks(U+Ddjght coI)-
R0( < Dr/gs c°) < D < I1,

U K2 + Dgh, _11 + DAgh, _t K3

where the lower bound on f) is obtained when R, =0. Qualitatively, if the advective, diffusive,
and decay rates dominate the reactive rate constant R,, then Q is close to the minimum value.
However, if the reactive rate constant dominates, then K2 is close to one. The latter is the
expected qualitative behavior of the system as alluded to in the introduction of this appendix.

For the parameter values given in Table B-i, the minimum value £Q = 0.4384 is obtained with
R, = 0. The limiting flux out ratio for Table B-i parameter values is 0 = 0.5487; in other
words, about 55 percent of the total Pu mass exiting the cell is sorbed onto colloids. Figure B-3
shows the dependence of the flux out ratio fl on the irreversible linear reaction rate constant k,
where R, = SFO CcF¢CO ,k. The point obtained with the Table B-i parameter values is also
shown in Figure B-3. An increase of the irreversible linear reaction rate, k, of approximately one
and a half orders of magnitude would increase the flux out ratio to approximately 95 percent.
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In the expression for irreversible sorption to colloids, R. =SF¢ OcFeo Ok, consider the
irreversible linear reaction rate k a fitting parameter to match a specified flux out ratio Q . Then
the solution of Equation B-71 for k is:

k = P2 f - pi
(1-Q)SFO cCFeO_,

(Eq. B-72)

The result in Equation B-72 provides the fitting parameter, k, given a target flux ratio D. From
the parameter values in Table B-1 and with K) = 0.95, the irreversible linear reaction rate is
determined from Equation B-72 as k = 0.04184 cm yr'. T he fitting parameter c urve together
with this point is shown in Figure B-4.
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Source: Worksheet: K-surface in Appendix F.

Figure B-3. Limiting Flux Out Ratio as a Function of Irreversible Reaction Rate
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- irreversible rate
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Source: Worksheet: adv_diff.decay in Appendix F.

Figure B-4. Linear Reaction Rate from Colloid to Total Flux Out Ratio

The ratio of the total flux out (right boundary) to total flux in (left boundary) at time level n is

T} _ (U K2+ dAgh_aq +DrjAdtgcfK3 pu_.q + (U +Drigh co0)CstrvpuF

=rU(1+Kd WF C)+ Dtfl a + DAfi C0JKd IVF cs (D5eft q + DIeAO col Kd VF c Pu aq

This flux ratio has limiting value

T P2 +J R (Eq. B-73)

P2 + ( +D-+ R1 R2 + K)
U r igh,_ coI '

The mass flux ratio 'P is calculated from Equation B-73 for the Table B-I parameter values, but
with irreversible linear reaction rate k = 0.04184 cm yf obtained from the fit to f! = 0.95.
Equation B-73 gives

T' =1.293x 104,

which demonstrates that most of the Pu mass is reacted both reversibly and irreversibly to the
corrosion products.
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CONVERGENCE ESTIMATES FOR CLOSED FORM SOLUTIONS

Consider the convergence of the concentration in the aqueous state given by Equation B-56:

CRuv = , (I -ax-)1 a -al

with limit value (Equation B-57)

im C, a2m q 1-a

The relative error estimate with tolerance E is given by

limcs C , Cpuaq |
<.

lim Cpu _ q

Then the error estimate is

a2  a2 ' -al

1 -a,

The bounds 0 < a, < 1 implies logl0 a, < 0 and the error estimate holds for

n > Iog0lE
log1o a,

or

time = nAt > log10 E At. (Eq. B-74)
loglo a,

The time to converge to a given relative error tolerance for all reversible sorbed Pu
concentrations is the same as the estimate for the aqueous concentration, inequality
Equation B-74, since the reversibly sorbed concentration is a constant multiple of the aqueous
concentration.
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Now consider the convergence of the irreversible Pu concentration on colloids, c' P. C. An

estimate of the relative error is given by

a2b2 I- b,"+ a,+ - b"+' a2b2

P im CL P.C I -a (, )-b

C1111I -PY-C nl-bnj a,-j a)

limCILP. a2b2

|I (- ,) b,"+' _ a(1-',-a b+'
- ,- bi a, - b,aL 1-b, a, -bj

I | -a' |bl" + |1-b 1 |an+ < E.

a, - b, a, - b,

This estimate holds if

bn+l < la, - E = 5 and a'+ <I 1' b I C 2
I 1-a, 2 1I-b, 12

These two estimates are satisfied if

n + I2 Integermaxlog 0 1 ,61 log10 82 +1
logi b, 'log 0 as

or

time = nAt 2 Integer[maxr 1og 10 I, 1lo0 12 ']At. (Eq. B-75)
log 0 b, 'log, 0 a,

For a relative error tolerance of 1 percent (e = 0.01 ) and the parameter values in Table B-i,
Figure B-5 shows the time to converge for time step size 0.1 to 1000 years for both the aqueous
Pu concentration and irreversible colloid Pu concentration. For example, if the time step is
small, say 10 years, the number of years to converge within the given tolerance for the aqueous
phase concentration is 137 years, whereas the time to converge for the irreversible colloid
concentration is 240 years. If the time step is increased to 100 years, then the time to converge
to the aqueous phase concentration is 286 years (three time steps), whereas the time to converge
to the irreversible colloid concentration is 500 years (5 time steps).
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Source: Spreadsheet: timeto-conv.xis, Worksheet: plottimetoconv in Appendix F.

Figure B-5. Time for Concentration to Converge with 1 Percent Relative Error Tolerance

ESTIMATED SORPTION CAPACITY OF CORROSION MATERIALS

It is important to know if the radionuclide mass is capable of saturating the sorption sites
available on the FeO. Let

SFO cP = specific surface area of FeO (in2 FeO kg-' FeO)

P.ece =adsorption site density (sites mn2 FeO)
NA Avogadro's number (sites molP)
Mp, = Pu molecular weight (g moll).

Use the following values in this calculation:

SFCO CP = 10 m2 g' (representative, from Table B-i)

Psin, = 2.3 x 1018 sites m-2 (Davis and Kent 1990 [DIRS 143280])

NA = 1023 sites moll (Lide 2002 [DIRS 160832], p. 1-7)
MNU = 239 g molPl (Weast 1985 [DIRS 111561], p. B-125).
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Then the radionuclide mass (represented by Pu) that will be sorbed per unit mass of FeO is:

(10 m2(Y2 3 xol sites )( 2 3 9 gPu-)

FOPIMPU- g FeO)23I m2 mol

NA 6 x1023 sites
mol

=9.16gPukg-' FeO.

The mass of FeO in a 21-PWR is estimated to be (Table 6.3-4):

rnFCO = 19440 kg

and the radionuclide mass that can be sorbed is

Radionuclide masssorbed = (9.16 g F (I9440 kg FeO)
kg FeO jl4Ok)O

=178 kg Pu.

This sorption capacity of the corrosion materials is dependent on the variability of the specific
surface area, SFO. The inventory mass of elements and their isotopes that is available to sorb
irreversibly (Pu and Am) is estimated to be 83.6 kg per CSNF waste packages
(DTN: SN0310T0505503.004 [DIRS 168761]). This estimate using representative parameter
values shows that the mass of corrosion products is capable of sorbing all of the available
radionuclide inventory.
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APPENDIX C
MICROSOFT EXCEL SPREADSHEET "FLUX SPLIT DRIP SHIELD MODEL"
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MICROSOFT EXCEL SPREADSHEET "FLUX SPLIT DRIP SHIELD MODEL"

SPREADSHEET "FLUX SPLIT DRIP SHIELD MODEL" WORKSHEET
"F CALCULATIONS"
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DTN: MO0207EBSATBWP.023 [DIRS 163402]; DTN: MO0207EBSATBWP.024 [DIRS 163401];
DTN: MO0207EBSATBWP.025 [DIRS 163403].

Figure C-1. Spreadsheet 'Flux Split Drip Shield Model," Worksheet "f calculations;" Calculation of
Experimental Breach Flow Fractions and Model Flow Fractions for Mean Minus One
Standard Deviation Rivulet Spread Angle

The purpose of this spreadsheet is to develop the drip shield flux splitting submodel using
experimental data from the breached drip shield experiments. The data are analyzed to estimate
an average and range of the rivulet spread angle, a. The disparity between measured fraction of
dripping flux that enters a breach and the fraction calculated using the model (with the measured
range of the rivulet spread angle) is then used to establish a range of uncertainty in the model.

All descriptions for this worksheet (Figures C-1 to C-4) pertain to Rows 9-22. Equations in
spreadsheet format are illustrated using Row 9.
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Column B:

Column C:

Column D:

Column E:

Column F:

Column G:

Column H:

Column I:

Drip location as indicated for each test in the designated DTN (Figure C-1).

Breach or patch number most pertinent to this particular test, for which flow is
analyzed in this row of the spreadsheet.

Drip location, y, relative to the center of the breach listed in Column C.

Vertical distance, x, from the drip shield crown to the top of the breach.

Half-width, e, of the breach-13.5 cm, same for all breaches.

Measured mass of water, F., dripped onto the drip shield during the test. It is
assumed that half of the water that dripped onto the drip shield, Fl /2, flowed
down the side that contained the breach.

Measured mass of water, F2 , that flowed into the breach during the test.

Fraction of water dripped onto the drip shield that flowed into the breach:

= F2 - 2F2

FC /2 F,

I9=H9*2/G9

Column J: xtan a, where x is from Column E, and a is the spread angle. For Columns J-X,
the value used for a is 8.87080 (Cell $M$7), which is one standard deviation less
than the mean measured spread angle for these tests (see Worksheet "Spread
angles').

J9=$E9*TAN(RADIANS($M$7))

Column K: Case number as described in Sections 6.5.1.1.2.1 and 6.5.1.1.2.2. For Case 1,
e > xtana; for Case 2, e < xtana ; x is from Column E, and the half-width of the
breach, e, is from Column F.

K9=IF($F9>J9,1 ,2)

Column L: Value of YA (Point A) as described in Sections6.5.1.1.2.1 and 6.5.1.1.2.2,
corresponding to the leftmost point from which the edge of the fan from the
rivulet can enter the left side of the breach:

YA =-t-(x+2e)tana

L9=-$F9-($E9+2*$F9)*TAN(RADIANS($M$7))
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Column M: Value of yB (Point B) as described in Sections 6.5.1.1.2.1 and 6.5.1.1.2.2,
corresponding to the leftmost point from which rivulets will enter the top edge of
the breach. The value of YB depends on the Model Case number (Column K):

YB =-e+xtanaz Case 1.

y5 =t-xtana Case 2.

M9=IF(K9=1 ,(-$F9+$E9*TAN(RADIANS($M$7))),
($F9-$E9*TAN(RADIANS($M$7))))

Column N: Value of Yc (Point C) as described in Sections 6.5.1.1.2.1 and 6.5.1.1.2.2,
corresponding to the rightmost point from which rivulets will enter the top edge
of the breach. The value of Yc depends on the Model Case number (Column K):

Yc =t-xtana Case 1.

Yc =-t+xtana Case 2.

N9= F(K9=1 ,($F9-$E9*TAN(RADIANS($M$7))),
(-$F9+$E9*TAN(RADIANS($M$7))))

Column 0: Value of YD (Point D) as described in Sections 6.5.1.1.2.1 and 6.5.1.1.2.2,
corresponding to the rightmost point from which the edge of the fan from the
rivulet can enter the right side of the breach:

YD =e+(x+2e)tana

09=$F9+($E9+2*$F9)*TAN(RADIANS($M$7))

Column P: Determines which region (designated as Fraction Case #) along the crown where
the drip is located:

1. YSYA

2. YA <YSk

3. -'<Y<YB
4. YB SYSYC

5. Yc <y<1

6. e•Y<YD

7. Y>YD

P9=IF(D9<=L9,1 ,IF(D9<=-F9,2,IF(D9<M9,3,
IF(D9<=N9,4, I F(D9<F9,5,IF(D9<09,6, IF(D9>=09,7)))))))
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Figure C-2. Spreadsheet 'Flux Split Drip Shield Model,' Worksheet If calculations;" Calculation of Model
Flow Fractions for Mean Minus One Standard Deviation Rivulet Spread Angle

Columns R though X (Figure C-2) compute the fraction of dripping flux fcalc that is predicted to
flow into a breach, assuming the drip location is within each of seven regions along the crown.
Although fcj, is computed for all seven regions, it is valid in only one of the regions. The
correct valid region is determined in Column P (Fraction Case #), and the appropriate value from
Columns R through X is entered in Column Q.

Column 0: feate is the fraction of dripping flux onto the drip shield that is predicted by the
drip shield flux splitting submodel, Equations 6.5.1.1.2-2 through 6.5.1.1.2-6
or 6.5.1.1.2-19 through 6.5.1.1.2-23, for Cases 1 and 2, respectively. fcaic is

intended to be compared with f,,p, (Column 1). The value of f 0tca is selected from

Columns R through X, depending on the appropriate Fraction Case # (Column P).

Q9=IF(P9=1 ,R9,IF(P9=2,S9,IF(P9=3,T9,IF(P9=4,U9,
I F(P9=5,V9, IF(P9=6,W9,IF(P9=7,X9)))))))
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Column R: Value of f,,a1 in region 1 (y S YA ), where fcalc = 0.

R9=0

Column S: Value of fcakc in region 2 (yA < y S -e):

f _ y+t+(x+2t)tana

2(x+2t)tana

S9=(D9+F9+(E9+2*F9)*TAN(RADIANS($M$7)))/
(2*(E9+2*F9)*TAN(RADIANS($M$7)))

Column T: Value of fcak in region 3 (- <y <YB):

fi y+I+xtana

2xtana

T9=(D9+F9+E9*TAN(RADIANS($M$7)))/(2*E9*TAN(RADIANS($M$7)))

Column U: Value of fcaic in region 4 (y 8 S y S Yc):

2e
f-IC =

fac-2x tan a

U9=IF(K9=1 ,1 ,(2*$F9/(2*$E9*TAN(RADIANS($M$7)))))

Column V: Value of fcac in region 5 (yc <y < t):

faic = -y+e+xtanca

2x tan a

V9=(-D9+F9+E9*TAN(RADIANS($M$7)))/(2*E9*TAN(RADIANS($M$7)))

Column W: Value of fcakc in region 6 (e s y < YD):

f y +e + (x+21)tanca

2(x+2t)tana

W9=(-D9+F9+(E9+2*F9)*TAN(RADIANS($M$7)))/
(2*(E9+2*F9)*TAN(RADIANS($M$7)))

Column X: Value of fcak in region 7 (y 2 YD) where faic = 0:

X9=0
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Figure C-3. Spreadsheet'"Flux Split Drip Shield Model," Worksheet"f calculations;" Calculation ofModel
Flow Fractions for Mean Rivulet Spread Angle

Columns Y though AM (Figure C-3) repeat the calculations done in Columns J though X using
the mean rivulet spread angle of a = 13.152701 (Cell $AB$7). For Row 9, the spreadsheet
equations are as follows:

Y9=$E9*TAN (RADIANS($AB$7))

Z9=IF($F9>Y9,1 ,2)

AA9=-$F9-($E9+2*$ F9)*TAN (RAD IANS($AB$7))

AB9=I F(Z9=1 ,(-$F9+$E9*TAN(RADIANS($AB$7))),($F9-$E9*TAN(RADIANS($AB$7))))

AC9=I F(Z9=1I,($ F9-$E9*TAN (RADIANS ($AC$7))),(-$ F9+$E9*TAN (RAD IANS($AB$7))))

AD9=$F9+($E9+2*$F9)*TAN(RADIANS($AB$7))

AE9=I F(D9<=AA9,11 ,F(D9<=-
U9,2, IF(D9<AB9,3,1 F(D9<=AC9,4,IF(D9<U9,5,IF(D9<AD9,6,1 F(D9>=AD9,7)))))))

AF9=IF(AE9=1I,AG9,IF(AE9=2,AH9,IF(AE9=3,A19,I F(AE9=4,AJ9,IF(AE9=5,AK9,IF(AE9
=6,AL9,IF(AE9=7,AM9)))))))

ANL-WIS-PA-000001I REV 0 1C-Noebr20 C-6 November 2004



EBS Radionuclide Transport Abstraction

AG9=0

AH9=(D9+F9+(E9+2*F9)*TAN(RADIANS($AB$7)))/
(2*(E9+2*F9)*TAN(RADIANS($AB$7)))

AI9=(D9+F9+E9*TAN(RADIANS($AB$7)))/(2*E9*TAN(RADIANS($AB$7)))

AJ9=IF(Z9=1, 1 ,(2*$F9/(2*$E9*TAN(RADIANS($AB$7)))))

AK9=(-D9+F9+E9*TAN(RADIANS($AB$7)))/(2*E9*TAN(RADIANS($AB$7)))

AL9=(-D9+F9+(E9+2*F9)*TAN(RADIANS($AB$7)))/

(2*(E9+2*F9)*TAN(RADIANS($AB$7)))

AM9=0

Columns AN though BB (Figure C-i) repeat the calculations done in Columns J though X using
a rivulet spread angle of a = 17.29030 (Cell $AQ$7), which is one standard deviation greater
than the mean rivulet spread angle. For Row 9, the spreadsheet equations are as follows:

AN9=$E9*TAN(RADIANS($AQ$7))

A09=IF($F9>AN9,1 ,2)

AP9=-$F9-($E9+2*$F9)*TAN(RADIANS($AQ$7))

AQ9=I F(AO9=1 ,(-$F9+$E9*TAN(RADIANS($AQ$7))),($F9-
$E9*TAN(RADIANS($AQ$7))))

AR9=IF(AO9=1 ,($F9-$E9*TAN(RADIANS($AQ$7))),
(-$F9+$E9*TAN(RADIANS($AQ$7))))

AS9=$F9+($E9+2*$F9)*TAN(RADIANS($AQ$7))

AT9=IF(AH9<=AP9, 1 ,IF(AH9<=-AJ9,2,IF(AH9<AQ9,3, IF(AH9<=AR9,4,
IF(AH9<AJ9,5,IF(AH9'AS9,6, IF(AH9>=AS9,7)))))))

AU9=IF(AT9=1 ,AV9,IF(AT9=2,AW9,IF(AT9=3,AX9, IF(AT9=4,AY9,I F(AT9=5,AZ9,IF
(AT9=6,BA9,IF(AT9=7,BB9)))))))

AV9=0

AW9=(D9+F9+(E9+2*F9)*TAN(RADIANS($AQ$7)))/
(2*(E9+2*F9)*TAN(RADIANS($AQ$7)))

AX9=(D9+F9+E9*TAN(RADIANS($AQ$7)))/(2*E9*TAN(RADIANS($AQ$7)))

AY9=IF(AO9=1, 1 ,(2*$F9/(2*$E9*TAN(RADIANS($AQ$7)))))

AZ9=(-D9+F9+E9*TAN(RADIANS($AQ$7)))/(2*E9*TAN(RADIANS($AQ$7)))

BA9=(-D9+F9+(E9+2*F9)*TAN(RADIANS($AQ$7)))/
(2*(E9+2*F9)*TAN(RADIANS($AQ$7)))

BB9=0
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15 4.6-4.24 239 40N 94.34 --'4 i'17 C00 .64 O31 4 = t0 7S 027 00,

I 67 48. 46 02" `-3 44.76x*' 054 DD S-4 0.i3 4-49 '60i 00

t i4- Z' - 4.39 42 2-9 4 i '4.342" 0 79 . 1M I31 O64 HO

20 42.4899 2 44.3942 .2198998 28999 96 42942 I 0.217 0.00 011 053 0.3177 0.5641 035740 0.00

212270 2 8.46746 .02700 020 49.6746 4 6000 752 05043 Ln C ooo

13 26700 2' i .47 6 .3200 1270 4896748 4 0.5043 0.0000 0306 0279 0.54 :12584 105 000

Figure C-4. Spreadsheet'"Flux SplitDrip Shield Model," Worksheet"f calculations;" Calculation ofModel
Flow Fractions for Mean Plus One Standard Deviation Rivulet Spread Angle

Rivulet spread measurements are listed in Column D, Rows 6-31 (Figure C-5), for 26 tests
described in the indicated DTNs. The sketch to the right shows the relationships between
measured rivulet spread ("1/2 spread") and the "1/2 spread angle," a. The average, pr, of the
26 spread measurements (Cell D33) is 20.096 cm, with a standard deviation, a, of 6.674 cm.
The uncertainty in the spread angle is incorporated into the drip shield flux splitting submnodel by
assigning a range for the rivulet spread of ur ±lIua. The mean rivulet spread and /1, ±lo are
shown in Cells K6-K8. The rivulet spread is converted to spread angle in Cells L6-L8 using the
relation shown in the sketch that defines a:

a =tan-'(.IV,
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where wr, is the rivulet "1/2 spread" (cm), and x is the distance from the crown to the spread
measurement location (cm). The Microsoft Excel equation for the mean spread angle is:

L6=DEGREES(ATAN(K6/($N$4)))

where $N$4 = x = 86 cm for these tests. The Microsoft Excel function ATAN returns a value in
radians, which must be converted to degrees using the DEGREES function.

Also included in this worksheet is a sketch (Figure C-6) showing the dimensions and locations of
breaches in the drip shield mockup used in the experiments. The sketch appears in the scientific
notebook from the experiments (Howard 2002 [DIRS 161516], p. 14), and is also shown in
Figure 4.1-1, Section 4.1.1.

SPREADSHEET "FLUX SPLIT DRIP SHIELD MODEL" WORKSHEET
"SPREAD ANGLES"

2_A I L- -- 4- C P_1 1 . 1' ' 1 * n ;z

B m f ---- i0 F i . 4 Ji5 A = _ _ ._

I-b tic..1 M I~ IM ''2lJ.|
77 n o

_ _ . .. .. ,. -_

13 12-V

Uff Utfff ,,,, .... .. fft-,I___1 _=.........eh.... .-!

- - ........ ... .... a FSpr*a - --- W ane

21 7 ->S fn bt.R... US l _ ; ' f e~tbt.t4

" Zr.~>F b*,|w w 2 * - ,.- -- t _ __t fmasureend ki gTola Sptmad"xn£f

N12 - FtinbR.t-.. I > - . _ i- * .u xerlm.2ts).
J_23bo~~rflwb~e a9ezt----O--__ ..........s__

27 -- 1 .b .- ,

n2 i- I - _A -- - - 17 ------- IiI _F __4-' - i-I _ _
.1 i 1.. I _ ..... I ._ I . 1

DTN: MO0207EBSATBWP.023 [DIRS 163402]; DTN: MO0207EBSATBWP.024 [DIRS 163401];
DTN: MO0207EBSATBWP.025 [DIRS 163403].

Figure C-5. Spreadsheet 'Flux Split Drip Shield Model," Worksheet 'Spread angles;" Calculation of
Rivulet Spread Angle
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I A l_ t |C D I E I F i G 1
35 _

36 ;- I _ _ _ _ _ __ _ _38 Dimension data taken from Scientific Notebook: _
39 I _ _

41 Hoid, CL. 2002a. Braached Wase PackakTest2 and xd~pern Vs._
42 Scienflc Ntebo k SNW&O-SCI043-Vl.ACC:MOL. 20021219.0022-Page-k4. -
43 _ __ ' _ _ _.4 _ .__
44 L,.---l____
45 DI _. - b_

46 _-I _ ii -
47 _ . ._____ _ =_=_=_

49 BT.=

49 __________ ______ mii - ti.r- 1S11--= t

50 -

52 -~ ___ __ _ 4

50 -- _____ -- mm~l^"~ -- t ^ " t_ __= _

62 _ __Sf- --- -- _ n -re r..l _ _

557 1
57 p 'lill

59 'I. _.. -.... _ __ ._ .__ __ __ _.

59 . ___ ___-___

61 __ _ _ _ ------ ----- -72 .~ '" i I- -0 I
63 -_ _ _ -I '' 7 1i ''Il

675 _ _ _ _ _ _ _ i__ _ _ _ _ _ - _ _ _ --_

67a__ _ ________ ______ _p_[~[~-

69 -------- ___________

69 _ _ _ _ _ _ _ _

99. I

73
74 _ _ _ __ _ _

79 _ _ _ _

14 4 Y Hi .iru ary Spread nglens If calcdations

Source: Howard 2002 [DIRS 161516], p. 14.

Figure C-6. Spreadsheet 'Flux Split Drip Shield Model,' Worksheet 'Spread Angles;" Dimensions and
Locations of Breaches in Drip Shield Mockup Used in Breached Drip Shield Experiments
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SPREADSHEET "FLUX SPLIT DRIP SHIELD MODEL" WORKSHEET "SUMMARY"

I A I E I C E F I H I J K

2 Drip Shield Modet Comparison of Measured and Modeled Fraction of Drip Seepage Flowintg ino a Breach

_5~ i I5 _ _ _

Thisspreadsheetcomparesresutts fromthe AdasBrachedVastePackage andDripShieldE sperwnents BreachedDrip Sheld Tests CdocumentedinSEC
2003: TDR4BSWOo000M REV 003 wIth the model developed In the WEBS Radionucride Transport Abstraction' (ECS 2003: ANL.Vt.SPA00001 REV 01]

S _ et data are tak on directly from fth TOMut for this compatfson____ __ _

* __[_ A--'----+--_- --l -_ --- _ -_
* _ Spreading angles are calculated from the test dat aIn the sheet tithed

2. tven spread ane and test geometry seepage Fractions are calculated for both the test data and the model In the worksh eetfsAk 0tfj:

a_ Geometric data for each mneasurement (s.g.q and the spread angle are used to determine which of 7 cases the measurement
Ft corresponds to

b. For each test result the appropriate case model Is applied to calculate the seepage flow Fraction F

l 1The seepage fractions calated from both the test and model are blned and compared in the two tables isted below in this Suby worksheet

IS C Sotrce data DTNs are noted where sotrce dataIs used
_7 Model equations are provided on the calculational sheets___ _
IfaB | Data i tables beloware Inked dirketly to the ¢cicrarion worksh"ts

_4____ _ __ ___ 1 iLh Y l__,_._ _ _. _ _ _

Source: BSC 2003 IDIRS 163406].

Figure C-7. Spreadsheet "Flux Split Drip Shield Model," Worksheet 'Summary;" Summary of Drip Shield
Flux Splitting Submodel

This worksheet, beginning with Figure C-7, summarizes the calculations in worksheets "Spread
angles" and "f calculations."

The first table (Figure C-8), "Measured Breach Flow Fractions and Calculated Breach Flow
Fractions," Rows 25-43, Columns B-I, is identical to Table 6.5-2. Columns B-E are identical to
the same respective columns described earlier for worksheet "f calculations." Column F is
identical to Column I in worksheet "f calculations." Columns G-I summarize the calculated
fraction of the dripping flux that the flux splitting submodel predicts should flow into the breach,
for the minimum, mean, and maximum spread angles. The minimum spread angle is specified to
be one standard deviation less than the mean ofthe measured spread angles. The maximum
spread angle is specified to be one standard deviation greater than the mean of the measured
spread angles. Column G is identical to Column Q of worksheet "f calculations." Column H is
identical to Column AF of worksheet "f calculations." Column I is identical to Column AU of
worksheet "f calculations."

Rows 39-43, Columns F-I, show the results of Microsoft Excel functions "AVERAGE,"
"STDEVA," "MEDIAN," "M IN", and "MAX," respectively, as applied to Rows 25-3 8.
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I A a J
21
20 .=.IAW,&,c~.F~~ jadCv~e ikaJt.et t d~ecA Fk_ J___ =s

22 _. Drlp E. Vertical
Location Distance

23 Relative from Crown a (deal a Ideal a (d al
to Breach (drip) to Top

Drip Location (Test Breach Center of Breach
_2 _ _ Description) fNio. J...! . * . /_. S.37 13.15 1729

2icmrighte4Patch4 4 8 136.5 02471 0.62S1 0.4232 0Q3177
25 ______ enterline rOfflmi Tortl ________

26 Patch 5 centertine [CQtlmJ 5 a S6.0 0.2580 1S000 0.673 0.5043

4 cm left of Patch 5 -!4 SS. O1i3SO QS53S 0.679S Q5043
27 _ _centerline iDiFiml Testl

Patch 4 centedine [qtliml 4 0 126i.5 02359 0.6337 0.4232 0.3177

7 _ cm right of atcenter 5 27 .0 0.0325 0.11M3 0.2444 D.5043
29 __ _ __ _ MultiplyPatch Test _ _ __ __ _ _ __ _ _ _ ___ _ _ _

27 cm left of DS center 4 27 t3.5 0.0190 02355 0.3233 0.3177
_30 _ _ uttinle vatch testl _

81 cm left ofID S center 4 *27 t3S.5 0.0305 02355 0.3233 0.3177
__ _ __ _ _ __ iullcle Patch Testl _ _ _ __ _ _ _ _ _ _ __ _ _ _

i 1cm right of DS center 5 27 869 09320 0.1173 0.2444 0.5043
32 ______..tuicle Patch Tystl ________

a4cm left of DS cnter 4 a 136.5 02748 0.6337 0.422 03m
__ __ _ ' iah Flow Rate Tool _ _ _ _ _ _ __ _ _

34 54 cm left of DS coter 4 0 t36.5 O.773 0.6337 0.4232 03177

27 cm left fI DS conter 4 27 136.5 0.0201 0o5 0.3233 i .3M
H5ah__ j Flow Rlate Ttstl ____

27cm left of DS center 4 27 136.5 0.0O29 0.2355 0.3233 0.3177
__ rLow Flow Rlate Tostl____

27cm light of DS ceter 5 c27 8r 0.029 0.1173 02444 05043
______ l iojFlow Faterestl _ _ __ _ _ _ _ _ _ __ _ _

3S cml fghtolDteruer 5 27 86.0 0.0646 0.1173 02444 0.5043
(L____row Flow Rate Testl ___

39 Mean _ _nt a0 0.412 0.3797 03977
40 Sid. Dev. _ O.859 0.3048 01438 00958
41 -_ - Median I t 0.0486 0.2355 0.3233 0.3177
42 _ Mnimum ' i I 0.029 0.173 02444 0.3177
43 Marimrn ' ' ' 0.2748 1.0000 06799 Q.5043

Figure C-8. Spreadsheet Flux Split Drip Shield Model," Worksheet 'Summary;" Summary of Drip Shield
Flux Splitting Submodel

The second table (Figure C-9), "Comparison of Measured and Calculated Breach Flows," is
identical to Table 6.5-3. Column K is again the drip location. Column L is the fraction of
dripping flux that flowed into a breach as measured experimentally; this is identical to Column F
of the preceding table, or Column I in worksheet "f calculations." The next three columns (M-O)
show the difference between the predicted breach flow fraction, feat' and the measured fraction,

jo,, s for the minimum, mean, and maximum rivulet spread angle. Columns P-R show the ratio

fcai /f,,, for the minimum, mean, and maximum rivulet spread angle.

Rows 3943, Columns L-R, show the results of Microsoft Excel functions "AVERAGE,"
"STDEVA," "MEDIAN," "MIN," and "MAX," respectively, as applied to Rows 25-38.
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I M I N J P R

20 _ _ i l N I
21 i Copaviseow ,daadCaka/jf.d ,c. Flovs i

22 ___ fI, -/ , _ _

23 a (deg) c (deg) ii (deg) L (deg) c (deg) c (deg)

Drip Location (Test
24 _ | Description) f _ 8.87 13.15 17.29 8.97 13.15 17.29

9 cm right of Patch 4 0.2471 0.3819 0.1761 0.0706 Z5455 t7126 t2g56
25 centerline MOnilml Testl
26 Patch 5 centerline [Q(filml 0.2590 0.7420 0.4138 0.24G3 398764 2.6041 t9549
__ __ _ _ Testl _ _ _ _ _ _ _ _ _ _ _ _ _

4cm ieft of Patch 5 0.1360 0.7179 0.5439 0.3683 6.2770 4.9979 3.7071
27 c____ enterline IQ folml Test] ____ ____ ____ ____

29 Patch 4 centerline [QFtilml 0.2359 0.3979 0.1973 0.0919 2.6S61 7941 U469
28_ _ __ _ _ Testl __ _ _ _ _ _ _ _

27cm right oat S center 0.0325 0.0947 0.2119 0.4719 3.66O0 7.5145 15.5074
29I__ _ M ultiple Patch Testl _ _ _ _ _ _ _ __ _ _ _ __ _ _ _

27 cm left of DS center 0.0190 0.2165 0.3043 0.2997 12.3932 17.0154 6.7216
30r____ Multiple tcatch testl ____

91cm left ot DS center 00305 02050 0.2928 0.2972 7.7203 10.6004 10.4169
31MUDt Patch Testr ofDS_

81cm right of DS center 0.0320 0.0952 0.2124 0.4723 3.6624 7.63211 15.7500
32 __ Multile Patch Testi __

54 cm lft oat S center 0.2740 0.3598 0.1494 0.0429 2.3056 15399 1.1560
33 Nig__ ~jh Rlow R~ate Test) ____ ____________

54cm let o DatS center 0.1773 0.4564 0.2459 0.1404 3.5741 2.3872 17920
___ __ ____ rLow Fkow Flate Testl _ _ _ _ _ _ _ _ _ _ _ _

27cm =ett oF DS center 0.0201 02153 0.W2 0.2976 16928 15.0549 15.7767
-___ Hiah Row Rate Testl____________

27 cm ieft of DS center 0.029 02226 0.31104 0.304W 19.2960 25.1075 24.6725
36 I'__ _ Low plow ~late'resti _ _ _ _ _ _ _ _ _ _ _ _

27 cm light of DS center 0.0129 0.1043 0.2314 0.4914 9.0637 19.9979 38.9779
7Hh Flow Rate Testl I

27cm light at DS center 0.0646 0.0526 0.1797 0.4397 1.8146 3.7914 7.9035
39(_ Low Flow Rate Testl ____ _________ ____

39 _ Mean 0.1110 0.3029 0.2687 0.2967 6.3931 9.6979 t12049
40 _ Std. 0ev. 0.1055 0.2210 0.1065 0.1550 4.9845 7.8717 1.0326
41 = Median 0.0496 0.2195 0.2387 0.2982 3.7694 6.2562 9.1102
42 Minimum 0.0129 0.0526 0.1494 0.0429 1.9146 t5399 11560
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Figure C-9. Spreadsheet 'Flux Split Drip Shield Model," Worksheet 'Summary;" Summary of Drip Shield
Flux Splitting Submodel Comparing Measured and Calculated Breach Flows

Finally, a plot in worksheet "Summary" (Figure C-10) compares the calculated fc,,ak with the

measured f,,p, (Column F) for the minimum, mean, and maximum spread angles (Columns G,

H, and I, respectively); the f,,,p and fcaic values that are plotted in Figure C-10 are shown in

Figure C-8. The diagonal line in the plot represents fcaic = f,, . All values of faic lie above the

line fzc = fttp indicating that the drip shield flux splitting submodel overestimates the flow
into breaches.
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908 2 _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _
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14 4 I jN\Summary Al Spread angles X f catculations /

Figure C-1 0. Spreadsheet 'Flux Split Drip Shield Model," Worksheet OSummary;" Comparison of
Calculated and Measured Breach Flow Fractions for Drip Shield Flux Splitting Submodel
for Minimum (8.870), Mean (1 3.150), and Maximum (1 7.290) Rivulet Spread Angles
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APPENDIX D
MICROSOFT EXCEL SPREADSHEET "FLUX SPLIT WASTE PACKAGE MODEL"
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MICROSOFT EXCEL SPREADSHEET "FLUX SPLIT WASTE PACKAGE MODEL"

SPREADSHEET "FLUX SPLIT WASTE PACKAGE MODEL"-WORKSHEET
"F CALCULATIONS"
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DTN: MO0207EBSATBWP.023 [DIRS 163402]; DTN: MO0207EBSATBWP.025 [DIRS 163403].

Figure D-1. Spreadsheet 'FIux Split Waste Package Model," Worksheet if calculations;" Calculation of
Experimental Breach Flow Fractions and Model Flow Fractions for Mean Minus One
Standard Deviation Rivulet Spread Angle

The purpose of this spreadsheet is to develop the waste package flux splitting submodel using
experimental data from the breached drip shield experiments. The data are analyzed to estimate
an average and range of the rivulet spread angle, a. The disparity between measured fraction of
dripping flux that enters a breach and the fraction calculated using the model (with the measured
range of the rivulet spread angle) is then used to establish a range of uncertainty in the model.
Whereas the drip shield submodel is based on data from on-crown drip locations, the waste
package submodel uses off-crown drip data, for which the drip location is some distance away
from the crown of the drip shield mockup.

All descriptions for this worksheet pertain to Rows 9-34. Equations in spreadsheet format are
illustrated using Row 9.

Column B: Test type. The first three columns (B-D) help identify uniquely each test as
described in the designated DTN.
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Column C: Test date.

Column D: Drip location as indicated for each test in the designated DTN.

Column E: Breach or patch number most pertinent to this particular test, for which flow is
analyzed in this row of the spreadsheet.

Column F: Drip location relative to drip shield center. Applies only to Bounding tests, further
defining the drip location as specified in the DTN.

Column G: Breach location relative to drip shield center. Applies only to Bounding tests,
further defining the breach location as specified in the DTN.

Column H: Drip location, y, relative to the center of the breach listed in Column E.

Column I: Vertical distance, x, from the drip location to the top of the breach.

Column J: Half-width, e, of the breach-13.5 cm, same for all breaches.

Column K: Measured mass of water, F,, dripped onto the drip shield during the test. For the
on-crown drips, it is assumed that half of the water that dripped onto the drip shield,
F. /2, flowed down the side that contained the breach. For these off-crown tests,
the full dripping flux is assumed to flow down the side where the drip is located.

Column L: Measured mass of water, F2, that flowed into the breach during the test.

Column M: Fraction of water dripped onto the drip shield that flowed into the breach:

= F2

M9=L9/K9

Columns N through AB perform calculations that result in fcaic the fraction of dripping flux that
is predicted by the model to flow into a breach.

Column N: x tan a, where x is from Column I, and a is the spread angle. For Columns N-AB,
the value used for a is 5.50370 (Cell $Q$7), which is one standard deviation less
than the mean measured spread angle for these tests (see Worksheet "Spread
angles").

N9=$19*TAN(RADIANS($Q$7))

Column 0: Case number as described in Sections 6.5.1.1.2.1 and 6.5.1.1.2.2. For Case 1,
e> xtana; for Case 2, e< xtana; x is from Column I, and the half-width of the
breach, e, is from Column J.

ANL-WIS-PA-OOOOO1 REV 01 D-2 November 2004



EBS Radionuclide Transport Abstraction

09=IF($J9>N9,1 ,2)

Column P: Value of YA (Point A) as described in Sections 6.5.1.1.2.1 and 6.5.1.1.2.2,
corresponding to the leftmost point from which the edge of the fan from the rivulet
can enter the left side of the breach:

yA =-t-(x+2e)tana

P9=-$J9-($19+2*$J9)*TAN(RADIANS($Q$7))

Column 0: Value of y8 (Point B) as described in Sections 6.5.1.1.2.1 and 6.5.1.1.2.2,
corresponding to the leftmost point from which rivulets will enter the top edge of
the breach. The value of yB depends on the Model Case number (Column 0):

YB =--+xtana
YB =t-xtana

Case 1.
Case 2.

Q9=IF(09=1 ,(-$J9+$19*TAN(RADIANS($Q$7))),
($J9-$19*TAN(RADIANS($Q$7))))

Column R: Value of Yc (Point C) as described in Sections 6.5.1.1.2.1 and 6.5.1.1.2.2,
corresponding to the rightmost point from which rivulets will enter the top edge of
the breach. The value of Yc depends on the Model Case number (Column 0):

Yc =t-xtana
yc =-f+xtana

Case 1.

Case 2.

R9=IF(09=1 ,($J9-$19*TAN(RADIANS($Q$7))),
(-$J9+$19*TAN(RADIANS($Q$7)))),

Column S: Value of YD (Point D) as described in Sections 6.5.1.1.2.1 and 6.5.1.1.2.2,
corresponding to the rightmost point from which the edge of the fan from the rivulet
can enter the right side of the breach:

YD =I+(x+2e)tana

S9=$J9+($19+2*$J9)*TAN(RADIANS($Q$7))
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Column T: Determines which region (designated as Fraction Case #) along the drip shield
relative to the center of the breach where the drip is located:

1. Y•YA

2. YA <Y<-t

3. -t<Y<J'B

4. YsB Y<Yc

5. Yc <Y<

6. e<Y<YD

7. Y2YD

T9=IF($H9<=P9, 1,1 F($H9<=-$J9,2, IF($H9<Q9,3,
I F($H9<=R9,4, I F($H9<$J9,5,IF($H9<S9,6, I F($H9>=S9,7)))))))
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Figure D-2. Spreadsheet Flux S plit Waste Package M odel," Worksheet f calculations;" Calculation of
Model Flow Fractions for Mean Minus One Standard Deviation Rivulet Spread Angle

Columns V though AB compute the fraction of dripping flux fcakc that is predicted to flow into a

breach, assuming the drip location is within each of seven regions listed above under Column T.
Although feare is computed for all seven regions, it is valid in only one of the regions. The
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correct valid region is determined in Column T (Fraction Case #), and the appropriate value from
Columns V-AB is entered in Column U.

Column U: fcaic is the fraction of dripping flux onto the drip shield that is predicted by the drip
shield flux splitting submodel, Equations 6.5.1.1.2-2 through 6.5.1.1.2-6 or
6.5.1.1.2-19 through 6.5.1.1.2-23, for Cases 1 and 2, respectively. fcakc is intended
to be compared with fAi (Column M). The value of fk0ais selected from
Columns V through AB, depending on the appropriate Fraction Case # (Column T).

U9 =IF(T9=1 ,V9,IF(T9=2,W9,IF(T9=3,X9,I F(T9=4,Y9,
IF(T9=5,Z9,IF(T9=6,AA9, IF(T9=7,AB9)))))))

Column V: Value of fcaic in region 1 (y 5 YA), where fcaic = °-

V9=0

Column W: Value of ftea in region 2 (yA < y < -E):

f _ y+e+(x+2t)tana
2(x + 2t) tan a

W9 =(H9+J9+(19+2*J9)*TAN(RADIANS($Q$7)))/
(2*(19+2*J9)*TAN(RADIANS($Q$7)))

Column X: Value of fak in region 3 (- e < Y < YB):

f = y+I+xtana

cac 2xtana

X9=(H9+J9+19*TAN(RADIANS($Q$7)))/(2*19*TAN(RADIANS($Q$7)))

Column Y: Value of f,0ak in region 4 (YB • Y • Yc):

2e
fcak -2x tan a

Y9=IF(09=1 ,1 ,(2*$J9/(2*$19*TAN(RADIANS($Q$7)))))

Column Z: Value of fcaic in region 5 (yc <y<e):

fca = -y+ +xtana
2x tan a

Z9=(-H9+J9+I9*TAN(RADIANS($Q$7)))/(2*19*TAN(RADIANS($Q$7)))

ANL-WIS-PA-OOOOOI REV 01 D-5 November 2004



EBS Radionuclide Transport Abstraction

Column AA: Value of feazc in region 6 (I 5 y < yD):

f -y+1+(x+2t)tana
-k y + +(x + 2t) tan a

fcai 2(x+21)tana

AA9=(-H9+J9+19*TAN(RADIANS($Q$7)))/
(2*19*TAN(RADIANS(AA9$Q$7)))

Column AB: Value of fcani in region 7 (y 2 YD) where fcaic = 0:

AB9=0
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Figure D-3. Spreadsheet 'Flux Split Waste Package Model," Worksheet If calculations;" Calculation of
Model Flow Fractions for Mean Rivulet Spread Angle

Columns AC though AQ repeat the calculations done in Columns N though AB using the mean
rivulet spread angle of a = 13.7326 0 (Cell $AF$7). For Row 9, the spreadsheet equations are as
follows:

AC9=$19*TAN(RADIANS($AF$7))
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AD9=IF($J9>AC9,1 ,2)

AE9=-$J9-($19+2*$J9)*TAN(RADIANS($AF$7))

AF9=IF(AD9=1,(-$J9+$19*TAN(RADIANS($AF$7))),($J9-$19*TAN(RADIANS($AF$7))))

AG9=IF(AD9=1,($J9-$19*TAN(RADIANS($AF$7))),(-$J9+$19*TAN(RADIANS($AF$7))))

AH9=$J9+($19+2*$J9)*TAN(RADIANS($AF$7))

A19=IF($H9<=AE9,1 ,1F($H9<=-$J9,2,IF($H9<AF9,3,
IF($H9<=AG9,4,IF($H9<$J9,5,IF($H9<AH9,6,IF($H9>=AH9,7)))))))

AJ9=1 F(AI9=1,AK9,IF(AI9=2,AL9,IF(AI9=3,AM9,IF(AI9=4,AN9,IF(AI9=5,AO9, IF(AI9=6,A
P9,1F(AI9=7,AQ9)))))))

AK9=0

AL9=(H9+J9+(19+2*J9)*TAN(RADIANS($AF$7)))/
(2*(19+2*J9)*TAN(RADIANS($AF$7)))

AM9=(H9+J9+19*TAN(RADIANS($AF$7)))/(2*19*TAN(RADIANS($AF$7)))

AN9=1 F(AD9=1 ,1 ,(2*$J9/(2*$19*TAN(RADIANS($AF$7)))))

A09=(-H9+J9+19*TAN(RADIANS($AF$7)))/(2*19*TAN(RADIANS($AF$7)))

AP9=(-H9+J9+(19+2*J9)*TAN(RADIANS($AF$7)))/
(2*(19+2*J9)*TAN(RADIANS($AF$7)))

AQ9=0

Columns AR though BF (next page) repeat the calculations done in Columns N though AB using
a rivulet spread angle of a = 21.9614 0 (Cell $AU$7), which is one standard deviation greater
than the mean rivulet spread angle. For Row 9, the spreadsheet equations are as follows:

AR9=$19*TAN(RADIANS($AU$7))

AS9=IF($J9>AR9,1 ,2)
AT9=-$J9-($19+2*$J9)*TAN(RADIANS($AU$7))

AU9=IF(AS9=1 ,(-$J9+$19*TAN(RADIANS($AU$7))),($J9-$19*TAN(RADIANS($AU$7))))

AV9=IF(AS9=1,(-$J9+$19*TAN(AV9RADIANS($AU$7))),($J9-
$19*TAN(RADIANS($AU$7))))

AW9=$J9+($19+2*$J9)*TAN(RADIANS($AU$7))

AX9=I F($H9'=AT9,1 ,IF($H9<=-$J9,2,IF($H9<AU9,3,IF($H9<=AV9,4,
IF($H9<$J9,5,IF($H9<AW9,6,IF($H9>-AW9,7)))))))

AY9=I F(AX9=1,AZ9,IF(AX9=2,BA9,IF(AX9=3,BB9,IF(AX9=4,BC9,IF(AX9=5,BD9, IF
(AX9=6,BE9,IF(AX9=7,BF9)))))))

AZ9=0
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BA9=(H9+J9+(19+2*J9)*TAN(RADIANS($AU$7)))/
(2*(19+2*J9)*TAN(RADIANS($AU$7)))

BB9=(H9+J9+19*TAN(RADIANS($AU$7)))/(2*19*TAN(RADIANS($AU$7)))
BC9=IF(AS9=1 ,1 ,(2*$J9/(2*$19*TAN(RADIANS($AU$7)))))
BD9=(-H9+J9+19*TAN(RADIANS($AU$7)))/(2*19*TAN(RADIANS($AU$7)))
BE9=(-H9+J9+(19+2*J9)*TAN(RADIANS($AU$7)))/

(2*(19+2*J9)*TAN(RADIANS($AU$7)))

BF9=0
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Figure D-4. Spreadsheet OFlux Split Waste Package Model," Worksheet 'f calculations;" Calculation of
Model Flow Fractions for Mean Plus One Standard Deviation Rivulet Spread Angle
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SPREADSHEET "FLUX SPLIT WASTE PACKAGE MODEL"-WORKSHEET
"SPREAD ANGLES"
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Figure D-5. Spreadsheet 'Flux Split Waste Package Model," Worksheet "Spread angles;" Calculation of
Rivulet Spread Angle

In this worksheet, the mean and range of the rivulet spread angle a is determined from spread
measurements. The drip locations are off-crown, at the 16.50 and 330 positions on the drip shield
mockup. These angles are the angular distances from the crown about the center of curvature of
the drip shield; thus, the crown is at 00, and the transition from the curved top surface to the
vertical side of the drip shield is located about 600 from vertical. The actual distance (arc length)
from the crown to the 16.50 line is 43 cm; from the crown to the 330 line the distance is 86 cm;
and from the crown to the transition line the distance is 150 cm. The distance x from the drip
location to the spread measurement location (the 33° line or the transition line) is shown in
Columns E and H, respectively.

Columns B and C identify the pertinent tests as described in the designated DTNs. In each test,
the spread of rivulets to the right and to the left of the drip location was measured. The spread
distance measured at the 330 line is listed in Columns F and G. The spread distance measured at
the transition line is listed in Columns I and J. For drips at the 330 location, no rivulet spread
was measured, although splattering upslope may have resulted in some rivulets appearing at the
drip location.

The sketch below from the scientific notebook for the experiments (Howard 2002
[DIRS 161516], p. 14) indicates the dimensions and locations of breaches on the drip shield
mockup used in the tests. This sketch is also shown in Figure 4.1-1, Section 4.1.1.
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Figure D-6. Spreadsheet 'Flux Split Waste Package Model," Worksheet 'Spread angles;" Dimensions
and Locations of Breaches in Drip Shield Mockup Used in Breached Drip Shield
Experiments
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Figure D-7. Spreadsheet TFlux Split Waste Package Model," Worksheet Spread angles;" Calculation of
Rivulet Spread Angles and Statistical Measures

In Column M, Rows 9-28 (Figure D-7), all of the spread measurements (right and left) at the
330 line are listed for the 1 6.5° drip location from the Q(film) and Bounding tests. In Rows
3147 (Figure D-7), the spread from 16.5° drips measured at the transition are listed for the
Q(film) and Bounding tests. In Rows 50-59, the spread from 330 drips measured at the
transition are listed for the Bounding tests. In Column N, the distance, x, from the drip location
to the measurement location is listed. In Column 0, the spread angle, a, is computed from the
rivulet spread, lV, (cm):

(Wx

The spreadsheet equation for Row 9 is:

09=DEGREES(ATAN(M9/N9))
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In Column R (Figures D-7 and D-8), the mean spread angle and standard deviation are shown for
comparison for three groups of data-drip location at 16.50 measured at 330, drip location at 16.50
measured at the transition I ine, and d rip l ocation at 3 30 measured at the transition line. The
statistics for all measurements are computed in Column U. The mean rivulet spread angle
(Cell U19) and the bounds on the range for spread angle as defined by the mean minus one
standard deviation (Cell U21) and the mean minus one standard deviation (Cell U22) are used in
Worksheet "f calculations" as the basis of the waste package flux splitting submodel to compute
the predicted fraction of dripping flux that flows into a breach, fCa.

L M N 0 P a_ I R .~. T [ U
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52 ____ - 17.0 64"S!' 14.877 __- _ Dripat 33. _
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54 ___ 0.5: 64',, -~'7.1563 ____No. oFme 7.9 __

55 "17.0 6.'-4 1495. _ __ Mean :111.530 _

56 G __ -; 17.0 . 64- .1977 _ __SdDe 35512 ____ ___

57 __ __ 17.0 ' 64 - 14.0757' _ _ _ _ _ _ _ _ _ _ _ _ _ _ _

59 __ _ 9 5 . 64 ' '0 4 4312 _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _59 _ _ _ _ _ _ -- ' 100 6~~4 en9 7 _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _

Figure D-8. Spreadsheet "Flux Split Waste Package Model," Worksheet 'Spread angles;" Calculation of
Rivulet Spread Angles
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SPREADSHEET "FLUX SPLIT WASTE PACKAGE MIODEL"-WORKSHEET
"SUMMARY"

I 0 E F I H I J K
A ! ,_ _ ._ _._ _!____ _ _ _

2 I _ i__ _ _ _l

4 I Waste Package Modet Comparison of Measured and Modeled Fraction of Drip Seepage Flowing hto a Breach
II

This spreadsheet comnpes results from the Atlas Breached Vast. Package and Drip Sheld Euperrnents: Breached Dip Shield Tests (documented hI BSC
2003 TOREBS MOI-00025-00 REV 001 with the model dewloped h the "ED Radionucride Transport Abstraction (BSC 2003 ANI.VIS-PA-00001 REV 01l

S__ Test data are taken dirctfj from the TOMS For this comparlson.

S I Spreading anges reatc tedfromthe testdataintheshettled uhagteAn&s
2 Gin spread ange and test geometill seepage fractions are calculated for both the test data and the model hr the worksheet.Lukat~m, :

. Geometric data For each measuement (l) and the spread angle are used to determine which ol 7cases the measvrement
tl orespondsto

b. For each test result the appropdate case model I applied to calculate the seepage Ifw fractionS
2 I

s3 eepaglfactions cult Fromboththe test and model artisted and compared Ir the two tables fisted below In this 5S1mvy worksheet

_ ___[orscec dat ODT~ re note wihere sourcedataIs used -- ____ ____ ______ ___

S Model equatios are proudadon tecautarlona hts
! Data hr tables below are Inkend directlg to te calcubtaronal work~sheets

* I

Source: BSC 2003 IDIRS 163406].

Figure D-9. Spreadsheet "Flux Split Waste Package Model," Worksheet Summary;" Summary of
Waste Package Flux Splitting Submodel

This worksheet, beginning with Figure D-9, summarizes the calculations in Worksheets "Spread
angles" and "f calculations."

In the first table (Figure D-10), "Measured Breach Flow Fractions and Calculated Breach Flow
Fractions," Columns B, C, D, and E are identical to Columns D, E, H, and I described earlier for
Worksheet "f calculations." Column F (fm,,,) is identical to Column M in Worksheet
"f calculations." Columns G-I summarize the calculated fraction of the dripping flux that the
flux splitting submodel predicts should flow into the breach, for the minimum, mean, and
maximum spread angles. The minimum spread angle is specified to be one standard deviation
less than the mean of the measured spread angles. The maximum spread angle is specified to be
one standard deviation greater than the mean of the measured spread angles. Column G is
identical to Column U of Worksheet "f calculations." Column H is identical to Column AJ of
Worksheet "f calculations." Column I is identical to Column AY of Worksheet "f calculations."

Rows 50-54, Columns F-I, show the results of Microsoft Excel functions "AVERAGE,"
"STDEVA," "MEDIAN," "MIN," and "MAX," respectively, as applied to Rows 2549.
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Figure D-10. Spreadsheet "Flux Split Waste Package Model,' Worksheet 'Summary;" Summary of
Waste Package Flux Splitting Submodel

In the second table (Figure D-1 1), "Comparison of Measured and Calculated Breach Flows,"
Column K is again the drip location. Column L is the fraction of dripping flux (f 4 p,) that

flowed into a breach as measured experimentally; this is identical to Column F of the preceding
table, or Column M in Worksheet "f calculations." The next three columns (M-O) show the
difference between the predicted breach flow fraction, f, 0k, and the measured fraction, fe,,,, for

the minimum, mean, and maximum rivulet spread angle. Columns P-R show the ratio fcIfc P,

for the minimum, mean, and maximum rivulet spread angle.
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Rows 50-54, Columns L-R, show the results of Microsoft Excel functions "AVERAGE,"
"STDEVA," "MEDIAN," "MIN," and "MAX," respectively, as applied to Rows 25-49.
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Figure D-1 1. Spreadsheet "Flux Split Waste Package Model," Worksheet 'Summary;" Summary of
Waste Package Flux Splitting Submodel Comparing Measured and Calculated Breach
Flows
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Lastly, a plot in Worksheet "Summary" (Figure D-12) compares the calculated fcatc with the
measured f,., for the minimum, mean, and maximum spread angles; the frp and f,.al values

that are plotted in Figure D-12 are shown in Figure D-10. The diagonal line in the plot
represents fk = fc,.p Most values of fS.al lie above the line feak = firs indicating that the

waste package flux splitting submodel tends to overestimate the flow into breaches.

I A I B 1 C .0 I E I F I G I H I I J
65 _I4--- i--L__

59 _ _ _ _

60 _Comparison of Calculated and Measured F for
60
61 Various a =
62
63 ] _ _ - -

64 _ _ _

65

67 . .. . 5.50

71.7*72

0.6 -4

75 OAesre__
76 IIII.I_

77 _ _

73
so
182

30.0 0.2 0.4 0.6 0.8 1.0
84 _ _

05 Measured f

Figure D-12. Spreadsheet OFIux Waste Package Shield Model," Worksheet "Summary;" Comparison of
Calculated and Measured Breach Flow Fractions for Waste Package Flux Splitting
Submodel for Minimum (5.500), Mean (13.73°), and Maximum (21.960) Rivulet Spread
Angles
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APPENDIX E
MICROSOFT EXCEL SPREADSHEET "FLUX SPLITTING VALIDATION"
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MICROSOFT EXCEL SPREADSHEET "FLUX SPLITTING VALIDATION"

SPREADSHEET "FLUX SPLITTING VALIDATION"-WORKSHEET "SPLASH
RAD VS NUMBER"
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Figure E-1. Spreadsheet 'Flux Splitting Validation"-Worksheet 'Splash Rad vs Number;" Effect of
Number of Drips on Splash Radius

In this worksheet (Figures E-1 to E-3), the effect of the number of drips on the splash radius is
analyzed using data from dripping on the crown in the rough drip shield tests. This analysis is
used for validation of the drip shield flux splitting submodel. The splash distance or radius (cm)
to the left and to the right of the drip location are listed in Columns A and B, respectively. The
number of drips in each test is given in Column C. The type of measurement-inner cluster (I) or
outer fringe (0)-is indicated in Column D. These data and the DTN from wvhich they were
obtained (MOO207EBSATBWP.021 [DIRS 163399]) are also presented in Table 7.1-1. In
Row 26, the sum of the splash radii is shown. Rows 27, 28, and 29 give the mean, standard
deviation, and median for each column. The mean, standard deviation, and median for all 40
splash radius measurements are listed in Column G, Rows 11, 12, and 13, respectively.

The plot to the right in Figure E-1, which is reproduced as Figure 7.1-1, shows the dependence of
splash radius on the number of drips. As indicated beneath the figure, the data are the same as in
the table, but organized by type of measurement further down in this worksheet. The Trendline
tool in Microsoft Excel is used to fit a quadratic curve to the inner cluster and outer fringe data.
The correlation coefficient is shown for each curve, and the correlation equation is shown for the
inner cluster curve. A second degree polynomial was chosen for the Trendline in order to
display the expected behavior-the splash radius should increase with the number of drips, but
eventually reach a maximum. A functional form such as y=ym,,(l-e-") may be more
appropriate, but because this is nonlinear in the fitting parameter a, a simple linear least squares
fit using Trendline is not possible. Since the object is simply to demonstrate a correlation, a
more accurate fit to the data is not necessary.
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In Figure E-2, the experimental data from the top of the worksheet are reorganized by type of
measurement and, in Figure E-3, all left and right measurements are consolidated for plotting in
the plot at the top of the worksheet (shown in Figure E-1).

i F G H Io liI E F L I
IO qIPao-owqvia01b! bc #,a I. data' as t"b to the

2$ ~ 670 L----.- .-- ~.-.L---
2* flS50*7J24S44~,27.52437 ______

D~.@ [.p ata (a

52 I4.- Sa- 23

IVfl . -E-I0

54P 75 ' 21 0

Figure E-2. Spreadsheet 'Flux Splitting Validation"-Worksheet 'Splash Rad vs Number," Effect of
Number of Drips on Splash Radius; Data Organized by Type of Measurement
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Figure E-3. Spreadsheet OFlux Splitting Validation"-Worksheet 'Splash Rad vs Number;' Effect of
Number of Drips on Splash Radius; All Left and Right Measurements Are Consolidated

SPREADSHEET "FLUX SPLITTING VALIDATION"-WORKSHEET "SPLASH
RADIUS"

For validation of the drip shield and waste package flux splitting submodels, splash radius data
are analyzed for measurements on the rough drip shield surface, with dripping on the crown and
at off-crown locations. Data for crown drip locations are used for the drip shield submodel
validation, and off-crown drip locations are used for the waste package submodel validation.
The statistics (mean, standard deviation, median, mean plus one standard deviation, and mean
minus one standard deviation) are shown in Column I, Rows 19-23 for crown drip locations, and
in Rows 3741 for off-crown locations. The data actually used in the model validation are the
minimum and maximum values for more than 20 drips, Cells H 1I and I9, respectively, for crown
locations, and Cells H31 and I36, respectively, for off-crown locations.
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Figure E-4. Spreadsheet OFlux
Determination

Splitting Validation'-Worksheet 'Splash Radius;" Splash Radius
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SPREADSHEET "FLUX SPLITTING VALIDATION"-WORKSHEET "ROUGH DS"

This worksheet p rovides c alculations for validation o f the d rip s hield flux splitting s ubmodel
based on data from rough drip shield surface tests. An overall view of the worksheet is shown in
Figure E-5 to show the layout of the worksheet, and individual tables are then presented more
legibly and described in detail on following pages.
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Figure E-5. Spreadsheet FIux Splitting Validation'-Worksheet "Rough DS;" Worksheet Overview
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DTN: M00208EBSATBWP.027 [DIRS 163404]; DTN: M00208EBSATBWP.028 [DIRS 163405].

Figure E-6. Spreadsheet 'Flux Splitting Validatlon"~-Worksheet 'Rough DS;' Calculation of Experimental
Breach Flow Fractions
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Figure E-7. S preadsheet "Flux Splitting Validation'~-Worksheet 'Rough DS;' Summary of Experimental
Breach Flow Fractions
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Tests are identified in Figure E-6 in Column A. Columns B and C are raw data-the initial and
final water mass in the input water container. Column D is the difference between Columns B
and C (e.g., D8=B8-C8), giving the mass of water dripped onto the drip shield. Columns E and
F are the initial and final masses of water in the Breach B4 collection vessel. The difference, in
Column G (e.g., G8=F8-E8), is the mass of water that flowed into B4. In Column H
(Figure E-7), the fraction of the dripping flux that flowed into B4, f,,p, (B4), is calculated for

tests in which the flow into B4 was greater than zero (e.g., H8=2*G8/D8). Because the dripping
was onto the crown, it is assumed that only half of the total input (i.e., D8/2) flowed down the
side of the drip shield where B4 was located.

Columns I and J are the initial and final masses of water in the Breach B5 collection vessel. The
difference, in Column G (e.g., K8=J8-18), is the mass of water that flowed into B5. In
Column N, the fraction of the dripping flux that flowed into B5, fCpt (B5), is calculated for tests

in which the flow into B5 was greater than zero (e.g., N 1 0=2*K10/D1 0). Because the drip
location was the crown, it is assumed that only half of the total input (i.e., D1 0/2) flowed down
the side of the drip shield where B5 was located.

The input water mass and flows into Breaches B4 and B5 are summarized in Table 7.1-3.

In Column P, all values of L. are consolidated. The mean, standard deviation, and median for

the 12 data values are given in Rows 21, 22, and 23, respectively. The values of LIP, are listed

in Table 7.1-4.
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DTN: MO0208EBSATBWP.027 [DIRS 1634041; DTN: MO0208EBSATBWP.028 [DIRS 163405].

Figure E-8. Spreadsheet "Flux Splitting Validation"-Worksheet "Rough DS;" Rivulet Spread Distances

Rivulet spread distances for each test are listed in Figure E-8, Columns D and E, Rows 28-40, for
drips originating on the crown of the rough drip shield surface. The spread data are reorganized
in Column B, starting in Row 52 (see Figure E-9). All spread data measured 86 cm from the drip
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location are listed first, followed by all data measured 136 cm from the drip location. The
corresponding x-distance is listed in Column C, starting in Row 52. In Column E, the spread
distances, It,, are converted to spread angles using the formula:

a = tan-' IV,~

In Cell E52, for example, the Microsoft Excel equation is: E52=ATAN(B521C52). The result
is the spread angle in radians, which is converted to degrees in Column F
(e.g., F52=DEGREES(E52)). The mean spread angle for 86-cm drips is given in Cell 155
(155=AVERAGE(F52:F63)) and for 136-cm drips in Cell I69 (169=AVERAGE(F65:F75)).
Statistics are computed for all individual spread angle data in Column F, Rows 77-82:

F77=AVERAG E(F52: F75)

F78=STDEVA(F52:F75)

F79=F77-F78

F80=F77+F78

F81 =MIN(F52:F75)

F82=MAX(F52:F75)

As shown in F79 and F80, the range for the spread angle is zero (rounding down) to 14.40.

64 4 l .6 . 14 '4 H @ t _ zto
SW _Ds iy J . 11O -mni"

-44 - --------
4, ___________1-_, 1 __'_. _ au>

-44-- _ __--- ---

I . _______-=-= - __**tx

II 7,

. 4 ___4____4__ _ 22-. _ _... Wz __ . 'en

- . - _ _ _ _o ; *

_ _ _ _ . 7 . ... .i oo. _ _ _ . .... -*
a __ IV 42%t°; -- -- -- allse . < T
wa, So :-t D -& -

_two

._.. _=

---------- -- ~-----

_- tni - - - - - t - -

'4 . ____*____ __ j !J8.

r ----------- - - -- - - ---- - - =
. _

= i 1 = - -

P.45.272 4 _j _,__.
I . . _ _ . . -M I - . . .

lWI 110. I "O

.-. . r - w: s1-
+-- 4 -

w_ I , , __.__ _---1------

Figure E-9. Spreadsheet "Flux Splitting Validation"-Worksheet "Rough DS;" Rivulet Spread Data
Reorganized
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Figure E-10. Spreadsheet FIux Splitting Validation--Worksheet'Rough DS;" Calculation of Rivulet
Spread Angles

In Column H, Rows 2840 (see Figure E-l0), the average rivulet spread is computed for each
experiment (e.g., H28=(D28+E28)/2). Column I is the distance from the crown to the point
where the rivulet spread was measured (identical to Column C). The spread angle is computed
in Column J, Rows 2840, (e.g., J28=ATAN(H28/128)). In Column K, Rows 2840, the
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average spread angle in radians is converted to degrees (e.g., K28=DEGREES(J28)). In
Worksheet "Splash Rad vs Number," the minimum splash radius for tests using 20 or more drips
was 3.5 cm, for a total splash distance of 7 cm. This is used as the effective drip shield length in
Column L, where fak is obtained using the formula

L ( 2)

=13.5 1tan a
7 2)

L28=13.5*(1 +TAN(J28)/2)[7

The maximum splash radius tests using 20 or more drips was 48 cm in Worksheet "Splash Rad
vs. Number," giving a total splash distance of 96 cm. This is used as the effective drip shield
length in Column M,

I tana
L1 2)

= 13.5(+ tan)
96 2 )

M28=1 3.5*(1 +TAN(J28)/2)/96

The values of fcerk in Columns L and M are the same as FIfVD following Equation 7.2.1-1. As
shown in the statistics (Rows 46-47), FlfvD ranges from 0.147 to 2.078.

In Column N, Rows 28-40, the values of f.,p are transferred from Column P, Rows 9-20. In

Column 0, the ratio ferpe Ifc,,c is computed (e.g., 028=N28/L28) for the minimum effective

drip shield length of 7 cm. In Column P, the ratio Srpt If,,, , is computed (e.g., P28=N281M28)
for the maximum effective drip shield length of 96 cm. This ratio is identical to the uncertainty
factor fDv in Equation7.2.1-2. As shown in the statistics (Rows 46-47), FlfvD for the
experimental data ranges from 0.0 to 8.306
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SPREADSHEET "FLUX SPLITTING VALIDATION"-WORKSHEET "ROUGH OFF
CROWN WP MODEL"

This worksheet provides calculations for validation of the waste package flux splitting submodel
based on d ata from the r ough d rip shield s urface t ests. A n o verall v iew o f t he w orksheet i s
shown in Figure E-1 1, and individual tables are then described in detail.

* W , n fl- *.S- *f* ... I..4 S... 4... &i...

.. EIIIUU___ iIIri'� ii- N

_ _
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r. ... .. ....

E
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.
_

G
A__ a
_ _

1.1

,,i

* _____C~1 I ;i~
P# - 14. I

- * =_ U
* - d _ ______Th __

1 1HSas, _~ w __ ,rwiJcuhS aiocon __ _______

Figure E-1 1. Spreadsheet uFIux Splitting Validation"-Worksheet ZRough off crown WP model;"
Worksheet Overview
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4 A .L L I_ I F I P I ti I L L A - JL I
IaVtS Package Ilodel Usbig Rlh Sufacs TestPItesukOff7rowwlTgs, I I I I- I

-I ... _ ---- ----- i b.4= ==~& - ---------- _

--- -- -- 4 1__ _al -_1__ _ - - I___ _ -- - -____
; -4 --- -4- --- - ___ & _ _

ItitSpread -oghD.t.ae r ir _____ j.

- .6II2 1. 11st -

IaD
22 _64 o ____W 01 M ___3 W

jZvb2052% l .1I-iy

20

I a _ _a_ _ _ _ _ _ _

1l. N___5____"-I - I__ __ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _

DTN: MO0208EBSATBWP.027 [DIRS 163404]; DTN: MO0208EBSATBWP.028 [DIRS 163405].

Figure E-12. Spreadsheet eFlux Splitting Validation"-Worksheet Rough off crown WP model;"
Calculation of Rivulet Spread Angles

In Figure E-12, Columns A and B, Rows 10-30, identify the tests reported in indicated DTNs.
In Columns C and H, the value of x, the distance from the d rip location to the measurement
point, is listed. Rivulet spread measured to the left and right of the drip location is shown in
Columns D and F, respectively, for measurements at the 330 line. Measurements at the transition
line are listed in Columns I and K. Portions of this table are reproduced in Table 7.1-8.

The spread distance, wv,, is converted to spread angle, a, in Columns E, G, J, and L:

a = tan-'

An example of the Microsoft Excel equation used for this calculation is:

El I=DEGREES(ATAN(Dl 11011 ))

where the DEGREES function converts the result of the inverse tangent function ATAN from
radians to degrees.

In Figure E-13, Column 0, Rows 11-38, the spread angles measured at the 33° line are ordered
by drip rate. The "nominal" drip rate is that used in the Multiple Patch tests, and the high and
low drip rates were used in the Bounding Flow Rate tests. The mean, standard deviation, and
median are computed for each of the three drip rates.

In Column S, the spread angles from Column 0 are repeated, and statistics (mean, standard
deviation, median, and mean plus or minus one standard deviation) are computed for the entire
set in Rows 31-35. The drip rate is indicated in Column R, where "M" indicates the nominal
drip rate.
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In Column U, the spread angles from Columns J and L are consolidated for measurements at the
transition line. The drip rate used in each test is indicated in Column T. (The values in this
column are currently incorrect, since they are just copies of the incorrect results in Column L and
incorrectly recalculated values from Column J, where the actual Column J values are correct.)

All 50 spread angle measurements are compiled in Column AN, with statistics (mean, standard
deviation, median, and mean plus or minus one standard deviation) computed for the entire set in
Rows 63-67 (Figure E-14). The mean plus or minus one standard deviation are used as the
spread angle range in Section 7.1.1.2 for determination of the uncertainty in the waste package
flux splitting submodel validation.
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Figure E-13. Spreadsheet 'Flux Splitting Validation"-Worksheet Rough off crown WP model;" Additional
Calculations of Rivulet Spread Angles
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Figure E-14. Spreadsheet aFlux Splitting Validation"-Worksheet 'Rough off crown WP model;" Statistics
of Rivulet Spread Angles
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DTN: MO0208EBSATBWP.027 [DIRS 163404]; DTN: MO0208EBSATBWP.028 [DIRS 163405].

Figure E-15. Spreadsheet 'Flux Splitting Validation"-Worksheet "Rough off crown WP model;"
Calculation of Experimental Breach Flow Fractions

For the tests identified in Columns A and B, Rows 50-70 (Figure E-15), the initial and final
water mass in the input water container are listed in Columns C and D, and the amount of water
dripped onto the drip shield is calculated in Column E (e.g., E50=C50-D50). The initial and
final mass of water in the Breach B4 collection vessel is listed in Columns F and G, respectively,
and the amount of water collected from flow into Breach B4 is calculated in Column H
(e.g., H52=G52-F52). The fraction of water dripped onto the drip shield that flowed into
Breach B4, frp, (B4), is computed in Column I for the tests in which the inflow was greater than

zero (e.g., 152=H52/E52).
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Figure E-16. Spreadsheet 'Flux Splitting Validation"-Worksheet "Rough Off Crown WP Model;"
Summary of Experimental Breach Flow Fractions

The initial and final mass of water in the Breach B5 collection vessel is listed in Figure E-16,
Columns I and J, respectively, and the amount of water collected from flow into Breach B5 is
calculated in Column L (e.g., L50=K50-J50). The fraction of water dripped onto the drip shield
that flowed into B reach B 5, f, (B5), is computed in Column M for the tests in which the
inflow was greater than zero (e.g., M50=L50/E50).

The 20 values of frp, are compiled in Column P, with statistics (mean, standard deviation,
median, and mean plus or minus one standard deviation) presented in Rows 73-76.

The input water, breach inflows, and f,,P, for each breach are reproduced in Table 7.1-10.

ANL-WIS-PA-000001 REV 01 E-15 November 2004



EBS Radionuclide Transport Abstraction

INTENTIONALLY LEFT BLANK

ANL-WIS-PA-000001 REV 01 E-16 November 2004



EBS Radionuclide Transport Abstraction

APPENDIX F
MICROSOFT EXCEL SPREADSHEETS "TRANSPORTCALCALLCOLLOIDS,"

"FLUX OUTRATIO.XLS," AND "TIMIETOCONV.XLS"
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MICROSOFT EXCEL SPREADSHEETS "TRANSPORTCALCALLCOLLOIDS,"
"FLUXOUT RATIO.XLS," AND "TIMETOCONV.XLS"

SPREADSHEET "TRANSPORTCALCALLCOLLOIDS.XLS"

The purpose of this spreadsheet is to implement the colloid model that represents the sorption of
radionuclides onto the oxy-hydroxide (designated FeO) corrosion material within the engineered
barrier system (EBS). The model accounts for both reversible and irreversible sorption onto the
FeO mobile colloids and the immobile corrosion products together with reversible sorption onto
both waste form and groundwater (GW) colloids. This description refers to equations in
Appendix B, "Implementation of Radionuclide Sorption onto Colloidal and Stationary Phases
with Finite Difference Solution."

Description of Input Values

The first 29 rows of the worksheet (see Figure F-i for an image of the worksheet) contain
parameter input values. Column D contains the typical values input from the GoldSim model.
Column B contains values from Column D that are scaled appropriately for the current
calculations.

Row 2: cS [kg/mA3],

c, = Pu solubility

$B$2=$D$2/1 000

Row 3: phi_1

> celll, V = P porosity of the upstream boundary
Vbulk

$B$3=$D$3

Row 4: phi_2

V
0 ce!12, 0 = V-- porosity of the corrosion product mass

"bulk

$B$4=$D$4

Row 5: phi_3

V
- cell3, = e Xporosity of the downstream boundary

Vb.u

$B$5=$D$5

Row 6: U [mA3/yr]

volumetric water flux, U Table B-1
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$B$6=$D$6

Row 7: KdFeO_c [mA3/kg]

partition coefficient in the FeO colloid state

$B$7=$D$7/1 000

Row 8: KdFeOCP [mA3/kg]

partition coefficient in the stationary FeO corrosion product state

$B$8=$D$8/1 000

Row 9: KdWF-c [mA3/kg]

partition coefficient in the waste form colloid state

$B$9=$D$9/1 000

A I - | C I D
1 Input for Excel s eadsheet Input from GoldSim
2 cSkg/mA 0.001 c s [mglL]_ 1
3 phil1 1 pJ1. 1
4 phi2 - 0- 0.4
6 phi3 ___ ___ 0.3
6 u[m!3/y]r ___ 0.1 u [mA3yrJ | 0.1-

7Kd FeO c [mA3/kgj 1.00000E+01 Kd FeO c[ml/g] 1 1.OOOOOE+04
8 Kd FeO CP [mA3/kgj 2.5OOOOE400 FeO 2.50000E++03
9 Kd WFc [mA3/kg]_ 2.00000E+021 Kd WF c [mlgJ 2.00000E+05
10 Kd GW ctmA3/kgl 2.00000E+02 KdGW cmI/g] 2.00000E+05
11 mass FeO CP [kg_ 1.80000E+04 mass FeO CP [g] 1.00O00E+07
12 Y JA3___ __ 2.29008E+00 V_pore [L] 2.29008E+03
13 c FeO c Nkg/l l _ 2.OOOOGE-02 cFeO c lqgLL]_ 2.0000OEl01
14 c FeO CP [kg/m31_ 7.86000E403 c FeO CP [mg/LL _7.E6000E+06
15 c WF c lkg/mrnJ 31 3.00000E-03 cWF c[rgILJ 3.OOOOOE+OO
18 c GW c fk /mA3j 1.00000E-04 c GW c [mg/Li 1.00000E-01
17 rate l[myr] 1 .OOOOOE-05 rate [cjnyr] 1.00000E-03
10 S FeO c [mT21kgl__ 1.OOOOOE4+0 SFe 0_c[mA2/g91_ 1.OOWOOE+02
19 SFeOCP [mg2kgl 1.00000E+04 SFeO CP Im^2/g1 1.00000E+01
20 dFeO [kg/mL3_ _ 65.24000E+03 den FeO Ikg/mA3] 5.24000E+03
21 diffusn jmA2/yj_ 7.25834E-02 diffus aq [mA2tsl 2.300OOE-09
22 diffus colloid [m!2/yr] 7.25634E-04 diffus colloid [mA2, 2.30000E-1 1

23 ength1[ 1.00WE-0J3 diff length1[m]_ 1.OOOE-03
24 diff length 2[nm] 5.00000E+00 diff length2 [m] I 5.00000EO00
25 iff lengh3[rm] E.06000E-01 diff length 3 [m] 8.06000E-01
26 diff area 1 2 mA2]_ 3.60000E+01 dff area_1 2 mA2 3.60000E401
27 dTff area 2 3 [mA2]_ 1.06800E+00 diff area_2 3 [Tmf2I 1.06600E+00
28 decayjl/yA_ 2.87494E-05jdecaY ILYA I 2.67494E-05
29 delt [yrj 10_delt lyr] I 10

Figure F-1. Spreadsheet 'TransportCalcallcolloids.xls;" Summary of Inputs
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Row 10: KdGW-c [mA31kg]

partition coefficient in the GW colloid state

$B$1 0=$D$1 0/1000

Row I1: massFeOCP [kg]

MFeO cP =mass of corrosion product

$B$11 =$D$1 1/1000

Row 12: Vpore [mA3]

Vpre = bVbUk = - -O pore volume
1- ' PFCO0_CP

$B$1 2=$D$1 2/1000

Row 13: cFeO-c [kg/mA3]

CPu reo I concentration of Pu in the FeO colloid state from reversible sorption

$B$1 3=$D$1 3/1000

Row 14: cFeOCP [kg/mA3]

CPu FeOCP, concentration of Pu in the stationary FeO corrosion product state from

reversible sorption

$B$14=$D$14/1000

Row 15: cWF c [kg/mA3]

CPU WF-c, concentration of Pu in the waste form colloid state from reversible sorption

$B$1 5=$D$1 5/1000

Row 16: cGW c [kg/mA3]

CPUNGHw¢,, concentration of Pu in the GW colloid state from reversible sorption

$B$1 6=$D$1 6/1000

Row 17: rate [m/yr]

k, forward rate constant (m3 water m-2 FeO yr" )

$B$1 7=$D$1 7/100
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Row 18: SFeO c [mA2/kg]

§FeO = specific surface area of FeO (n 2 kg") in the colloid state

$B$18=$D$18*1000

Row 19: SFeOCP [mA2/kg]

SFO = specific surface area of FeO (m2 kg") in the corrosion product state

$B$19=$D$19*1000

Row 20: dFeO [kg/mA3]

PFdO CP = corrosion product (FeO) density (kg m'
3 )

$B$20=$D$20

Row 21: diffus-aq [mA2/yr]

Daq = aqueous diffusivity (mn2 yf )

$B$21 =$D$21 *31558000

Row 22: diffuscolloid [mA2/yr]

D,,Iozld = colloid diffusivity (mn2 yr')

$B$22=$D$22*31558000

Row 23: diff length 1 [m]

LI = diffusive length for cell 1

$B$23=$D$23

Row 24: diff length 2 [m]

L2 = diffusive length for cell_2

$B$24=$D$24

Row 25: difflength_3 [m]

L3 = diffusive length for cell_3

$B$25=$D$25

Row 26: diffarea_1_2 [mA2]

A,12 = diffusive area at cell_1 and cell_2 interface

$B$26=$D$26
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Row 27: diffarea_2_3 [mA2]

A'23 = diffusive area at cell_2 and cell_3 interface

$B$27=$D$27

Row 28: decay [1/yr]

A, decay rate (yrf)

$B$28=$D$28

Row 29: delt [yr]

At, time step length

$B$29=$D$29

Rows 30 through 53 contain additional derived parameters for the mixing cell colloid model.

A B C D E | F | G
30 _barL[lly__ 2.(XflXJE-021 _ .
31 RbLar_2 _ 7.IEOO __._ _ _
32 U barll0yr] 4.36EE7E-02, ____ .

33 Kd bar FeO c 2lOE1_ _ _ ____ _
34 Kd bar FeO CP 1965OOE404_ _ __
35 KrJbarW c___ 0E.O1 __ _ _-_ _-
36 Kd bar GW c 2.000..E-42 ___ _ __
37 K bar 1 ___1.9651BE404 ___. _ __
3B K bar 2 1.B2OME4O_
39K bar 3 B.200ME-01 I .
40 Duffleftaq 9.12736E-02 . .
41 Diff left c 9.12736E-04 ____ __
42 Driffight agq_ 2.22693E-03 __ _imitina values_ _i __ __-

43 Diff right colloid _2 22893E45 _.__ _ _ P_1 _ 3.58485E-02 ________._
44 d 2 2.75194E104 _ _ . ____ 8.17743E-02 tolerence__ 1.0000.02
45 a_ 7.14108E41 imc Pumaq_ 2.05511E07 Pu atime Yrj 137
46 a_2 5.67541E03r lim c irr c 9.40175E-OE delta 1 1 3.2004E-04
47 b 1 _.95608E01 lim c rev c 411023E3 delta_2 3.0078E.04
4r b 2 1.39152EZ1 lim c ir CP 5.6186224t_ t 22
49 e 1 9.99713E-41 ___ lrnc rev CP 4.03830E-03t 2 __ 24
50 e 2 7.e5774E+a3 fux out ratio 5.4749E-01 irrv Pu c time [yrl 240
51 Omega 9.500E-01 flux outflux in 1.22E-04_
52 k fitOmega [cm/yr] 4.1837E402 irv coVrev col 5.579OE-01 ______

53 p1 tp2 4.3838E401 _ _. . _ _ __ _ ______ __ ______. _

5 5 _ __ _ _ __ _ _ _

Figure F-2. Spreadsheet Transport.Calcallcolloids.xls;" Additional Derived Parameters

Row 30: Rbar_ [1/yr]

RI = SFeO CcFeO ck, reaction rate for colloids

$B$30=$B$18*$B$13*$B$17

ANL-WIS-PA-00000I REV 01 F-5 November 2004



EBS Radionuclide Transport Abstraction

Row 31: R_bar_2 [1 /yr]

R2 = SFdO CPCF¢O CPk, reaction rate constants for corrosion products

$B$31 =$B$19*$B$14*$B$17

Row 32: Ubar [1/yr]

U is the advective rate constant

$B$32=$B$6/$B$12

Row 33: KdbarFeO_c

advective dimensionless partition coefficient in the FeO colloid state

$B$33=$B$13*$B$7

Row 34: KdbarFeOCP

advective dimensionless partition coefficient in the FeO corrosion product state

$B$34=$B$14*$B$8

Row 35: KdbarWFc

advective dimensionless partition coefficient in the waste form colloid state

$B$35=$B$15*$B$9

Row 36: Kd barGW c

advective dimensionless partition coefficient in the GW colloid state

$B$36=$B$16*$B$1 0

Row 37: KbarI

Kl = +Kd FO_c +Kd FtO CP+Kd WF C+KdG c$, ,combination of dimensionless
partition coefficients

$B$37=1 +$B$33+$B$34+$B$35+$B$36

Row 38: K bar_2
+ +

K 2 =1+Kd FeO- c+Kd- VF-c+Kd GW -, combination of dimensionless partition
coefficients

$B$38=1 +$B$33+$B$35+$B$36
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Row 39: Kbar_3

K3 = KdFeOC t+KdWF-c +Kd GW ¢c' combination of dimensionless partition
coefficients

$B$39=$B$33+$B$35+$B$36

Row 40: Diffjleft-aq

aqueous diffusive rate constant for left diffusive boundary condition

$B$40=($B$26/($B$23/($B$3*$B$21)+$B$24/($B$4*$B$21)))/$B$12

Row 41: Diffleftc

colloid diffusive rate constant for left diffusive boundary condition

$B$41 =($B$26/($B$23/($B$3*$B$22)+$B$24/($B$4*$B$22)))/$B$12

Row 42: Diff right-aq

aqueous diffusive rate constant for right diffusive boundary condition

$B$42=($B$27/($B$24/($B$4*$B$21)+$B$25/($B$5*$B$21)))/$B$12

Row 43: Diffrightjcolloid

colloid diffusive rate constant for right diffusive boundary condition

$B$43=($B$27/($B$24/($B$4*$B$22)+$B$25/($B$5*$B$22)))/$B$12

Row 44: denom a_1_2

denominator of a, in Equation B-55 (see Row 45)

$B$44=$B$37+($B$32*$B$38+$B$40+$B$41 *$B$35+$B$42+$B$43*$B$39
+$B$30+$B$31 +$B$28*$B$37)*$B$29

Row 45: a_1

first order linear constant coefficient for Equation B-55,

a = s +(UK2 +b5efl _q +Defl A okld WF a +Drighl aq +jh^, . 1 K3 +1? +Rk2 +IK>t
B$45=$B$37/$B$44

Row46: a 2

first order linear constant coefficient for Equation B-55,

(U(l + Rd WFa) + D/qaq + Defl -cot KdVF)AF c

a' = K +(UK2 +Dlel aq +D 1 lolKd_-c +Dr@t ai +,.Jrij _coiK3 + RA + R2 +A!

$B$46=(($B$32*(1 +$B$35)+$B$40+$B$41 *$B$35)*$B$29*$B$2)/$B$44
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Row 47: b_1

irreversible colloid coefficient (Equation B-59) for Equation B-58,

I + (U + k&ghl + A4At

$B$47=1 /(1 +($B$32+$B$43+$B$28)*$B$29)

Row 48: b 2

irreversible colloid coefficient (Equation B-60) for Equation B-58,
=lAt

I + (U + 5""', c+ A)t

$B$48=($B$30*$B$29)*$B$47

Row 49: e_1

irreversible corrosion products coefficient (Equation B-65) for Equation B-64,
1

e=
I +At

$B$49=1/(1 +$B$28*$B$29)

Row 50: e_2

irreversible corrosion products coefficient (Equation B-66) for Equation B-64,
=R2At

I + Allt

$B$50=($B$31 *$B$29)*$B$49

Row 51: Omega

colloid mass flux out
Q = = 0.95 (Equation B-1)

total mass flux out

$B$51 =0.95

Row 52: kfitOmega [cm/yr]

k = P2) -pi , fitting parameter, k, given a target flux ratio Q.
(I - f)SFS CCFEO-,

Equation B-72

$B$52=1 00*($E$44*$B$51 -$E$43)/((1 -$B$51)*$B$18*$B$13)
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Row 53: pl/p2

n= Pi +_ (Equation B-71)
P2 + R.

$B$53=$E$43/$E$44

The values of parameters in Column E & G Rows 43 through 52 under the heading "limiting
values" pertain to the equations and discussion in Section "Boundary Fluxes" in Appendix B.

Row 43. Column E: p_1

Pi = k 3 (U + DIghi_ o +A)

$E$43=$B$39*($B$32+$B$43+$B$28)

Row 44, Column E: p_2

P2 = (UK2 + DAtght Iq tI KI U + Dghc +A)

$E$44=($B$32*$B$38+$B$42+$B$43*$B$39)*($B$32+$B$43+$B$
28)/($B$32+$B$43)

Row 45. Column E: lim cPuaq

limcp aq = a,
n *W- 1-a,

$E$45=$B$46/(1 -$B$45)

Row 46. Column E: lim c irr c

*i n= a2b2im CPuFC (1 - a,)(1 - b,)

$E$46=($B$30*$E$45)/($B$32+$B$43+$B$28)

Row 47. Column E: lim c rev c

lim Cpu FeO-c = EdFtOc !'MPu _q

$E$47=$B$33*$E$45

Row 48. Column E: lrm c irrCP

hind e/ /CP = limc, =2 1iMC4
$E$48=$E$45*$ e1 /$-B$28

$E$48=$E$45*$B$31 I$B$28
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Row 49. Column E:

Row 50. Column E:

Row 51, Column E:

Row 52. Column E:

Row 44. Column G:

Row 45. Column G:

Row 46, Column G:

lim crevCP
limcn FO CP = Kd FO CP"limc"
nii P" -_ _1 u aq

$E$49=$B$34*$E$45

flux out ratio

K2= Pi +R
P2 +R.

$E$50=($E$43+$B$30)/($E$44+$B$30)

flux out/flux in

vy = P2 +
(U +Dright ccl +l(~+ 2,

P2 + U-+ - R+ 2 + AK
U igh, _.t )

$E$51 =($E$44+$B$30)/($E$44+($B$32+$B$43+$B$28)*($B$30+$
B$31 +$B$28*$B$37)/($B$32+$B$43))

irrv col/revcol

K3(U + D~igh,_t°)

UK2 + D5igh, oq +Dight coiK 3

$E$52=($B$32+$B$43)*$E$46/(($B$32+$B$43)*$B$39*$E$45)

tolerance

relative error estimate with tolerance c

$G$44 =G44

Puaq time [yr]

Jime = nAt> lol E At (Equation B-74)
log2 o a,

$G$45 =$B$29*LOG10($G$44)/LOG10($B$45)

delta_1

bnal < a, - b, |= E

$ IA-a, 2

$G$46 =0.5*$G$44*ABS(($B$47-$B$45)/(l-$B$45))
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Row 47, Column G: delta_2

al < a, -b2 6

$G$47 =0.5*$G$44*ABS(($B$47-$B$45)/(1-$B$47))

Row 48, Column G: t 1

log1l a,

logo b,

$G$48 =LOG1 0($G$46)/LOG10($B$47)

Row 49. Column G: t 2

glog0 12

logo a,

$G$49 =LOG10($G$47)/LOG10($B$45)

Row 50, Column G: irrvPuc time [yr]

time to converge to a given relative error tolerance,

time = Yzet >loglo Cel
logo a,

$G$50 =INT(MAX($G$48,$G$49))*$B$29

Rows 58 thru 158 and Columns A through AC contain calculated solutions and equation terms,
iterated in time, for the mixing cell colloid model. Images of this section of the spreadsheet are
included at the end of this appendix (Figures F-3 through F-14).

A58 through A158 are the model times, time(n+1) = time(n)+delt, $A$59=$A58+$B$29

Column B: cPu-aq

B$59=$B$45*$B58+$B$46

Column C: cPuFeO_c

C$59 =$B$33*$B59

Column D: c Pu FeO CP

D$59 =$B$34*$B59

Column E: cPuWF c

E$59 =$B$35*$B59
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Column F: cPuGW_c

F$59 =$B$36*$B59

Column G: c irrvPu FeO c

G$59 =$B$47*$G58+$B$48*$B59

Column H: cirrvPu FeOCP

H$59 =$B$49*$H58+$B$50*$B59

Column I: cPuFluid1 [mg/L]

1$59 =1000*($B59+$C59+$E59+$F59)

Column J: cPuFeO-c [g/kg]

J$59 =1000*$C59/$B$13

Column K: cPuFeOCP [g/kg]

K$59 =1000*$D59/$B$14

Column L: cPUWF-c [g/kg]

L$59 =1000*$E59/$B$15

Column M: cPuGW-c [g/kg]

M$59 =1000*$F59/$B$16

Column N: cIrrvPu-c [g/kg]

N$59 =1000*$G59/$B$13

Column 0: c_lrrv_PuCP [g/kg]

0$59 =1000*$H59/$B$14

Column P: time

P$59 =$A59
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Column 0: left.bddy_flux [kg]

Fl1_bddytotal =-UVporeCt + Ie aqV por(C-C' aq)

UVpor Kd _ _C, +D ol Vpor d JF c (C Puaq)

Q$59=($B$32*(1 +$B$35)*$B$2+($B$40+$B$41 *$B$35)*($B$2-$B59))*$B
$12*$B$29

Column R: right-bddy colloid flux [kg]

F,7gfghrt&dydcolloid = UVporKd F C +UV c Pd.y_ Paq +UpoekrevIPu..FeO-c

UV KporeKd -WF-cCP" aq +UVporeKdWcCPnu_aq

V K cm +D vCn+Drightcoltpore d-FeO-c Pu-aq right-colvpore 1rry..Pu-FeO-c
Dgh colVporK c + Dight coVporAKdGW cCpuaq

Drgh-olpol d-f'F-.c Pu..aq rigtPu**ao

R$59 =($B$32+$B$43)*($B$39*$B59+$G59)*$B$12*$B$29

Column S: right bddy total flux [kg]

Fjghtbddytotal = Ftght bddy coloid +UVporeCPuaq +Tright aq pore Paq

S$59 =$R59+($B$32+$B$42)*$B59*$B$12*$B$29

Column T: col outltotal out

rFnrightfbddycolloid

Fright ._bddytotal

T$59 =$R59/$S59

Column U: flux out/flux-in

U$59 =$S59/$Q59

Column V: change mass [kg]

V$59 =(($B59-$B58)+($C59-$C58)+($D59-$D58)+($E59-$E58)+($F59-
$F58))*$B$12

Column W: in - out [kg]

W$59=$Q59-(($B$32+$B$43)*$B$39+$B$32+$B$42)*$B59*$B$12*$B$29
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Column X: react/decay [kg]

X$59 =-($B$30+$B$31 +$B$28*$B$37)*$B$12*$B$29*$B59

Column Y: PU mass balance

Y$59 =$V59-$W59-$X59

Column Z: change mass [kg]

Z$59 =(($G59-$G58)+($H59-$H58))*$B$12

Column AA: in-out [kg]

AA$59 =-($B$32+$B$43)*$G59*$B$12*$B$29

Column AB: react/decay [kg]

AB$59 =(($B$30+$B$31)*$B59-$B$28*($G59+$H59))*$B$12*$B$29

Column AC: IrrvPu mass balance

AC$59 =$Z59-$M59-$AB59

_ A | ) B_ _1 C _ | D_ I__F J._G_ H I It
56 . concentration ar Pu masi per pore volume ki 3] _.__ ______

r Ic criv Pu e inPu |ePuFhid1
67 . time c~_Pu_q LePFOc euO CP _PuWF c I ePuGWVe ! FeO c FaOCP | mgtl

10.S3 __.87541E.W, 1_.____ o_75_E __ _oE_.o _1 o

S_ 0m 1I m711E7 i_2.01422E.0__1.767E036 0426E-0 _201422E-M 1.970A3Eo-W1.25290E83_1.E329E
61 _30.00 _3rME-07L _2.6134SEa E4_326772E-3 7.84031E- _ 261345E-09_3.180E.W 2.2733E-3 2.3702E.04_
62 40.m _1.5E4071  3.04137E-08 2.71AE3i 12411E-o _ 304137E-W 4.33549EW _3.47359E-03 2.767SE-04
S3 s0o I 7347Eo7i 3.34695E43B eEO2 1.WE.O7 33495E-W_ 6.346i1E-B 4.70757E-03 30457E44
S4 60 s0 1.78E.o7L 3.s5s16EM.r3 50277E.3 _1 isEo07,3 56516E- _. 6.912EMW6. 1GMOE-433 2443E-44
65 70.m Wi1 .SCE.07t 3.723ssE. 3.6MEP3f. lISlE-O7L 3972tsE . E-CWB'E 7 04705E-3 33361E44
S6 DWom_1 9l6lAE.7 3e327E.s 3.76621E03. I196S0E07,--383227E-3 7A64693E-B9 S6IMEC3 4874E-04.
S7 s0.m._195587E47 3.91174E-s 384328E.03 1 7352E-7, 391174E-09 7.91939E-OB I.DM47E-02 35597E-04
s . 1m0.m0 1.90424E371 3- .S94sE-Wr 3.e094EW3i 16055E-V7 3- 9604EWs 027169E - I .224L13E-O2 36113E-04
69 110W_ 2 .m4soE4O

7
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Figure F-3. Spreadsheet 'Transport CaIcallcolloids.xIs;" Calculated Solutions and Equation Terms,
Iterated in Time, for Mixing Cell Colloid Model, Time 0 - 290 Years
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Figure F-5. Spreadsheet 'Transport ..Call: all colloids.xls;e Final Calculated Solutions and Equation
Terms, Iterated in Time, for Mvixin-g Cell Colloid Model, Time 0 -290 Years

ANL-WIS-PA-000001 REV 01FI5Noebr20 F-15 November 2004



EBS Radionuclide Transport Abstraction

-- -C. L D j ----- t~ 7

35 _ 0095__?. 05
6ME0.OL___4.j100(EO-95_4.M13EM0 1.233302E07. 4.110206E9__9.3991b95__4.4241 003.7402E-04

89 310.95 2.D55ME471  .  4.11011E-95 4.MB18E-03 1. EV0, 4.II01IE-W,59.382E-M,.45UM2E-02 3.7402E-04.
95 ______3M.0w 2.055070071--.11014E-95 4.03022-03 1.23304E-07 410109___~IOA_9..4950MS-M_474452E042_3.7402E-04-
91 - -0 02.05E0-071 .... 4.11017EM-W 4.004E-03. E4237E-7 4.11O17&0~9 .9.40ME3-M.. 40464E-02 374ME0-04
92 34000 -

2
055C9EOL 4I~9E9 4 E.03 ... 3--7, 41 019E.59.401010-M 5__ 6472E-02 3.74M0-44

93 3509522 0561OEZ7,_ 4 ¶ iO2OE4-95 4 M57E-03 1 .23303E-07 411020E-095_9.01210E-- 5__22474E-023.7403E-04
94- __---0G02056100-07 -4.1iO21E4-95 4.MME003 i-23M-07 4.1102E-09__940136E4-95362473E-02_3.74030-0
95 37000 _2.05SiiE-07, 4-il02lE-08 4.0202E-03i233EE-7 4_1la21E-095_ 9.40147E-9_5 54466E-02_3.740E-04
96 - - 930002.05110E-a74110-4i22E-95__ .03020E-03 1i20E407. 4110E0095 9.40155E-95670456E-02 3.7403E-04
97 -__ - __6117, 11022 -95_4.0309E-03 i.2332 E471-0 4.l.. 99 05096940-2343-4
Be 495.95 2.05611E-07. 4.11022E4-95 4.0E029-3' 1.23307E-07. 4.11022-95 9.40164E-95 602420E-02, 3.7403E-04
99 41 2 205511 E-O7, 4.1 1022E49 4.~01-03 1.=30 E407, 4.11M220-9 940157E-9 _6I8E-02 3.7A0E-04
19 42.095205611 E007, i 1a23E.95'4.0382E-03 I .2337E-07,_ .I i02E4.95 9.40159E-M5 6.34306E-02_3.74ME0-04

30 409502.0551 E.07, _4_1 3-M. A. 20 3-0 1.23307E --O7 .1102 .940171E-M_6 5M333E-02__79-4
-2 ----- 440.95 .. 2.0551 10-07, .__-4.11023E-M,-4.03=E-03 1.23307E-0, - .4.11023E439, . 9.40172E-95, _6.66294E-02 _,3.7A4ME-04

13___ 450.95 2.05511E-07 _ 411023E-W5 4.DME-O3_1.=E7-07; 4.11023-0-9 9.40173E0.956.8225E-02_3.74M3E-04
105: W0 25110 E071 . 4.¶1G2E095'_4.M8E-3* 1.23307E4)71 . . .. 4von.110 E 9-940173E0-85 _6g E 2_37ME

0 ---- 47095__-2.055110E-07j4.1023E-95B 4.C20E-03 -- 1.233a1E-07, 4.1102E3-9 _9.40174E.95'_7.14152E-02 _374MfE.04
195 - - 4-8095,-20551'10E071 . A. 4I 1023E-C8-4bMGEM 0- 1.23207E.07, - 4.1 10230EM - 9.40174 E4)8, 7. E-02 -3.740ME04 -

07i 4909 2S5I1 E.074 4.11023E.95._4.02020E.03 1.2320E-07,_ 411023E.9 9401740-95_7.fAMEM23 740ME.04
195 ________9592.05511E07~-44.11023E.9 4.MB0E-03 1I.2MO7E47,___4_1i10-495 9.4017SE-M _7.S196E-02__374ME0.04_

18___ 509 05E-7 411023E0.95 4.MB0E03 1-.2333707E-7 4 11023E09-95 9.401750a-95 .77897E-02 3.7403E.04
iO5209520 5100 7 4.102309EE-0_.XE03.i23307E-a7, I11023E.95 9.40175E-95.20B -2 795.4
I5i 6095 2.D5511E.07,_ _.1-1023E-95. 4.MBM-03 1.233070-07 4 11023E-9 9.40175Ea95895743E-02 3.7490E.04
11 6095 _2.MWiE.07.41023E08-954.0M20E-03 1.23337E-074110ii23E0-95 9.401750E95_825E69E4-23.7iM435-0
11 5095 2.055l-074 4.1102E-95 4.~0.MOE3 1.232070-07._ 411023E0.95_9.401750.95__8415700.02 3.74950.4
114 5092.056iIl0E477 4.!11023E.95_4 E20-03 1.2320170.07 4 110230-95_9.401750495__8 574750.02_37M495004

111579 261I.7 . .103E9 E4~ -03.1.232070.0 41102E30-9 9.401750-9e_8.73379EM-.. 3.74950.04
is~______ 95M 2.055IIE0-07 4.i1023E-9 4.02 E0003 1.23207007 4.110230.95 9.40175095 8892760402__374950-04
ii7 . -.. .. 5895W 2055ll1E.O71 4 11023E-OB 4. E-03-1.2f317E437; 4 11023E095. 9.4017SE-M95905169E-02, _3.74ME0-04
118M,0 ____~ _2.0561I-07i 4.1023E-9B5__4. E-03 1.2320 370-07 4.110230.95__9.401750M-9_921057E-02_3.74ME4)4_

119.-- 61095 2065110.07 .... 4110I30EM 4.MB3E-03 1.23207E407 411023E.95 9.40175-95 9309AIE-02 3.7403E-04
120' 52095_2 05

5liE4)Ol_ 4 110ME38-9 4020200.03 1.23201470-07.4 110230.95__9.40175E-95 '952521-02_ 3.74M3E-04'
j~l~ 52095_2X56110-07~ 4 110230E95 4-.DE-C3 1.2=E-07, 4.1102-0-9_19.401750.9 969G950-2_3.7403E-04

Figure F-6. Spreadsheet "Transport-Calc all colloids.xls;" Calculated Solutions and Equation Terms,
Iterated in Time, for Mixing Cell Colloid Model, Time 300 - 630 Years

95 25000_.13750-04__41101E-02__4.1101E.02__4.5990- 656207E-03 300.00 3.71334E-03 .6
2637

E-
07 4

:MME-a
7 487 2  

E-
0 1

89 .051-03 6.137BE-0-4 4.11-02 .11010-02 4.6999E-03-6 68200 10 9~.700 3E.03 2.526470. 4.766420-07 5.487ME0-01
9J20651E-03_5.1377E-04 4.IIOIE-0_24110iE02. 4.79520-3 SMOE-m3 32095~.700 234E3 52553E-07JM7M5E-07-5.48737-01

9f -2.0551E-03 5.'1377E-04 4-.112E-02 4i.11020 -0_4.7054E-03__'62495E-03 -33.0.953.702340-03_2.5255E-07'~.A)85S7E-07, 5.48743E-Of'
Sr1 205510-03 5.1377E-04 4.1102E-02, 4.11020-02 4.7955E-03~ 6 4437E-03, 34095, 3.70234E-03 2.5252-07 4.78%lE-07 5 4843E-Ol1
59 2.0551E-03 5.1377E-C4 4.1102E-02 4.1102E-02 47ME4-3__ 65473E-03 350950'3.702340-03_2 6264E.044.7054E07_.48744E-01~
94 -2.M510-M03 513780-04 4 ~ii02E-02'-4.i02E-02__4.957-03 5 89E-03 360950 3.7023402-03 2.625S5E-074.7867E-0Y7 5437450.0'I
95 205510-M3 6137804-041-102E-02,_4.11ME0-02_4.70570-03_7.0543-03 370.095370234E-03_?S 25 SOOEZ&7J47fE 7-07548745E-01
95 -20551-0361'3M:378 -044112E-02 4.IO14102 -24.7055E-03_7277E-95 33)90. 3.702340.03 2.6266BE.07L4.7ff9E.07L5.487477E0iF
97 20551E-M3, 613750-C-04. D411 20-02, .1l2E-02,4.7~0-033 7.46110-M-03 90.370340E.03 2. 25 E4077t.7867CE-G_543747E.01
985_2.0551E-95_6.13780-04_4.1102E-02 4.1102E-02 4.7050E-03__7.13W440-3 400.0053.70234E-03_2.62E70E.07v4.79571E-a7,548748E-014
99 .20551E-03. 6.13780-04 4.1102E-02__4.1102E-02__4.7050E-03_79780E-03 4109537023.M4E-03_ 2

.
5 2

E
70

E-
07

_
4786 7

E
0 07

_6.48 748
E-

01
.

15205E10-3_6.13780-04 4i.1102E-024-.i102E-02 4.7n50-03. 075 -03 420.9 370234E-03_ 2
S
2 670 0-0 7LAMM672-07..543748E-D1

101 20551-03 5.1S~3780-04__4.1120-2 4.1-02 02__.7U -03 8.2740E-03 _ 420.95_3702340-03_2.62
67OE-O

7L4.787 2
E-O

7L_.A87 4SE-OI1.
102 20510-03 6.'1378E0-04__4-.-102E-02_4.1102E-02 4.7118E-03 .84770E-03 ... 440.95 370234E-03 2.52571E.071 4.78672E-07~648748E-01
12 -20551E-03_5.13780-04 -4.1102E-02 .4.11102E-a2--4.7959E-03'__8601E-30-03 '450.95 -37234E-03_2.5271Eo- 07 _4.78572E-07, 5.474 SE-01

410420551E-0 6.13780-04__4.1.102E-C2 4.11020-02 4.719E-03__8882E-03 45095 370234.E-0C3_22 6
M

7lOE-O7L~.?872E-07jS A8749E.01
105205510-03__513780-0i4 4.112E-02'~.ii0-l2E-a2-4.'711E-03 9OBE-013 47095 -370234E-03 2 62

6
71

E-O
714'7867

E
0- 7

,548749E-01
15__205510-03 5S.1378E0-04 .11a2E-02 4.1102E432 4I.702E-03__9.29570-03 480.95 3.70234E-03_

2 2
.

6 7
lE4

0 7
L

4
.
7

e
5 2

E.
07

L5.
45 749

E-
01

1
107,_20551E-M __513780-04 4.11i02E-02 4.1102E-02__4.702E0-3 9.41915E-0 490M53n7234E-03 2.62671E-07,47862 EWL.7.4749

E-01
195 205510~-03 63780-04 41-102E-02 -4.'11'02E-C2_4.7EE-03 9569420-03 59595.70240-03_2.MIE10-747720768790l

19_205510-03_5.13780Il-044 1102E-02_41102E02-02 .71E8.03 9.8ME-03 51 0953 70234E-03 2.62671iE-07L_#.78672E-07.5 A8749E.0114
1140500 1700 1000 41102E0-04.709E-C3,- 1615-2 .505..0300,..2671 E-071 4.78672E-07 k5.46749E-0II

101-20551E-03 513780-04_4.1102E-2 4102 0-0 47t8-3 j..020ME-02 5209 3.70234-03_2.E51-74752-75479.
1121 205510-03' 61378E-04 4.11a2E-a2'41.102E-02 --- t=903~ 1 CME4]2 54095D3.702 E4)-3_2'.E267I0-E74.79E73E-7..48749E-0I,

11 0551E-03-51-3780-04_4.1102002~ 4.1102E-02 4.7959-03 170-2 540295'370234-03_2.S267 E- 7437 95 7 -076
5.
4

5
749 E-O1:

213 2055iE-03 -5.-1378E0-04 411020E2 4.1102E-a2 4.7110 EE-03 -02 U75724-32657E0 1 4753-7 .440-Of
115 205510-03430 .B IE0747873VSA74E

2M5__ 6 .13780-4__4.1 102E40224.1102E-C2 4.7950-03 I.131-02 5W 3.0234-03 2. 2 7 E-87 4.786
73 E-87

. .4874
SE-O1

6251&3 5137SE434 4.11020E02 .41102E0-02 4.7959043:-03 .11512E-02,--- 70'3024-3 .Z1.74.1M -7SW9.
11_2.051 E-a361- I378E-04 4.1102-02 ~4,11020-02__4.79500 1.1714-02. ____D39' 3.70234E-03'2.5271E.07jT8ME-U73-57.40749E-01

I12.0551E-03651378E-04 41102E-02 4A110E-02 4.70200-03 119200-2 S9000 3.7024E-03 2.62d71E-_W73 4.79M7E-076.48749E-0V:
1i02.05510-036-.13780Ei-4_41102E0-02_4.11020-02_ .7a59E0-03 121230-02, 5093.034-0 . 52071 .4.7 0-68ME9-01I

212.0551EM0 6.137eE-04_4.1102E-02_4.1102E-02 4.799003 122240-02 ____3109 .3.7a234E-03 
2

.
625 71

E.
0 7

l 4.789 E730- 5.48749E-01:
IEfln 03 5W.137BEAra4 4.r.1102-24.1102 a 2 .70SJfl .32E. _6l-es..0..r C3724-3.2661-7.At1 nE.0 r aflEr 01

Figure F-7. Spreadsheet 'Transport -Calc all colloids.xis;' Additional Calculated Solutions and Equation
Terms, Iterated in Time, for Mfixin-g Cell Colloid Model, Time 300 - 630 Years
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Figure F-8. Spreadsheet 'Transport Cac _all colloids.xls;" Final Calculated Solutions and Equation
Terms, Iterated in Time, for Mfixin-g Cell Colloid Model, Time 300 - 630 Years
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Figure F-9. Spreadsheet "Transport Calc-all-colloids.xls;" Calculated Solutions and Equation Terms,
Iterated in Time, for Mixing Cell Colloid Model, lime 640 - 970 Years
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Figure F-10. Spreadsheet TransportCac _all-colloids.xls;" Additional Calculated Solutions and
Equation Terms, Iterated in Time, for Mixing Cell Colloid Model, Time 640 - 970 Years

i2-2 -1.2n25-04 1.619695.12 3.7019650 3.3701965-03 0.01E5400 3M343BE-03 49.4(065650 3.63448E.03 -1.12757E-17i
1231 129289-04'11.667E-12 3.70196E.03 .3.70196E5'.03'C1E54C033.633345E43,.9.4(056503 I3.6343.0 7.37257E-18
124 -1.292854_418.26913E-13' .3.01 9EE03 -3.7019BE4- 03,. E4a) I=E23203 -9.4(0565E03 ~3.3239E-03 --520417E-18'
125] 1.292E9-04 59732E-13 3.7019EE5-03 .37096E433,0.MXDIE4C -3631256.03.9.4(0E6543:3 63136E-03, 2 08157E' 1 7'
126! 1.29289.041 4 .21 17AE-13) 70903 -3.7019EEM'.030 E402.3 53215E03 -9.40565E083) G=E

0 3
' .

2 5 5
ME
5 1 7

L
127 ~ E229-04i 3 O)763513 In6033096 30 fT4{X).3 62916E503 -9.4(065S40 33 29ME503. 1.99493E:17~
128 1.292595.041 2.14777E-13 370196E53 .370196503 OMMEi03_3.6212E-03 -9.4(0650EW3_36282203- 39M-171
1291 1.2925954 15374E-13 3.71670196E 160 0-.3.67)0 9455033.67i53 E)5.)

301292895041 t1.b%52E5-3 3i.70196E503'3.70196E.03'0.M15E.0)3.62(4E-03 .9A4(05EM3 362613E-3 .4.770495-18
if13 i29289E-04-?.8212EE.14 '3.701965-03'.3.7019650b3 0.MDE.0)3.62499E503 -9.4(06E5.03 .6253E50386t73E225-18

i32- -1.29ME9-EW 65fi27E5143 70196Ea3'3.3 70965033 0.01155400 3.623965E4339.4(065SE4M33624SE-03 6.93BME-18
133 129259-04 398851EQ1IA3.7019650)3.370196E503, ------ E400 3.6221503 -

9
.40

6 6
503E.623S E-

03 ~ 2.32524E.17
l -4 .229 -0488 -14-3.70196503'3.37019650 0.53350 3.6187E503.-9 (065503 '3.6319650C3 _1.7WE 325.17
131.292B9E04i 2 03379E-14_3.70196E-0'3.370196E503 0. -E.0J IG2E03 .9.4(056503_M3.6322503 -2.211775-17
132_.29269E.04~ 1.452645-14 3.7019650C3 -3.7019SE503 0.ME400_3.61979E-03:.9.4(056503_3

.
61

98
50 3 4

.2
7 0

E-
1 7

L
13!1.29259-04 l3736E-14 3.ni196E5C3,3.70196E0M'0.0IIDfE4G)361875E.03 -9.4(066503- 3.61594503, 5 63786E.18~
121.292595404 7.405705-15 37019650M'3.37196503 0. E4M 3.6177I5E3. 4405655E033617MEM50339MUE-171 ~

125 .29ME-041,52M3E.153. 37096503'3.3 7019E5030.M1E25-.)3 6156750a3.~9 4(655'3.361675-03, 2.73219E-1Li
140 292BE-04i 3.77E34E-IS_3.701965-03 -.3701965-03 0.M)E403 3615635-03 944056E5033 6

1
5 72

S
03 2

.471
9)

E-l7,
I41j292BE-O4 2 695E9E-15_3.7196E503.3,7019GE503.0.01024W361459E5M3.9-4066503_3.61460E50_3634292E.17k

142__1.292595.04:_1.92691E-5-IS371965-03 3.3701965033 C.O5E4003.6135SE433-9.4(0655E03 3.61364EM 2.66972E-17~
143 .292509E 1l.375665E-15_3.70196E50 3.37196503 0. _.0 3_15 0 9406-3621E 3 6

414~
7

144 1.292895W-04 .813365E-16 3701965013 .37019603 0. E400 3611475.3-03..4(056503611575-03'3 33934E-17I
14'i.2929E4C.04i0232E-16-3. 0196503.370196503 0.W=E400_3.610435E03 .9.4(0E6803.361053503 A 39M3E3-18

461.292BE434_S 11OE82-16 3 70196E03.371i96E03'0.011E540)30)940503 -94(06650' 3 0329E-03-73725+7E5-l8
171.292895.043.575725-16-370196E503.3 7096E503 o.bM5E0) 3.039253 .40650' 3,-M5EW 3.34 945517L

148 12989-0 256205163.01653.37019-65E03,0- E-;00 3G9732E-G3 .9.4(05650 3.60742E503, 477C49E-171
149 1.29289-04' 1827769E-16 3.70196E5M .3.70196E503 0. E32400 3 0629E503 9.4(6650B~3, 3. E2-03' ~3 33934E-17~
I5 1.29ME-04 1.291235-16_3.7019E50 3 .37019BE-03O(. E4(J23 (525503 9.4(06503W 3.65EC34503n 72 E-f7,

152_1292895~ .04_.569-17, 3.701965-033.3096 ~ . E . 3.60421503 -9.4(0655E '3360431 E03, _7.79735-17i
1.3 E04 _554E1,371EEC 37019650a3 D. E4U2 3.6O318E503 .9.4(0655E03 3.6=E_3275 _32 99240E-171_

153_.29289-04_4.76762-17 37019650 3 .370196EM030fD324W3 60214503 94(066503 3 602450.3 .1 .431155-17k
15_.8850_32(51)71603.33.tl96E-03'D. 5tJ..(0l 544(066E -3(0120E503 282057

155 1.29289E-04_2 33 21E-1 370196E 3.370 ----- 0 E-4M_3.0EOIIIE 405503.j1E0I.377 E4_7,

Figure F-li1. Spreadsheet 'TransportCalc all colloids~xls;" Final Calculated Solutions and Equation
Terms, Iterated in Time, for Mi-xing Cell Colloid Model, Time 640 - 970 Years
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Figure F-12. Spreadsheet'TransportCalc all colloids.xis;" Calculated Solutions and Equation Terms,

Iterated in Time, for Mixing Cell Colloid Model, Time 980 - 1000 Years

_j - I K i- - 1 I I ..I - N -| - P ------ A 1 T
1S,_205&1E.3 .137aE-.4 A 11326-32 4.1102E-02 A 79E-3 1 E3576-0 __9__ 130 3.70234E6-3 2.6271EE-7 4714.73E.7 5.48749E-01:
idjs 2.0551E603. 6.137.E 1 241 I02E-l 7E-03 I .s57E-Cl 990._ 3.70234E-03_2.6267iE-0714.78673E07;s48i7i9E-0I1
156 2.0551E-35 _.137E6-04 4.1102E-02A 41102E022 _.fE-03 1.9757E-02 mimo. 3.70234E-03 2.62671§E7 4.773-E07 5.48796E-01

Figure F-13. Spreadsheet "TransportCalc_allcolloids.xls;' Additional Calculated Solutions and
Equation Terms, Iterated in Time, for Mixing Cell Colloid Model, Time 980 - 1000 Years
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Figure F-14. Spreadsheet"TransportCalcallcolloids.xis;" Final Calculated Solutions and Equation
Terms, Iterated in Time, for Mixing Cell Colloid Model, Time 980 -1000 Years

SPREADSHEET "FLUXOUTRATIO.XLS"

The purpose of this spreadsheet is to demonstrate the use of the irreversible linear reaction rate
constant to fit a specified flux out ratio. The spreadsheet calculates and plots the figures
"Limiting Flux Out Ratio as a function of Irreversible Reaction Rate" and "Linear reaction rate
from colloid to total flux out ratio."

The calculations for flux out ratio as a function of k, linear irreversible reaction rate, are done in
Worksheet "advdiff decay." The calculations for k as a function of flux out ratio are done in
Worksheet "K-surface." This description refers to equations from Appendix B, "Implementation
of Radionuclide Sorption onto Colloidal and Stationary Phases with Finite Difference Solution."

Description of Input Values

The first 29 rows of the worksheet contain the input data values with the exception of Row 12,
where pore volume is computed. Column D contains input values typical of the TSPA-LA.
Column B contains values from Column D that are scaled for unit conversion of mass (kg),
length (in), and time (yr). An image of the first 31 rows of the Microsoft Excel spreadsheet is
shown in Figure F-15.

Row 2: cS [kg/mA3]

c, (mg L-l) = Pu solubility

$B$2=$D$2/1 000
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Row 3: phiI

0 _1, porosity of the waste form cell_1

$B$3=$D$3

Row 4: phi_2
4b _2, porosity of the corrosion product mass in waste form cell_2

$B$4=$D$4

Row 5: phi_3

_ 3, porosity of the invert

$B$5=$D$5

Row 6: U [mA3/yr]

ui, volumetric water flux

$B$6=$D$6
A B _CDp-I

1 _t_

2 cIe pkgn1_ 0 .0 mpl____.It
8 Fhit.. . A lj3 IJ
4 phi2 0.431L2_____ 0.4
5 phi3 0.3 kl2 ____ r 0.3
6 u =nj 0.1 alj ht _
7 W FeO!c[Tn3hlglj _OOOOE+01 uet- CCIII1 I.000E+04;
B WFsO PLflgP 2.COE4 KijeIjPImI/u_ 250E.+3
9 W...WF..ctmI-g1 2. 00E4M2K KjLWft 2E.00E5'
10 Kd!GW..c mgfgj 200COE+02 KSJWVjllul _ 2000E+05
11 tansfC g _1 .aEE4 rnmI.FeOCPi BgOWEt7j
12 e V oen[m^] 2 2E+OOV pe _ 2 23E+4
13 cFeOc Ikgrm^3] _ 2E.00000E02,cFeOmg/Lj 2.m0000E;61
14 c-FOCP n3 1 OE3 cFeOCP 1mg/I] 7 1XE4(E__
15 cWFc [kg/m _ _OOE-03 *_W _eFUtl1_3 3.DE4+
16 c k _ - .OOOE.04 e tW.1e_1kj*1 I ODOE 01
17 rate 4.1837E34 rntftId _ 4.1B370E 2
18 SFeOU c m-2/]_ 1.0D E+05 5_eLdoI I _ E402
19 SF OCP [m'21 1.0DOE+04 doe jPku^2Iw1 I
20 d FeOjkg3hJ 5.2 _ 2a~E+03 ternleteltW22t 6.24m0E4D3
21 diffusaj m*g2Iyr_ 7.25E.02 dlfleetu21d 2.30E-09,
22 diffusjcoiloid [nm?2ry 7.25 E-04 iss eeeeiodi.'21e2 2.30 E-11I
23 iffngt_tl _ 1.E-03 illtehh1.1S I.OOOOOE-03
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25 d!eriffg1h3 ( e.CM5EW ikmleuitmiiFi l BOiOE-01
26 deffea 1.2mrJ_ 3.6O=E 4  srea_1_21 uM 3.SOE401

27df na23g^J 1.068OE40E+ IMaa23z2 .MME40E
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Figure F-15. Spreadsheet fluxoutratio.xis," Worksheet K-surface;" Summary of Inputs

Row 7: Kd_FeO_c [mA3Ikg]

Kd-FeO-c, partition coefficient in the FeO colloid state

$B$7=$D$7/1 000
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Row 8: KdFeOCP [m^3/kg]

Kd-FO-CP, partition coefficient in the stationary FeO corrosion product state

$B$8=$D$811 000

Row 9: KdWF-c [mA3/kg]

Kd-FWC, partition coefficient in the waste form colloid state

$B$9=$D$9/1 000

Row 10: KdGW-c [mA3/kg]

Kd GWc e partition coefficient in the GW colloid state

$B$1 0=$D$1 0/1000

Row 11: massFeOCP [kg]

niF.0CP 9 mass of corrosion products

$B$1 1=$D$1 1/1 000

Row 12: Vpore [mA3]

V = 0 17 Fe CPI
pore -~,I 0 Me-C , pore volume

1- PFEO-CP

$B$1 2=$D$1 2/1000

$D$1 2=$D$4*$D$1 1 /($D$20-(1 -$D$4))

Row 13: c_FeO c [kg/mA3]

CPUFO_,, concentration of FeO colloids

$B$1 3=$D$1 3/1000

Row 14: c_FeO CP [kg/mA3]

CP,_FO cP, concentration of FeO corrosion product

$B$14=$D$14/1 000

Row 15: c_WFc [kg/mA3]

CPU WF C, concentration of waste form colloids

$B$1 5=$D$1 5/1000

Row 16: c GW c [kg/mA3]

CPU ,GW , concentration of GW colloid state

$B$1 6=$D$1 6/1000
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Row 17: k [m/yr]

k, intrinsic or surface reaction rate (m3 M-2 YW)

$B$17=$D$17/100

Row 18: S_FeO c [mA2/kg]

SFOc = specific surface area of FeO colloids (in2 kg-)

$B$18=$D$18*1000

Row 19: S_FeOCP [mA2/kg]

FO cr= specific surface area of FeO corrosion products (m2 kg")

$B$19=$D$19*1000

Row 20: d FeO [kg/mA3]

PF&OCP = density of FeO

$B$20=$D$20

Row 21: diffus aq [mA2/yr]

Daq = aqueous diffusivity

$B$21 =$D$21 *31558000

Row 22: diffuscolloid [mA2/yr]

Dco!Iold = colloid diffusivity

$B$22=$D$22*31558000

Row 23: diff length 1 [m]

L, = diffusive length for cellI

$B$23=$D$23

Row 24: diff length2 [m]

L2 diffusive length for cell_2

$B$24=$D$24

Row 25: diff length3 [m]

L3 = diffusive length for cell_3

$B$25=$D$25

Row 26: diff area_1_2 [mA2]

AI12 = diffusive area at cell 1 and cell_2 interface

$B$26=$D$26
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Row 27: diffarea_2_3 [mA2]

4,23 = diffusive area at cell_2 and cell_3 interface

$B$27=$D$27

Row 28: decay [1/yr]

A, decay rate

$B$28=$D$28

Row 29: delt [yr]

At, time step length

$B$29=$D$29

Rows 3 0 through 5 1 c ontain a dditional d erived parameters for the c olloid model. I mages o f
Rows 32 through 100 are shown at the end of the description of this spreadsheet.

Row 30: R bar 1 [1/yr]

RI = SFeO_,CCO ,k , reaction rate constant for colloids

$B$30=$B$1 8*$B$1 3*$B$17

Row 31: Rbar_2 [1/yr]

R2 = SFeOCPCFeOCPk, reaction rate constant for corrosion products

$B$31 =$B$1 9*$B$1 4*$B$17

Row 32: U-bar [1/yr]

U = advective rate constant

$B$32=$B$6/$B$1 2

Row 33: KdbarFeO_c

dimensionless partition coefficient in the FeO colloid state

$B$33=$B$1 3*$B$7

Row 34: KdbarFeOCP

dimensionless partition coefficient in the FeO corrosion product state

$B$34=$B$1 4*$B$8

Row 35: KdbarWF_c

dimensionless partition coefficient in the waste form colloid state

$B$35=$B$1 5*$B$9
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Row 36: Kd barGWc

dimensionless partition coefficient in the GW colloid state

$B$36=$B$16*$B$1 0

Row 37: Kbar_1

K 1 =i+ K=Kd-FeG + Kd FeOCP + Kd WF + Kd GlV -, combination of dimensionless
partition coefficients

$B$37=1 +$B$33+$B$34+$B$35+$B$36

Row 38: Kbar_2

K2 =1+Ktd -Foc + KdWF +Kd GW I combination of dimensionless partition
coefficients

$B$38=1 +$B$33+$B$35+$B$36

Row 39: Kbar_3

K3 =-KdFeO- +KdtWF- + Kd GW , combination of dimensionless partition
coefficients

$B$39=$B$33+$B$35+$B$36

Row 40: Diff left-aq [1/yr]

diffusive rate constant, left interface in water

$B$40=($B$26/($B$23/($B$3*$B$21)+$B$24/($B$4*$B$21)))/$B$12

Row 41: Diff right-aq

diffusive rate constant, right interface in water

$B$41 =($B$27/($B$24/($B$4*$B$21)+$B$25/($B$5*$B$21)))/$B$12

Row 42: Diff right-colloid

diffusive rate constant, right interface colloids

$B$42=($B$27/($B$24/($B$4*$B$22)+$B$25/($B$5*$B$22)))/$B$12

Row 43: Omega

colloid mass flux out

total mass flux out

$B$43=($B$44+$B$30)/($B$45+$B$30)

Row 44: p_1

p, = K3 (U + Drgpi co_ +A)

$B$44=$B$39*($B$32+$B$42+$B$28)
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Row 45: p_2

Pi=(UK2 +D,igh, U+DhgC. U+D3 c, + A'
Ur igh, _..co

$B$45=($B$32*$B$38+$B$41 +$B$42*$B$39)*($B$32+$B$42+$B$28)/($B$3
2+$B$42)

Row 46: delta

scale value for k = 2.0

Row 47: comments

Rows 48 through 81 are values for the flux out ratio calculated as a function of the irreversible
forward reaction rate, Equation B-71. Column A contains the values of k, and Column B
contains the corresponding values of flux out ratio.

$A$48=0
$A$49=1.E-5
$A50 = $B$46*$A49

Row 50 is dragged down through Row 81.

Then in Column B the flux out ratio, fQ = fl , is calculated as a function of the
total mass flux out

irreversible reaction rate value:

$B48 = ($B$44+$B$1 8*$B$13*$A48*0.01)/($B$45+$B$18*$B$13*$A48*0.01)

The factor 0.01 converts the irreversible reaction rate constant from units of cm yf I to m yr'.
The above expression is then dragged down through Row 81.

Figure B-3 in Appendix B, "Limiting Flux Out Ratio as a Function of Irreversible Reaction
Rate," is plotted, where:

x-axis: $A$49:$A$73
y-axis: $B$49:$B$73

The point k = 0.001 cm yrf is

x-axis: $D$17:$D$17
y-axis: $B$43:$B$43
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In Worksheet "K-surface," Rows I through 46 are the same as for Worksheet "adv_diff decay."
In Worksheet "K-surface," Rows 48 through 100 (FigureF-16), values for the irreversible
forward reaction rate, k, are calculated as a function of the flux out ratio, f2, Equation B-72.
Column A contains the values of flux out ratio, and Column B contains the corresponding values
of k.

$A$48: minimum flux out ratio when k = 0, f2 = pi
P2

$A$48 = $B$44/$B$45

$A49 to $Al 00: uniform spacing of omega values between the minimum and 1.
$A49 = $A48+(1-$A$48)/53.

$A49 is dragged down to row 100.

irreversible reaction rate. k =
(1 -!n)SFocCF¢O C

$B48 = 100*($B$35*$A48-$B$44)/((I -$A48)*$B$18*$B$13)

$B48 to $B101:

(The factor of 100 is a conversion from meters to cm.)

$B$48 is dragged down through $B$100

Figure B4 in Appendix B, "Linear Reaction Rate from Colloid to Total Flux Out Ratio," is the
plot in Worksheet "K-surface," where

x-axis:
y-axis:

$A$49:$A$I 00
$B$49:$B$1 00

The point labeled "Omega = 0.95" is

x-axis:
y-axis:

$B$43:$B$43
$D$17:$D$17
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A I B C
32 UL Lar[1 yr____i 4.36667E-02
33 KdFeO c bar ]2.00000E-01
34 Kd FeO CP1bar 1 -__.96500E+04_
35 Kd WF c bar ] 6_.00000E-01
36 Kd GW c bar 1 2.00000E-02
37 K 1 i 1.96513E+04
38 K2 1 1.62000E*00
39 K 3 8.20000E-01
40 Diff leftaq 9.12736E-02
41 Dfrght aq 2.22893E-03
42 0iff right colloid 2.22893E-05
43 Omega 9.500OOE-01
44 p_1 _ 3.58485E-02
45 p2 I E.17743E-02
46 delta 2.00E400
47 Omega k
48 0.4384 0.0000WOE+00
49 0.4490 7.8629E-05
50 0.4596 1.6034E-04
51 0.4702 2.4532E-04
52 0.4803 3.3377E-04 _
53 0.49141 4.2591E-04
54 0.5020 5.2196E-04
55 0.5126i 6.2220E-04
56 0.52321 7.2688E-04
57 0.5338 8.3633E-04
58 0.5443 9.5086E-04
59 0.5549; 1.0709E-03
60 0.5655' 1.1967E-03
61 0.5761 1.3286E-03
62 0.58671 1.4677E-03
63 0.5973 1.6140E-03
64 _0.6079 1.7601 2-03 _

65 0.6105 1.9303E-03 _

144 < IKsufc *d duf decfde ay

A 6 I
66 0.6291 2.1028E-03
67 0.6397 2.2849E-03
68 0.6503 2.4780E-03;
69 0.6609 2.6832E-3.
70 _ __ 0.6715 2.9017E 0 E
71 0.6821 3.1347E-03,
72 0.6927 3.3038E-03.
73 0.7033 3.6506E-03;
74 0.7139 3.9373E-03,
75 0.7245 4.2460E-03,
76 0.7351 4.5794E-031
77 0.7457 4.9405E-031
78 0.7563 5.3331 E-03
79 0.7669 5.76142-03
80 0.7775 6.230
01 0.7801 6.7464E-03
82 0.7987 7.3166-0
83 0.8093 7.9503E-03
84 0.8199 8.6585E-031
85 0.8305 9.4552E-03
86 0.8411 1.0358E-02
87 0.0516 1.1390E-02
88 0.0622 1.2581 E-02
89 0.8728 1.3970E-02
90 0.0834 1.5611 E-02
91 0.8940 1.7581 E-02
92 0.9046 1.9909E-02
93 0.9152 2.2999E-02
94 0.9258 2.6869E-02
95 0.9364 3.2028E-021
96 0.9470 3.9252E-02
97 0.9576 5.0087E-02,
98 0.9682 6.8145E-021
99 0.9788 1.0426E-01

4 i K-surface4 adv dif decaj

I A i B
100 0.98941 2.1261 E-01
101 i

Figure F-16. Spreadsheet 'fluxoutratio.xls," Worksheet 'K-surface;" Calculation of Irreversible Forward
Reaction Rate, k, as Function of Flux Out Ratio, Q

SPREADSHEET "TIMETO_CONV.XLS"

The purpose of this spreadsheet is to demonstrate the time to converge for the Pu concentration
in solution and the irreversible Pu concentration on colloids. The spreadsheet verifies the
convergence estimate discussed in Section "Convergence Estimates For Closed Form Solutions"
in Appendix B.
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The calculations are done in Worksheet "timetoconv," while the plot is in Worksheet
"plottimetoconv." This description will refer to equations from Appendix B,
"Implementation of Radionuclide Sorption onto Colloidal and Stationary Phases with Finite
Difference Solution."

Description of Input Values

The first 29 rows of each worksheet contain the input data values, with the exception of Row 12,
where pore volume is computed. Column D contains input values representative of TSPA-LA.
Column B contains values from column D that are scaled for unit conversion of mass (kg),
length (in), time (yr). An image of Rows 1 through 33 is shown on the next page.

Row 2: c_s [kg/mA3]

c (mg L'1) = Pu solubility

$B$2=$D$211 000

Row 3: phi_1

_ 1, porosity of the waste form cell_1

$B$3=$D$3

Row 4: phi_2

0 _2, porosity of the corrosion product mass in waste form cell_2

$B$4=$D$4

Row 5: phi_3

_3, porosity of the invert

$B$5=$D$5

Row 6: U [mA3/yr]

it = volumetric water flux (in3 yf-1)

$B$6=$D$6

Row 7: Kd_FeO c [mA3/kg]

Kd FtO c, partition coefficient in the FeO colloid state

$B$7=$D$7/1 000
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A - I C I D
1 Input for Excel sreadsheet Input from GoldSim
2 cs k/MA3 0.001 jImg/1. 1
3 phi 1Dhl_1 1
4 phi2 0.4 phi 2 0.4
5 phi3 0.3 phL 3 0.3
6 u [mA3/yr] 0.1 u[m.3Iyr] 0.1
7 Kd FeO c [mA3Ikg]_ 1.OOOOE+01 Kd FeO c im Ig _ 1.00000E404
B Kd FeO CP [m^A3/kg] 2.500W0E+00 Kd FeOCP [mIgJ 2.50000E+03
9 Kd WF c [mA3/kg]_ 2.OOOWE+02 Kd WF c [mi/g] 2.00000E-+05
10 Kd GW c [mA3/kg] 2.00000E+02 Kd GWc[mlgl 2.OOOOOE+05
11 mass FeO CP [kgj 1.80000E+04 mass FeO CP [gl 1.80000E+07
12 V pore [m^31 2.29008E+00 V pore xL] 2.29008EQ03
13 c FeO c_[kgl] 2.000OOE-02 c FeOc[mg/L] 2.00000E401
14 c FeO CP jkg/3j_ 7.86000E+03 cFeOCP [mglS 7.86000E+06
15 cWIFc [kgtmA3]__ 3.OOOOOE-03 _AWF c [mg/L 3.00000E+00
16 c GW c [kg/mA3] 1.0OOOOE-04 c GW c [mg/Ll 1.000OOE-01
17 rate [gmyi 1.OOOOOE-05 rate [cm/yr_ 1.000OOE-03
18 S FeO c [mA2Ikgl 1.00000E+05 S FeO c mA2/g]1 1.00000E402
19 S FeO CP ImA2Ikg] 1.00000E+04 S FeO CP [mA2/g] 1.00000E+01
20 d FeO [kgImA3] 5.24000E+03 den FeO 5kg/mA3I S.24000E+03

_ _ .1 m3_

21 d _ffus [mA2/yr]_ 7.25834E-02 diffus aq [mA2/s] 2.30000E-09
22 diffus colloid ImA2/yj] 7.25634E-04 diffus colloid [mA2 2.30000E-1 1
23 dffUlength_1 [m] 1.OOOE-03 diff IengthI_[T] 1.OOOOOE-0324 difflength2 [m 5.00000E+00 diff length_2[n 5.00000E+00 -

25 diff length 3 []_ 8.06000E-01 diff length 3 [m_ 8.06000E-01
26 diff area 1 2 [m2l 3.600WE+01 diff area_1 2 [m2 3.60000E+01
27 diff area 2 3 mA1 1.0680E+00 diff area 2 3[mA21 1.06800E+00
28 decayjyyt . 2.F7494E-05 decay 41yr J 2.87494E-05
29 delt [yr] 1.00000E+01 delt lj] 10
30 R barl [lyr]J 2.OOOOOE-02
31 R bar 2 [11yr] 7.86000E+02
32 U bar [ljyrJ 4.36667E-02
33 Kd barFeO c 2.OOOOOE-01 ___ ___
MA A n rvn
14 4 > Hi plot time to conv -tlme~toonvj

Figure F-1 7. Spreadsheet 'timetoconv.xis,' Worksheet 'timetoconv; Summary of Inputs

Row 8: KdFeOCP [mA3/kg]

Kd-FO cP, partition coefficient in the stationary FeO corrosion product state

$B$8=$D$8/1 000

Row 9: KdWF-c [mA3/kg]

KdWF -, , partition coefficient in the waste forn colloid state

$B$9=$D$9/1 000
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Row 10: KdGW-c [mA3/kg]

Kd GW C, partition coefficient in the GW colloid state

$B$1 0=$D$1 0/1000

Row 11: massFeOCP [kg]

IFeO CP mass of corrosion products

$B$11=$D$1 1/1000

Row 12: Vpore [mA3]

Vpe = -V =10 P-CP ,pore volume

$B$12=$D$12/1 000

$D$1 2=$D$4*$D$11 /($D$20*(1 -$D$4))

Row 13: c_FeO c [kg/mA3]

CPUFeo _, concentration of FeO colloids

$B$1 3=$D$1 3/1000

Row 14: cFeOCP [kg/mA3]

Cp,,O CP, concentration of FeO corrosion product

$B$1 4=$D$1 4/1000

Row 15: c_WF c [kg/mA3]

Cp,,u TF , concentration of waste form colloids

$B$15=$D$15/1000

Row 16: c_GW c [kg/mA3]

Cp,, GW , concentration of GW colloid state

$B$1 6=$D$1 6/1000

Row 17: k [m/yr]

k, intrinsic or surface reaction rate (pore-vol/area-FeO/time)

$B$17=$D$17/1 00

Row 18: SFeO-c [mA2/kg]

SFO - = specific surface area of FeO colloids (m2 kg-')

$B$18=$D$18*1000
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Row 19: S_ FeOCP [mA2/kg]

SFeO C = specific surface area of FeO corrosion products (m2 kg-')

$B$19=$D$19*1000

Row 20: dFeO [kg/mA3]

PFeO CP = density of FeO

$B$20=$D$20

Row 21: diffus-aq [mA2/yr]

Daq = aqueous diffusivity

$B$21 =$D$21 *31558000

Row 22: diffuscolloid [mA2/yr]

D~alod = colloid diffusivity

$B$22=$D$22*31558000

Row 23: diffjlength_1 [m]

L, = diffusive length for cell_1

$B$23=$D$23

Row 24: diff-length_2 [m]

L2 = diffusive length for cell_2

$B$24=$D$24

Row 25: diff-length_3 [m]

L3 = diffusive length for cell_3

$B$25=$D$25

Row 26: diffarea_1_2 [mA2]

A, 12 = diffusive area at celll and cell_2 interface

$B$26=$D$26

Row 27: diff area_2_3 [mA2]

4,23 = diffusive area at cell_2 and cell_3 interface

$B$27=$D$27

Row 28: decay [1/yr]

A, decay rate

$B$28=$D$28
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Row 29: delt [yr]

At, time step length

$B$29=$D$29

Rows 30 through 51 contains additional derived parameters for the colloid model. An image of
Rows 34 through 61 is shown in Figure F-18.

4011
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Figure F-18. Spreadsheet Sbme-to-conv.xis," Worksheet time-to-conv;" Additional Derived Parameters
and Results for Colloid Model

Row 30: Rbarn1 [1/yr]

RI = SFeO cCFeOC k, reaction rate constant for colloids

$B$30=$B$1 8*$B$1 3*$B$17

Row 31: Rbar 2 [1/yr]

R2 = SF¢O CPCFO cpk , reaction rate constant for corrosion products

$B$31 =$B$1 9*$B$1 4*$B$17

Row 32: Ubar [1/yr]

U advective rate constant

$B$32=$B$6/$B$1 2

Row 33: KdbarFeO_c

dimensionless partition coefficient in the FeO colloid state

$B$33=$B$1 3*$B$7
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Row 34: KdbarFeOCP

dimensionless partition coefficient in the FeO corrosion product state

$B$34=$B$14*$B$8

Row 35: KdbarWFc

dimensionless partition coefficient in the waste form colloid state

$B$35=$B$1 5*$B$9

Row 36: KdbarGW_c

dimensionless partition coefficient in the GW colloid state

$B$36=$B$16*$B$1 0

Row 37: Kbar_1

K2 =l+IKdFeOc+KdtFeoCP + KdWF-c+ KdGlV", combination of dimensionless
partition coefficients

$B$37=1 +$B$33+$B$34+$B$35+$B$36

Row 38: Kbar_2

K2 =l+Kd FeOc + Kd WF_ + KdGWC, combination of dimensionless partition
coefficients

$B$38=1 +$B$33+$B$35+$B$36

Row 39: K bar_3

K3= Kd -Fe +rK_WF c +KdGW c' combination of dimensionless partition
coefficients

$B$39=$B$33+$B$35+$B$36

Row 40: Diff left-aq [1/yr]

diffusive rate constant, left interface in water

$B$40=($B$26/($B$23/($B$3*$B$21)+$B$24/($B$4*$B$21)))/$B$12

Row 41: Diffleftcolloid [1/yr]

diffusive rate constant, left interface colloids

$B$41 =($B$26/($B$23/($B$3*$B$22)+$B$24/($B$4*$B$22)))/$B$ 12

Row 42: Diff right-aq [1/yr]

diffusive rate constant, right interface in water

$B$41 =($B$27/($B$24/($B$4*$B$21)+$B$25/($B$5*$B$21)))/$B$12
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Row 43: Diff right colloid [1/yr]

diffusive rate constant, right interface colloids

$B$42=($B$27/($B$24/($B$4*$B$22)+$B$25/($B$5*$B$22)))/$B$12

Row 44: denom_a_1_2

denominator of Equation B-48

$B$44=$B$37+($B$32*$B$38+$B$40+$B$41 *$B$35+$B$42+$B$43*$B$39
+$B$30+$B$31 +$B$28*$B$37)*$B$29

Row 45: a_1

first coefficient for Equation B-55,

K. + (UK + DflKd F¢ + 5rigaq rightcolK3 + R + R2 + )At
$B$45=$B$37/$B$44

Row 46: a_2

second coefficient for Equation B-55,

a2 =-K. ~+ ((1+fdWF_,)+Do_.q +ADrftoaKdWF c~C,
a2  K, +floK2 + D,' q + D,@ . Kd WIF c + Drlgh aqa, + (r1ItK3 + R 2 + A Ft

$B$46=(($B$32*(1 +$B$35)+$B$40+$B$41 *$B$35)*$B$29*$B$2)/$B$44

Row 47: b_1

first coefficient for Equation B-58, b, =
1+ (U + Drighb -C + A)

$B$47=1 /(1 +($B$32+$B$43+$B$28)*$B$29)

Row 48: b_2

second coefficient for Equation B-58, b2 = _ + t

$B$48=($B$30*$B$29)*$B$47

Row 49: e_1

first coefficient for Equation B-64, el = + ,

$B$49=1 /(1 +$B$28*$B$29)

Row 50: e_2

second coefficient for Equation B-64, e2 = R2At
B+ AA5

$B$50=($B$31 *$B$29)*$B$49
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Row 51: convergence relative error tolerance 1% = 0.01.

Rows 54 through 61 calculates the times to converge to limit value for Puaq concentration and
IrrvPu-c concentration as a function of time step size. The time step size (yr) varies by order of
magnitude increments from lxi 0-3 to x 104.

Column A:delt time

Row 54: assign time step value Ix10 3

Rows 55: $A55 = 10*$A54

This value is dragged down through Row 61

Column B:denom a 1 2

denominator in the calculation for a_1 and a 2 coefficients.

$B54=$B$37+($B$32*$B$38+$B$40+$B$41 *$B$35+$B$42+$B$43*$B$39+
$B$30+$B$31 +$B$28*$B$37)*$A54

This value is dragged down through Row 61

Column C:a 1

coefficient in Pu aq concentration Equation B-56.

Row 54: $C54 = $B$37/$B54

This result is dragged down through Row 61

Column D:time Pu aq [yrs]

time for Puaq concentration to converge, estimate Equation B-74.

Row 54: $D54 = $A54*LOG10($B$51)/LOG10($C54)

This result is dragged down through Row 61

Column E: b 1

coefficient in IrrvPu c concentration, Equation B-59.

Row 54: $E54 = 1/(1+($B$32+$B$43+$B$28)*$A54)

This result is dragged down through Row 61

Column F: delta 1

intermediate tolerance 51 in estimate for IrrvPu c concentration convergence.

Row 54: $F54 = 0.5*$B$51*ABS(($E54-$C54)/(1-$C54))

This result is dragged down through Row 61
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Column G:delta 2

intermediate tolerance 52 in estimate for IrrvPu-c concentration convergence.

Row 54: $G54 = 0.5*$B$51*ABS(($E54-$C54)/(1-$E54))
This result is dragged down through Row 61

Column H:t 1

intermediate result g'°(') Equation B-75.
logl0 (b,)

Row 54: $H54 = LOGIO($F54)/LOG10($E54)
This result is dragged down through row 61

Column I: t_2

intermediate result logo (62) Equation B-75.
log1 (a,)

Row54: $G54 = LOG10($G54)/LOG10($C54)
This result is dragged down through Row 61

Column J: time [yrs]

time for IrrvPu-c concentration to converge to given tolerance, Equation B-75.

Row 54: $J54
=$A54*INT(MAX(LOG1 0($F54)/LOGI 0($E54),LOG10($G54)/LOG1 0($C54)))
This result is dragged down through Row 61.

The plot of the time to converge (shown in Figure F-i9) is in Worksheet "plot time to conv"
and is Figure B-5 of Appendix B.

Time to converge for Pu aq concentration is

x-axis: $A$54:$A$61
y-axis: $D$54:$D$61

Time to converge for IrrvPucolloids is

x-axis: $A$54:$A$61
y-axis: $J$54:$J$61

Note that the x-axis scale is from lxI0 3 to Ix103 years, so only Rows 54 through 60 are shown
in the figure.
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I.E+04

I.E+03-

a,

I 1.E+02
0
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E
1.E+01

I.E+00
I .E-01 I1.E+00 I1.E+01 I1.E+02 I .E+03

time step size [yrs]

4 * *\plt vime~tkoconvZ ite-toconmj

Figure F-19. Spreadsheet stimetoconv.xls," Worksheet 'plottimetoconv;" Plot of Colloid Model
Results
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INTENTIONALLY LEFT BLANK
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APPENDIX G
MICROSOFT EXCEL SPREADSHEET "INVERT DIFFUSION COEFFICIENT"
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MICROSOFT EXCEL SPREADSHEET "INVERT DIFFUSION COEFFICIENr'

SPREADSHEET "INVERT DIFFUSION COEFFICIENT" WORKSHEET "MODEL"

The purpose of this spreadsheet is to perform a statistical analysis of the dependence of diffusion
coefficients, D (cm2 s.l), on volumetric moisture content, 9 (percent, 100 m3 water mn3 bulk
volume), as described in Section 6.3.4.1.1. The diffusion data are fit to an equation of the form

D=D( y, I (Eq. G-1)

where Do is the self-diffusion coefficient of water (2.299 x 10- cm2 s') (Mills 1973
[DIRS 133392], Table III), and the fitting parameter is the exponent, n. To perform a least
squares fit of the data, this equation is linearized in terms of in:

log2 0 D = nlogo(jf00). (Eq. G-2)

Column A, Rows I through 125, of the spreadsheet, shown in Figures G-1 through G4, contains
the moisture content values, 0 (percent) (Conca and Wright 1992 [DIRS 100436]; Conca et al.
1993 [DIRS 170709]), that are listed in Table 4.1-14. The corresponding diffusion coefficient
values listed in Table 4.1-14 are in Column B, Rows 1 through 125. In Column C, the quantity
9/100 is computed (e.g., C3=A3/100], and DIDo is computed in Column D
(e.g., D3=B3/0.00002299). The log term on the right hand side of Equation G-2, containing
the moisture content, is computed Column E (e.g., E3=LOG10(A3)-2). In ColumnF, the
left-hand side of Equation G-2 is calculated (e.g., D3=LOGI O(D3)).

The least squares fit of the data is done using the Microsoft Excel Trendline tool. In Figure G-5,
the results in Column F are plotted on the y-axis against the corresponding values in Column E
on the x-axis i n the plot located between Rows 1 32 and 1 54 o f the worksheet. The type o f
regression is linear. The Trendline features, "Set intercept = 0," "Display equation on chart,"
and "Display R-squared value on chart" are clicked on. In particular, the "Set intercept = 0"
feature results in a fit to Equation G-2, in which the intercept is constrained to be zero.

As shown on the charts, the fitting parameter, in, has a value of 1.863. The correlation
coefficient, R2, is 0.915, indicating a strong correlation between the diffusion coefficient and the
volumetric moisture content. The regression equation is:

- \I 8F63

D=D D0 ' 1 (Eq. G-3)
(100%*
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In Column G, the error, or deviation of each data point from the fitted equation, is calculated
(e.g., G3=F3-1.862899*E3)); i.e., for data point i, the calculation in Column G is the
deviation c,:

-'I = 1og 10 -1.63og,, (Eq. G-4)

In Cell G128, the average of the 125 values of c, is computed: G128=AVERAGE(G3:G127).

The standard deviation of the *,, Cell G129 is computed: G1 29=STDEV(G3:G127).

*c D E F G

6/lW0 DID i Iog o 2 -| -Iogl(DID - o

0.0150 6.046E-04 -1.824 -3.219 -:| 01792 i
0.0170 2.871 E-04 ;.1770 -3.542 M1K0.2455 _
0.0190 3.741E-04 -1.721 -3.427i ing-1J220
0.0217 1.205E-03 *1.664' - -2.919 i! IM0799
0.0220 1.579E-03 -1.658 . 2.802 ! M0.2B63 uW
0.0229 4.741 E-04 -1.640 -3.324 _0.2587
0.0250 1.087E-03 .1.602 -2.964 O 0.0209
0.0310 1.435E-03 -1.509 - -2.843 - t E.0326U_
0.0314 1.331E-03 -1.503 -2.876 -- -O.0757
0.0320 5.872E-04 -1.495 -3.231 MUM0A4465
0.0327 1.214E-03 -1.485 -2.916 _ SMA4871
0.0333 2.762E-03 -1.478 --2.559 - 11100.193B _ .
0.0334 1.131E-03 -1.476 -2.947 Oi1_11;0'1965_,.
0.0357 1.466E-03 -. 1.447 ' --2.834 _o 37z
0.0370 1.609E-03 -1.432 . -2.793 -J .260 OW
0.0370 2.871 E-0 -1.432 -2.542:: ~001]12532U
0.0400 2.271E-03 -1.398 . .2.644 0.0396
0.0420 2.584E-03 -1.377 -2.588 40-_llO 1
0.0460 2.701 E-03 -1.337 -2.568 - 1.1- 1 on77331n1 .
0.0490 3.132E-03 -1.310 -2.504 - NN0 .0642 _ .
0.0510 5.742E-03 -1.292 --2.241 -.i0i6A67
0.0530 1.044E-03 -1.276 i ---2.981 : U0 .604811
0.0540 3.306E-03 -1.268 -2.481 - 0A 193 .
0.0551 3.341 E-03 -1.259 .2 -2.476:- i_0.1311U_
0.0583 5.350E-03 -1.234 -2.272 Jo .0278U_
0.0590 4.045E-03 -1.229 i- .- 2.393 S:A-- 1033
0.0600 3.BB0E-03 -1.222 -2.411 l0 1350 .
0.0630 4.611 E-03 .1.201 -2.336 - NO- 09%.199 1
0.0690 2.610E-03 -1.161 -2.583 - A0S 2031W
0.0693 6.525E-03 -1.159 -2.185-.-- _ J.0259_

i 4

Figure G-1. Spreadsheet'invert Diffusion Coefficient," Worksheet Model; Invert Diffusion Coefficient
Input Data (Water Content 1.50 to 6.93 Percent)
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A I B C D E F G
33 IE00730 69606-03 -1.137 -2157
34 1 14AMM MUIU .50E-07JS8 0.0740 1.087E-02 -1.131:-- |-1.964 DMOA429
35 MM I 60M .60-074 0.0760 1.131E4D2 -1.119 -1.947 I 038434 -

36 so.60n 1MMUflE43790 0.0760 4.785E-03 -1.119 -- 2.320 =NORM.235294M
37 U 601tlI N 2.696-07fIN3 0.0760 1.170E402 -1.119 - 932 01531 -

38 MMNOm 1S10E4J7iMM 0.0770 4.785E-03 -1.114 -2.3D - I O.'2458iUoN
39 8.0O_ M1s98E-07Mil 0.0800 E.612E-03 A1.97 -2.065 = 0.0214i-
40 _8no i um13flUE-0746M 0.0810 7.395E-03 -1.092 ::-2.131 - I-. M .0977
41 MMMa MdW4.t10E-07ItI 0.0832 1.783E-02 -1.080 --1.749 n0.2E29ON.
42 .a35M_ 1M2A5E407 _ 0.0835 9.352E-03 -1.078 -2.029 SP.1WO.C)3_
43 M M8M0 E W=3Z6.20E47= 0.0860 1.392E-02 -1.066-- -1.856 . 40i1285
44 O8m00 h 3M2.3)E437 _ 0.0880 1.OOOE402 -1.056 -22.000 -I -M .0335= .
45 9!24UW NO2.55E-47 _ 0.0924 1.109E-02 -1.034 :-1.955- 0.0282_m
46 9?24flM ,2.55E-07 0.0924 1.109E-02 -11.034 -1 .955 - I;.0292 _,
47 .56 NO R .00E407A 0.0956 1.305E-02 -1.020 -1 8E84-,: * 0.0149
48 MM_9.64_ l6.07E407AMM 0.0964 1.335E-02 -1.016 :-- 1.874-: 0.018231M
49 _9.75 _3.E-07MM 0.0975 1.3922 -1.011 .0270
SO OJI0 m 0 _ .516E07 _ 0.1010 1.527E-02 -0.996 - - .816 - -.0386
51 1D0lDUI1UE M.62207AI 0.1010 1.575E-02 -0.996 .183 A0.5 0
52 1 imm 0 _ M .54E607 M 0.1020 1.540E-02 -0.991 - -18.13 - O.03431A -

53 1_ CL0 _ E306E07 0.1020 1.43SE-02 -0.991 -1.43 -- _ .0039M
54 i 1030_ sam. 34E-07V _ 0.103) 1.453E-02 --0.987 -1 838 IN- 0.0012in
55 10.30m inIS2;IOE-07 0.1030 9.134E-03 -0.987 --2. 0390::. -NM
56 10.40 - 340E-O07_UI 0.1040 1.479E-02 -0.983 - .-1.830 . i 1
57 :1001 S_1l.62E-07=3 0.1090 1.575E-02 -0.963 -1 803 0.0097_
58 _I11110 80M.722-07_I1 0.1110 1.618E-02 -0.955- -- 1 791 -I_0 .0125Mn
59 IMDM U842E-O7J - 0.1110 1.836E-02 -0.955 -1 736 - n 0.422n .

6 1110_ 3314.27E407.UIW 0.1110 1.857E-02 -0.955 -1.731-:- N 0.0474
1 11QO 1M4J19E-07AUI 0.1120 1.823E-02 -0.951- -- 1.739 - OM0319

6 l2OUSU UiE.4820E7 0.1120 2.384E-02 -0.951 -1 .623 - 0485
63 .114DUI *NfW4.,7E-U7AMM 0.1140 1.8572-02 :-0.943 -1A731 200.0258MM

X4 IW, 0 4M 2E-07A 0.1140 1.792E-02 :-0.943 -1.747 :!S O.0102m .

65 0160 -2.349E-02 -O 936 - 2- -1.62 i,
Nl!jq ikljy9i4atPq -X5bp�qq./ 1 4 1

Figure G-2. Spreadsheet'Invert Diffusion Coefficient," Worksheet 'Mode;' Invert Diffusion Coefficient
Input Data (Water Content 7.30 to 11.60 Percent)
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A 1 B C _ _- D .F G
E5 .O 0.11E0 2.349E-02 -0.936 . -1.29
66 111700 M IIF.OEDE 7 0.1170 1.131E-02 -0.932 .1.947 - nO- .2107U
67 1l80 4.80E-0 0.113) 2.089E-02 -0.928 - -1.680 0.0487
68 12.00D 1_I2Y40E-D7 0.1200 1.044E-02 -0.921 -1.981 -- .QE2659 _
69 2M0 _ 4 4.7E.4 7 0.1200 1.944E-02 -0.921 . . -- 1.711 -- .0042-U
70 2.120U _4.09E-07 0.1220 1.779E-D2 -0.914 -1.750 : NFO.0478B
71 _ 2SOMUM ES.05E-07J 0.1230 2.197E-02 -0.910 -1.658 - N 0.0372_
72 _12B0W MU40E-07 ._ 0.1230 1.914E-02 - *0.910 -1.718 !-0.0227 _M

73 2M WM MIinfS0E-078iN1 0.1230 1.5652-02 .:-0.910. -16805; hNAMO09186
74 12.90_Mi U4U5SE-O07XAUI 0.1230 1.957E202 -0.910 -1.708 .M - .0129
75 12M~ W 0 .90E-07AM 0.1250) 1.2612E-02 -0.903 -1. 899. nRAM 216
76 _12.701_ 037E-07ill_ 0.1270 1.901 E-02 -*0.896 -1.721 - .005151_
77 12M70U O4.9OE-07 0.1270 2.131E-02 -0.896 -1.671 0 f018
78 12.70UEU _u632E _ 0.1270 2.314E-02 -0.896- -:-1.636 -N#0.03391
79 31D0m 4u 77E 0.1310 2.075E-02 -0.883 -1.683 -- 0. 3961t
s0 3.90M ini39E-07 0.1390 2.344E-02 -0.857 -1 630 .1 .0335 -
81 3.90 U7.80E07_MAM 0.1390 3.393E-02 -00.57 - -1.469 ' 1031270 n
82 4410 NO SOM112E437Ain 0.1410 2.2272-02 -0.851 -1.652 .: i NOM.0674 -

83 41_ .420 fi.52EZ.07_ 0.1420 2.401 E-02 -0.848,: -1 .620: MOM.0404
84 4.'40 NW t4.50E4.07 _ 1 0.1440 1.957E2-02 .- 082 -1.708 - .1404_
85 44001 _S.62E-07J3 0.1440 2.262E-02 -0.842:!: !.646 O0.077M6
86 4.'40fl 4MA50207JE43 0.1440 1.957E-02 -0.842 1 - 1.70B . 011404 I
87 14.605 U6.6250780 0.14601 2.9672-02 -0.836 -1 528- GIMUOA290i
88 1 14770 _W I .00E-07iU 0.1470 3.915E2-02 -0.833. -1.407 0n1439 _
89 14.EO NM A .54E-070 E 0.1480 2.845E-02 -0.830 -1.546: 0.00W2-112
90 ~m 6.00IUI* IUX ¶47E-06 =P 0.16W 6.3942-02 -0.796 -1.1941 WMU.2B8AU4
91 11 61A0 E S.B2E.07AMn 0.1610 - 2.967E-02 --0.793 -1.528 . 0 .0502 -

92 _1 *am 1_ JS 45E 07 0.1650 2.371 E-02 -0.783 1 - 625 .-'-1674
93 , .160D M MM6.60E-07NMI 0.1670 2.871 E-02 :;-0.777 -1.542 , 0.0940 _
94 1U3DM Vi1t2OE-06 0.1700 5.220E-02 -0.770 -1.282 -.-i 15121
95 W1 710'M 8 In.UE207ANM 0.1710. 3.567E-02 -0.767 -1.448 MOM..01B9 _
96 _E174i7 _S178E060M, 0.1730 7.656E-02 -0.762:. -1.116! _103034_-
97 _M I 0.1750 4.785E-02 -0.757 . -1.320.
m 4 P m j NjqdelL_ Varriatpqjp/5heat/ -- --7-1 4 1.

Figure G-3. Spreadsheet Invert Diffusion Coefficient," Worksheet "Model; Invert Diffusion Coefficient
Input Data (Water Content 11.60 to 17.50 Percent)
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_I A I B I C _DI E _ F G H II

97 _7 ammulm 0.1750 4.7E5E402 .0.757 _.320
9e 18. U0 10 E^-06 O. I 880 6.9E0E-02 -0.726 .-1.157 -F0,1948"U-
5S _8.W90_ _E.19E-07AU#4M 0.1890 3.562E-02 - -0724 - -1.448 -- _0.1004 _ __ _ .
10 19.40_ _9.E9E-07_ 0.1940 4.302E-02 . i.0.712 -1.366 - M_0.039611__ _

101 A001M a4.19E{EI 0.2040 1.823E-01 -0.690 -0 739 S0.5469 __
10 _ .8twt SuI3.s8Ewmwm 0.21B) 1.557E-01 .05.82 - 0.808 . 0.4E27
103 M1. ;_2.3415-5 0.2100 1.018B-01 ,--.78 -0992 in_0.2703M __

t04 1:5tt Dwt M1E;2360E1 _ 0.2150 5.350E-02 . .68 -1.272 - - _0.028 MOM
105 21.609U _1.29EC35 _ 0.2150 5.611 E-02 -05666 -1.251 M-- 0.0111 _ _.__ _
10E DOM, 4mW2.408-(40 U MM 0.2310 1.044E-01 .0536 --0.91 SftD2G42U ___ __

107 23.10 E:9-W - 0.2310 8.264E-02 -0.536 -1.093 _0.1027
108 M24.0 .590-.03mE4 0.2400 1.261E-01 -0520 --0.99 WUD0.25557_ __
1 2530M1 a5.8215436O1_ 0.2530 2.532E-01 .0.597 -- 0.597 c - 0.5153F __ _

110 _25.40 _ 2.5DE-06iU 0.2540 -1 .087E-01 -. 0.595 -09S4 -- 0.1451 ___

111 25.70D W111S.2E806314 0.2570 4.028E-01 .0-590 -*.395 - 0.7043! __ _
112 2EL20i_ 1_ OE50E- 0.2820 1.522E-01 -0.550 -0.817 -- MO.2067.w ___.
113 .5110 _ .1ME4iES_ 0.2850 4.350E-02 - -0.545 -.1 .362 9AJ5Wr.3460Sm ___

114 10.901 11 11E-DSII46= 0.3090 6.588E02 --:-0.510 -1.183 - Ma2324 1
115 3170_ I235435 M 0.3170 5.350E-01 -0.499 -0.272 I-in0.S573_
15E 329 0il".60E4E06 0.3230 2.018-01 --90.491 |0599 ifj1W0.2155tp

117 U0 Ms11E-(35 AM 0.33B) 58298E-01 -0.471 -.0234 iMMO.6431v ___ __

115 805. 0 1.57E605 i 0.3580 5.829E.01 -0.446 -. 016 0.6SS4 ____
119 30i 4.33E04 0.3850 1.8B3E-01 .0.41 5 -0.725 _0.0472_ _ _ _
120 Z 30 a 13SE05 _ 0.3920 5.915E-01 *0.40 -*0.22B . _0.5276 __ _I

121 W3 ._1313E-OS 0.3950 4.915E801 -0403 -0.30B - _O .4430 __UW

122 _) 6.90E90iNA 0.4000 3.001 E-01 -0.398 -0.523 - 4;0.219 __

123 C 16.8_<zmOE901 0.4200 2.523E-01 -0.377 -0.598 . W0.1037AW
i24 W250 _ 322E406 0.4250 1.401E-01 .0.372 -0.854 W0.161t: =
125 143.0Wi m1028-.02 0.4340 4.437E-01 *0.363 -0Q353 ! 0*t; 3224qM _-_ __

125 WmAM i UK6.091E5-E 0.4900 2.649E-01 .-0310 -0577 - __O.O D2 __ =
i27 90.30 .830E5 0.5630 7.960E-01 .0.178 -. 0099 0.2334_MV

129 1 IT04= I1s -1.e
-4 -M odjdel --. .abo .

Figure G-4. Spreadsheet 'Invert Diffusion Coefficient," Worksheet 'Model;" Invert Diffusion Coefficient
Input Data (Water Content 17.50 to 66.30 Percent)
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A I C D E I F I G H I
127 MGM 7OE01 0.179 - .099= 0 I
120 I 1 10.02 _ Avurage
2 l l ___ _ W0.2181 Standard Devtathmn
130 Source: Conea and VrightIt19921 Conea et a.119931I I I

130_, ;ki ;1, . . .......... ;- .$ .l oc ta ....3]

132

14 0.0 -

136 .0.
137
139 =. tConca and rlght (19923-
139, Conca et al. (1393]
140

141 - Linear (Conca and Wiight
142 (1392)1 Conca et al. (1993])

152~ ~ ~ ~~~~~~~~~~~ . .. 0 ..... 'l *.4¢r..'..S ....... '.. c143 = 2 Z 5 t 050.0

144 4N_
145 .' .163
1i46 -- RI 09315'
147 .3.

149

150

15-2 - 4.0
- .20 .15 to .05 0.0

154logumI 2
155

Source: Conca and Wright 1992 [DIRS 100436]; Conca et al. 1993 IDIRS 170709].

Figure G-5. Spreadsheet Invert Diffusion Coefficient," Worksheet "Model;" Plot of Fitted Invert Diffusion
Coefficient Data

In the plot in Figure G-6 between Rows 169 and 191, the lines for the mean and for the mean
plus or minus three standard deviations are added to the plot shown earlier. The lines are drawn
over the range of the data, i.e., for 9/100 from 0.015 to 0.663 (Column C, Rows 159 to 166).
The y-values for the Trendline fit are computed as DIDo = (0/100) 1.63

(e.g., D159=(C159A1.863)), and the values plotted are 1og 1o(DIDO)
(e.g., Gl59=L0G10(D159)). For the mean curve, the y-values are computed as
DIDo =(9/100)1863101.033 (e.g., D163=(C163A1.863)*1OA(0.033)), and the values plotted are

again loglo(D/D0 ) (e.g., G163=LOG10IO(D163)). For the mean plus three standard deviations

curve, the y-values are computed as DIDo = (9/100)1.863100.033+3(0.218)

(e.g., G161=(Cl6lAl.863)*1OA(0.033+3*0.218)), and the values plotted are again
loglo(D/D0 ) (e.g., GI61=LOG1O(D161)). The mean minus three standard deviations curve is
done similarly. This plot is shown as Figure 6.34 in Section 6.3.4.1.1.
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A B C D E F 0 [ H|
156 ! _

157 Lhnes tor pli m d _ 3 stn dard devt lions I

153 log'! O(qll W) otlOU 0jD1D-(&tcOO)`D __

159 .. 1 J239 _0 015 4 00E-04 Trendbine ___ -3.3979___.
160 _0.1785 0i663 4.50E-01 Trendlinc -0.3325
161 -1tE239 OD15 1.946E-03 mean_3stddev -2.7109
162 __ -0.1785 0.663 2262E+0 mesn +3 std dev 0.3545
163 .__ _ _1B239 0D15 4.316E-04 mean_ __ 3.3649 ._____.
164 -. 1785 0.563 5.017E-01 mean I -0.2995
165 1.8239 0.015 9573E-05 mecn-3stddev -4.0189
166 _ -0.1785 0 663 1.113E-01 mesn-3stddev -0.9535 ___

167 ____________~4 _____-- -- - -- -_____ _ __ _____ _ _

169 _ _ _

170
171 1.0 -

172
173 0 .5- . _ ' M
174 Conc set al. (1 993) -
175 0.0
176 -Mean

177 -05 . - C:c n { 1 -179 10 JS - ° Mean+ 3s181 . Mn -1

Mean- -

184 ___ 2.5 - LUnear (Conca and W'ight
185 Y1X(1 SMX)Conca et al. (1 993-
186 -3.0-
187 R..1
188 _ -3.5 - ~ -

189
190 -4.0 r 7
191__05ias . o
192 - 4.
193 logNO 2

1954 1h
14 4 N MOdel * 1Vadatbo She7et3 .1 4 L

Source: Conca and Wright 1992 [DIRS 100436]; Conca et al. 1993 [DIRS 170709].

Figure G-6. Spreadsheet'invert Diffusion Coefficient, Worksheet "Model; Plotted Results of Invert
Diffusion Coefficient Data, Showing Uncertainty Range as Mean i3 Standard Deviations

The data are further analyzed in Figure G-7 to demonstrate that the deviations approximately
follow a normal distribution. Under the Microsoft Excel menu item Tools, Data Analysis... is
clicked, and Histogram is selected under Analysis Tools. In the Histogram window, the error
data (Column G, Rows 3 to 127) are entered for the Input Range. For the Bin Range, Column I,
Rows 3 to 22, is entered. The frequency distribution is output in Column J, Rows 3 to 22. For
comparison, a theoretical normal distribution is computed over the same range in Column M:

f(x;p,a) = 1 e (Eq. G-5)

where x is the bin value, the mean p = 0.033, and the standard deviation a = 0.218.
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The Microsoft Excel formula is (for Cell M3, for example):

M3=EXP(-((13-0.0329438386573088)A2)/(2*0.218121819319092A2))/
(0.218121819319092*(2*PI()AO.5)

G H I J K L M N I O P
1 r. b * __ I___ I I I I

21.363a} [ o .,9 7 -- ; _ _ _ _ _ I A b7 2i t .~ _ _ _ _ _ _ _ _ _ _ _ _

3 0.17S2_ UI '-__ 1 .-. 0 0 34 0.000025
4 _ 455W __ ; .. 49 0 0.1 24 ;0.000195 ._
5 22 0 5 _ 4 . 8 0 0.2 19 0.001246,,,2 | _

6 _ 0.1799W _ _ .r . 0.i47 !.~ i0 .0.1 14 .0.006462 . ___ -__ - _

7 02863 ____ .006 -. 4A1 *0.2. 10' 0.027149'..,
B 111_Q26B7_ . 0 ' *0.3 10 0,092442
9 0.0209_ _ . 0.4 ,*2 0- 3 0255O11 - _
10 03203 l 0.7 i 0 0.570522 W ';
11 1057 - .0.2 10 . 1.034069 ________

12 4465 _O .n 4.41 14 0.42 1518954
13 1487 W _ _ 5;N . 0 34 0.5 2 1,508246 . - ,', 3
14 .1938_ __ '. '. 0.1 24 40.6 1 1.744570 _', _
15 t165 _NOW 02 19 43 1 l.364071 _-____

16 4177W ______ 03 10 0.9 1 3.64377
17 41260 _ = -. , 0 4 2 *1 0 0443902 _ _
18 low 1253Uw ___ ,;5 -2 4.9 C 0194752
1i9 .0.0396Wi 0.6'!'.,\'.: 3 .0.98 0 '-O .062317--' ____=_=

20 _ 2 _ ,,___ 07 3 *Q7 0 0.017035' ' _ "''
21 0173W _____ : 09 '.1 Q05 0 0.003774 _
22,Q0642_ 0.9 .' Q0.9 0 0.000678.' ____
23 .1667 _.MW , 1 0 .0000099j.__ _
24 49 ______ M orr I O _ _ _ _ I t

2 1153_ I = _
261;~31 __*____

27 s0o273w 40 2.0

29 35 _29 _41350W __ 35 _______________1_ 1t-.9 -;, ..- t

30 956 _Zit
31 4203W- 30 1.6

32 ,;4
33 0399W = , 25 .. r 1\2
34 -0.0214_-10; * i-0_Frequency342 2920 - to
35 t.12B5t _ __ 0 pb9 pb L i°* ib =

37 0.52W _

38 t 5_ =__ 10 0.6
39 -o24n___..,-0.4

40 0.2
41 0.6S __ 0 0.0

42 _ _

43 0.125W _

44 a33mi MOBi
45 Q0282

14 4 ~ I ModellVaridatlon ISheet3,(

Figure G-7. Spreadsheet invert Diffusion Coefficient,w Worksheet 'Model; Further Analysis of Invert
Diffusion Coefficient Data
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SPREADSHEET "INVERT DIFFUSION COEFFICIENT"
WORKSHEET "VALIDATION"

In this worksheet (Figure G-8), diffusion coefficient data (Column B) from Tables A-1 and A-2
of The Determination of Diffusion Coefficient of Invert Materials (CRWMS M&O 2000
[DIRS 156680]) are plotted against water content (Column A), along with the results of the
analysis in Worksheet "Model." The purpose of this worksheet is partially to validate the
diffusion coefficient submodel by showing that the model overestimates the value of the invert
diffusion coefficient, thereby overestimating diffusive releases of radionuclides through the
invert. The model curve fit (Equation 6.3.4.1.1-16), also shown on p. G-7 and in Figure 6.3-4 in
Section 6.3.4.1.1, is reproduced in Columns D-G, Rows 3 and 4, and plotted in the figure below.
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Source: CRWMS M&O 2000 [DIRS 156680], Tables A-1 and A-2.

Figure G-8. Spreadsheet Invert Diffusion Coefficient," Worksheet Validation;" Validation of Invert
Diffusion Coefficient Data
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QUALIFICATION OF DIFFUSION COEFFICIENT DATA

ANL-WIS-PA-000001 REV 01 November 2004



EBS Radionuclide Transport Abstraction

ANL-WIS-PA-000001 REV 01 November 2004



EBS Radionuclide Transport Abstraction

QUALIFICATION OF DIFFUSION COEFFICIENT DATA

DESCRIPTION OF DATA TO BE QUALIFIED

The data reported in Conca and Wright (1992 [DIRS 100436]) and Conca et al. (1993
[DIRS 170709]) consist of measured diffusion coefficients of unsaturated soil, gravel, bentonite,
rock, and crushed tuff from Yucca Mountain, over a broad range of water contents. These data
have been collected and analyzed using standard scientific practices. The diffusivity data for
various granular media at volumetric moisture contents ranging between 1.5 percent and
66.3 percent are given in Section 4.1.2, Table 4.1-14. These measured data have been used to
analyze the dependence of the diffusion coefficient on volumetric moisture content for a variety
of granular materials (Section 6.3.4.1.1). These data are qualified in accordance with the data
qualification plan included in this appendix.

CORROBORATING DATA

The diffusion coefficient data for crushed tuff materials from The Deternination of Diffusion
Coefficient of Invert Materials (CRWMS M&O 2000 [DIRS 156680]) are used to qualify the
data reported by Conca and Wright (1992 [DIRS 100436]) and Conca et al. (1993
[DIRS 170709]). The diffusion coefficient data found in The Determination of Diffusion
Coefficient of Invert Materials (CRWMS M&O 2000 [DIRS 156680]) were collected in the
DOE Atlas Facility. The tests were performed by the EBS Testing Department under
YMP-approved procedures using the Unsaturated Flow Apparatus. The Unsaturated Flow
Apparatus method is reported to be an accurate and fast indirect method of determining diffusion
coefficients in porous media (Conca and Wright 1992 [DIRS 100436], p. 7). The method uses
measurements of electrical conductivity, at specified volumetric moisture content, which is
converted to diffusion coefficient. The Determination of Diffusion Coefficient of Invert
Materials (CRWMS M&O 2000 [DIRS 156680]) reports that the error on the reported data is
within +7 percent. The reported data are shown in Table H-I.

DATA EVALUATION CRITERIA

The diffusion coefficient data from Conca and Wright (1992 [DIRS 100436]) and Conca et al.
(1993 [DIRS 170709]) will be considered qualified if they are within one order of magnitude of
the values reported in The Determination of Diffusion Coefficient of Invert Materials
(CRWMS M&O 2000 [DIRS 156680]); or if greater differences are observed, they result in
more conservative results with regard to radionuclide releases.

COMPARISON OF THE DIFFUSION COEFFICIENT DATA IN CONCA AND
WRIGHT (1992 [DIRS 1004361) AND CONCA ET AL. (1993 [DIRS 1707091) TO CRNVMS
M&O (2000 IDIRS 156680])

The data reported by Conca and Wright (1992 [DIRS 100436]) and Conca et al. (1993
[DIRS 170709]) (shown in Section 4.1.2, Table 4.1-14) consist of diffusion coefficient data for
the range of 1.5 percent to 66.3 percent volumetric moisture content. The data from The
Determination of Diffusion Coefficient of Invert Materials (CRWMS M&O 2000
[DIRS 156680]) ranges between 0.2 percent and 32.13 percent. Figure H-i shows a plot of
moisture content versus diffusion coefficient for data from both sources. The figure shows that
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overall the Conca and Wright (1992 [DIRS 100436]) and Conca et al. (1993 [DIRS 170709])
data have higher diffusion c oefficient values over the measured range o f water content. T he
differences are highest at low water content. At water content values below 10 percent, the
Conca and Wright (1992 [DIRS 100436]) and Conca et al. (1993 [DIRS 170709]) diffusion
coefficient values are higher by as much as two orders of magnitude. For water content values
above 10percent, the Conca and Wright (1992 [DIRS 100436]) and Conca et al. (1993
[DIRS 170709]) diffusion coefficient data show higher but comparable values.

The differences in diffusion coefficient at low water content values can be partly attributed to the
measurement technique. As discussed in Section 6 of Thle Detennination of Diffusion Coefficient
of Invert Materials (CRWMS M&O 2000 [DIRS 156680]), errors in measurement are higher at
low diffusion coefficient values. Conca and Wright (1992 [DIRS 100436], p. 10) also reported
that, at low water content, reductions in water content result in sharp declines in the measured
diffusion coefficient as surface films become thin and discontinuous, and pendular water
elements become small. Measurement differences could also be attributed to the different porous
medium samples used. The Conca and Wright (1992 [DIRS 100436]) and Conca et al. (1993
[DIRS 170709]) data include various material samples whereas the determination report
(CRWMS M&O 2000 [DIRS 156680]) data are for crushed tuff only. The data from both
sources show some scatter. The diffusion coefficient data of Conca and Wright (1992
[DIRS 100436]) and Conca et al. (1993 [DIRS 170709]) are thus comparable to those of the
determination report (CRWMS M&O 2000 [DIRS 156680]) for volumetric water content values
above 10 percent. For low volumetric water content values, the differences are greater.
However, the higher diffusion coefficient values of Conca and Wright (1992 [DIRS 100436])
and Conca et al. (1993 [DIRS 170709]) will result in predicted radionuclide releases being
higher.

The Conca and Wright (1992 [DIRS 100436]) data have been published in a peer-reviewed
journal (Applied Hydrology), and thus has undergone strict review. The data are shown plotted
in Figure 2 of Conca and Wright (1992 [DIRS 100436]).

The Conca et al. (1993 [DIRS 170709]) data have been published in the proceedings of the
Scientific Basis for Nuclear Waste Management XVI Symposium held November 30 to
December 4, 1992. This symposium was organized by the Materials Research Society, which
was formed in 1973. The most recent Scientific Basis for Nuclear Waste Management XVI
Symposium is XXVII, the proceedings of which were published in 2004. Papers published in the
proceedings undergo peer review prior to publication and must be presented at the meeting in
order to be published.

SUMMARY OF QUALIFICATION

The diffusion coefficient data of Conca and Wright (1992 [DIRS 100436]) and Conca et al.
(1993 [DIRS 170709]) have been evaluated in the context of their use in radionuclide transport
modeling, and are considered qualified for use within this report per AP-SIII.2Q, Qualification of
Unqualified Data, Attachment 3, on the basis of:

Availability of corroborating data-The corroborating data are YMP-generated data using
the same measurement technique.
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* Reliability of data sources-The data are published in a peer-reviewed journal and in a
peer-reviewed symposium proceedings.

* Data demonstrate properties of interest-The published data, diffusion coefficients in
crushed rock, are the data required for the model of transport in the invert.

The above comparison of the diffusion coefficient data of Conca and Wright (1992
[DIRS 100436]) and Conca et al. (1993 [DIRS 170709]) with the corroborating data from
CRWMS M&O 2000 [DIRS 156680] shows that the data evaluation criteria have been met. The
data to be qualified are within one order of magnitude of the values in the corroborating source
for volumetric water content values above 10 percent (Figure H-1). The differences between the
two data sets are greater than one order of magnitude below 10 percent; however, the higher
diffusion coefficient values of Conca and Wright (1992 [DIRS 100436]) and Conca et al. (1993
[DIRS 170709]) will result in predicted radionuclide releases being higher. Therefore, the Conca
and Wright (1992 [DIRS 100436]) and Conca et al. (1993 [DIRS 170709]) diffusion coefficient
data shown on Table 4.1-14 are judged to be qualified for use in this report. Use of these data in
other applications would require a comparable evaluation for that specific use.

Table H-1. Diffusion Coefficient of Crushed Tuff Invert Materials

T

Source: CRWMS M&O 2000 [DIRS 156680].
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Figure H-1. Comparison of Diffusion Coefficients

DATA QUALIFICATION PLAN

A facsimile of the data qualification plan developed for the above qualification effort is provided
in Figure H-2. The original is included in the records package for this model report.
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Figure H-2. Data Qualification Plan
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COMPARISON OF OUTPUT DTNs

The output from this report consists of two preliminary output DTNs: SN0403T0507703.015
and SN0409T0507703.017, and a final output DTN: SN0410T0507703.018. In this appendix,
the differences between the two preliminary output DTNs are discussed. In addition, the final
output DTN is compared with the second preliminary DTN. These comparisons provide
traceability for TSPA-LA applications that were initially developed based on the preliminary
output DTNs.

The output in these DTNs consists of the tables from Section 8 (Conclusions) of the EBS RT
Abstraction. Each of these tables is compared in this appendix. Numerous editorial revisions
were made in converting the first preliminary version of the DTN to the second preliminary
version; because these editorial revisions have no impact on TSPA-LA results, they are not
discussed in this appendix.

TABLE 57 (DTN: SN0403T0507703.015) VS. TABLE 8.1-1 (DTN: SN0409T0507703.017)

Table 57 (Summary of EBS Flow Abstraction) in DTN: SN0403T0507703.015 corresponds to
Table 8.1-1 in DTN: SN0409T0507703.017. The key differences in this table between the two
DTN versions are the expressions for the flux through the drip shield, F2, and the flux into the
waste package, F4. In preliminary DTN: SN0403T0507703.015, F2 is expressed as:

F2 = F, LDS pachfDS'/(2LDS). (Eq. I-1)

The parameters are defined in the Table 57 in DTN: SN0403T0507703.015. This equation is
technically correct, but it is expressed more completely in DTN: SN0409T0507703.017 as:

F2 = min[FNbDsL DS Patch f'Dsl(2 LDS), F,]. (Eq. 1-2)

The parameters are defined in the Table 8.1-1 in DTN: SN0409T0507703.017. Equation I-2
replicates Equation 6.5.1.1.2-37 in the EBS RTAbstraction. Equations I-1 and I-2 give the same
result when the number of corrosion patches in the drip shield, NbDs, is one, which is the case in
the WAPDEG model of drip shield failure (BSC 2004 [DIRS 169996], Section 6.3). The min
function in Equation I-2 provides a numerical check to prevent an unrealistic result of F2 > F,
from being obtained if the parameter values used in the equation were to give that result.

The same discussion applies to the flux into the waste package. In
DTN: SN0403T0507703.015, F4, is expressed as:

F4 = F2 LWP PatchfWP'/(2LJvp). (Eq. I-3)

The parameters are defined in the Table 57 in DTN: SN0403T0507703.015.
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This equation is technically correct, but it is expressed more completely in
DTN: SN0409T0507703.017 as:

F4 = min[F2NbwpLwp Patchivp/(2LWvp), F2l. (Eq. 1-4)

The parameters are defined in the Table 8-1 in DTN: SN0409T0507703.017. Equation -4
replicates Equation 6.5.1.1.3-1 in the EBS RTAbstraction. The difference between Equations I-3
and I-4 is the definition of Lwp Patch. In Equation I-3, LJf'p Patch, is the length of all corrosion
patches in the waste package, whereas in Equation I4, Ljvp Patch is the length of each corrosion
patch; thus, the product NbwpLWp Patch in Equation I4 is equal to Livp Patch in Equation I-3. The
min function in Equation I-4 provides a numerical check to prevent an unrealistic result of
F4 > F2 from being obtained if the parameter values used in the equation were to give that result.

In the Flow Parameter column for Flow Pathway 8 in Table 57 in DTN: SN0403T0507703.015,
a flux F9 is erroneously included in the equation and is deleted in the final DTN. Since this flux
does not exist, its inclusion in the preliminary DTN has no impact on the TSPA-LA calculation.

The references and comments in the Data Sources & Notes column in Table 8.1-1 in
DTN: SN0409T0507703.017 are updated from Table 57 in DTN: SN0403T0507703.015; these
updates have no impact on TSPA-LA calculations.

TABLE 58 (DTN: SN0403T0507703.015) VS. TABLE 8.1-2 (DTN: SN0409T0507703.017)

In DTN: SN0409T0507703.017, the cross-sectional area for radionuclide transport is clarified in
Table 8.1-2, with references to sections in the report. In DTN: SN0403T0507703.015, the same
parameter is referred to as the flow cross-sectional area in Table 58 and described in vague terms
that prompted a revised description in the final DTN. References are updated in
DTN: SN0409T0507703.017 Table 8.1-2. None of these changes has any impact on TSPA-LA
calculations.

TABLE 59 (DTN: SN0403T0507703.015) VS. TABLE 8.2-1 (DTN: SN0409T0507703.017)

In Table 57 in DTN: SN0403T0507703.015, the lower end of the range on sampled parameter
Diff Path Length CPCDSP is erroneously shown as 0.02 m; this error is also found in
Table 63 in DTN: SN0403T0507703.015. Because the correct value, 0.025 m, is included in the
database used for TSPA-LA, this error has no impact on TSPA-LA. In the corresponding table
in DTN: SN0409T0507703.017, Table 8.2-1, the range for this parameter is not shown, since it
is given correctly in Table 8.2-3.

References to parameter sources and sections in the EBS RT Abstraction are updated in
DTN: SN0409T0507703.017. These changes have no impact on TSPA-LA calculations.

TABLE 60 (DTN: SN0403T0507703.015) VS. TABLE 8.2-2 (DTN: SN0409T0507703.017)

Table 8.2-2 in DTN: SN0409T0507703.017 (Kd values for corrosion products) is identical to
Table 60 in DTN: SN0403T0507703.015. Therefore, there is no impact on TSPA-LA
calculations.
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TABLES 61 & 62 (DTN: SN0403T0507703.015) VS. TEXT (DTN: SN0409T0507703.017)

Tables 61 and 62 in DTN: SN0403T0507703.015 (Kd values and correlations for the invert) are
replaced in DTN: SN0409T0507703.017 with text clarifying that TSPA-LA is to use UZ Kd
values for the invert. This change has no impact on TSPA-LA calculations.

TABLE 63 (DTN: SN0403T0507703.015) VS. TABLE 8.2-3 (DTN: SN0409T0507703.017)

In Table 63 in DTN: SN0403T0507703.015, sampled parameter Diff Path Length CP CDSP
is erroneously shown as having a lower end of the range of 0.02 m. Because the correct value,
0.025 m, is included in the database used for TSPA-LA, this error has no impact on TSPA-LA.
The correct range is shown in Table 8.2-3 in DTN: SN0409T0507703.017. References are
updated in Table 8.2-3 in DTN: SN0409T0507703.017. These changes have no impact on
TSPA-LA calculations.

TABLE 64 (DTN: SN0403T0507703.015) VS. TABLE 8.2-4 (DTN: SN0409T0507703.017)

References are updated in Table 8.24 in DTN: SN0409T0507703.017. Three parameters were
added to this table to provide a source for the values used in TSPA-LA: DSTotal Length
(5805 mm), InvertViscosity Ref Temp (298.15 K), and InterfaceScaleFactor (1 x I0-).
These changes have no impact on TSPA-LA calculations. No other changes were made in
converting Table 64 to Table 8.2-4.

TABLE 65 (DTN: SN0403T0507703.015) VS. TABLE 8.2-5 (DTN: SN0409T0507703.017)

The following changes were made to convert Table 65 to Table 8.2-5. References to the
equations in the EBS RT Abstraction were added to the Input Description column. In the
Parameter Description for Equation 8-1, clarification of the definition of ND, the truncated
normal distribution, was added. In Equation 8-2, the range of validity was added to the
definition of temperature. In Equation 8-3, the definition of Om was changed from fraction to

percent, and the equation was modified accordingly by changing the term 0.1380m to
0.001380m. Equation 8-7 was completely revised in order to clarify the calculation of corrosion

product mass as computed in TSPA-LA over each time interval, from to, when breach occurs, to

tf, and tf 2, the lifetimes of each type of steel. These changes have no impact on TSPA-LA

calculations.

TABLE 66 (DTN: SN0403T0507703.015) VS. TABLE 8.2-6 (DTN: SN0409T0507703.017)

Table 8.2-6 DTN: SN0409T0507703.017 (Invert Diffusion Coefficient Alternative conceptual
Model Parameters) is identical to Table 66 in DTN: SN0403T0507703.015. Therefore, there is
no impact on TSPA-LA calculations.
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TABLE 67 (DTN: SN0403T0507703.015) VS. TABLE 8.2-7 (DTN: SN0409T0507703.017)

Equation 8-8 was reformulated in the EBS RT Abstraction and revised accordingly in
Table 8.2-7. Because this is an alternative conceptual model, this change has no impact on
TSPA-LA calculations. Equation 8-9, the definitions of 9t and 60, were changed from
fractions to percent. This change has no impact on the results.

TABLE 8.1-1 (DTN: SN0410T0507703.018)VS. TABLE 8.1-1 (DTN: SN0409T0507703.017)

The differences in this table (Summary of EBS Flow Abstraction) between the two DTN
versions are the expressions for the flux through the drip shield, F2 , and the flux into the waste
package, F4 . In DTN: SN0409T0507703.017, F2 is expressed as:

F2 = min[F.NbsLDSP,,Ptchfs /(2 LDs )F, (Eq. I-5)

The parameters are defined in Table 8.1-1 in both DTNs. BecauseLDs Patch is defined as the

axial half-length of each corrosion patch, the factor of 2 should not appear in the denominator.
This equation is presented correctly in DTN: SN0410T0507703.018 as:

F2 = min[FNbDSL. Patch fDs /Ls, F,] . (Eq. I-6)

Similarly, in DTN: SN0409T0507703.017, F4 is expressed in Table 8.1-1 as:

F4 = min|[F2Nb WP LWp Patch fP /(2L;,p ) F2 I * (Eq. 1-7)

This equation is presented correctly in Table 8.1-1 in DTN: SN0410T0507703.018 as:

F4 = min[F2Nbwp Lp- patch ,, p / L4 F2 ]. (Eq. I-8)

These d ifferences h ave no i mpact b ecause t he correct e quations (Equations I -6 a nd I-8) h ave
been implemented in the TSPA.

TABLE 8.2-5 (DTN: SN0410T0507703.018)VS. TABLE 8.2-5 (DTN: SN0409T0507703.017)

The differences in this table (Calculated Model Inputs Used in the EBS Radionuclide Transport
Abstraction) between the hvo DTN versions include Equation 8-5 for the effective water
saturation of corrosion products. In DTN: SN0409T0507703.017, this equation is:

SccP = 1.312x10-'cp(-InRH}" 2 4 5 . (Eq. I-9)

This equation, developed in an earlier draft of Section 6.5.1.2.1.4.2 as Equation 6.5.1.2.1-27, is
incorrect. The correct equation (as shown in Section 6.5.1.2.1.4.2, Equation 6.5.1.2.1-27 of this
report), is given in DTN: SN0410T0507703.018 as:

SCcp = 3.28 xl 6 cp(- In RH)"2 45 (Eq. I-10)
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In addition, in DTN: SN0409T0507703.017, parameter Ycp is defined in Table 8.2-5 as having
units of (in 2 g1). The correct units for use in this parameter are given in
DTN: SN0410T0507703.018 as (m2 kg").

The impact of this correction has been assessed in a Technical Management Review Board
(TMRB) Decision Proposal (BSC 2004 [DIRS 172219]). Because the water saturation in the
waste package corrosion products is used to calculate the diffusion coefficient, this correction
has a direct impact on dose estimates. In the preliminary assessment, using Equation I-10
instead of Equation 1-9 increases the total peak mean annual dose from all scenario classes by 10
percent (BSC 2004 [DIRS 172219]).

ANL-NVIS-PA-000001 REV 01 1-5 November 2004



EBS Radionuclide Transport Abstraction

INTENTIONALLY LEFT BLANK

ANL-WIS-PA-000001 REV 01 1-6 November 2004


