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ABSTRACT

A long-term assessment of the Waste Isolation Pilot Plant (WIPF) repository performance must
consider the impact of gas generation resulting from the comrosion and microbial degradation of
the emplaced waste. A multiphase fluid flow code, TOUGH2/EQSR, was adapted to model the
precesses of gas generation, disposal room creep closure, and multiphase (brine and gas) fluid
Tlow, as well ag the coupling between the three processes. System response to gas generation
was simulated with a single, isolated disposal room surrovnded by homopgeneous halite
containing two anbiydrite interbeds, one above and cne below the room. The interbeds were
assomed to have flow connections o the room through high-permeability, excavation-induced
fractures,

System behavior was evaluated by tracking four performance measures: (1) peak room pressars;
{2) maximum brine volame in the room; (3) total mass of gas expelled from the room; axd (4)
the maximum gas migration distance in an interbed. A detenministic approach, irclnding
baseline and sensitivity sinmlations, was used. Baseline simmlations used curment best estimates
of system parameters, setected through an evaluation of available data, to predict system
response to gas geperation under best-estimate conditions. Sensitivity simulations quantified the
effects of parameter uncertainty by evaluating the change in the performance measures in




response to parameter varjations. In the sensitivity simvlations, a single parameter vahie was
varied to its mininoum and maxiomun values, representative of the extreme expected values, with
all other parameters held at besi- estimate values.

Simulation results indicated that (1) im the absence of imterbed fracturing, disposal room
pressures will exceed. lithostatic, even at pas-peneration rates representative of vapor-limited
conditions, {2) under best-zstimate conditions, brins availability was msufficient to fully exhaunst
the brine-dependent gas-generation potential, (3) the mass of gas expelled from the room and
the pas migration distance are much more sensitive to the total mass of gas generated than to the
gas-generation rate, and (4) the halite properties are important to gas migration because gas
movement in the interbeds is limited by the displacement of interbed brine into the surrounding
halite.

Sensitivity simulations identified the following parameters as important to gas expulsion and
migration away from a dizsposal room: intexrbed porosity; inserbed permeability; gas-generation
potential; halite permeability; and interbed threshold pressure, The uncertainty in mltiphase
flow parameters was not adequately characterized because of the lack of WIPP-specific data.
Simulations also showed that fhe inclusion of inferbed fracturing and a disturbed rock zope had
a significant impact on system performance.

The TOUGH2Z/EOSS deterministic simnlation and sensitivity results were similar to siochastic
results obtained by WIPP Performance Assessment from a repository-scale model. Because the
deterministic approach allows conceptual models o be quantitatively evaluated at a sub-sysiem
level using specific mechanistically-based performance measures, rather than at the level of
overall repository pexformance, it can be wsed to support WIPP Performance Assessment in
sensitivity and uncertainty simulations and in choices between alternative concepiual models.
However, it can not be used to address regulatory compliance.



DISCLAIMER

Portions of this decument may be illegible
in electronic image products. Images are
produced from the best available original
document.




ACKNOWLEDGEMENTS

The anthors thank Steve Webb, Karsten Pruess, and George Moridis for their support of
the TOUGH2/EOSS code. Helpful review comments were provided by Palmer Vaughn, Steve
Webb, Karsten Pruess, Al Lappin, and Mike Stone.

The authors also recognize the contributions of Mark Reeves and Toya Jones for early
scoping simufations with the ECLIPSE code, Toya Jones for compiling paris of Appendix A,
and Tina Johnson, Tricia Johnson, Steve Womack, and Lydia Biggs for fighre preparation.




iv



1.0 INTRODUCTION

2.0

CONTENTS

....................................... 1-1

1.1 Backgroumd ...........¢. i iiiiiniinr i 1-4
1.1.1 Repository Comfiguration . . .. ... ... ...t 1-4

1.1.2 Salade Formation Hydrogeology .. ... .. i viiinnie..n 1.8

1.1.3 Multiphase Flow Overview ........................ 1-11

1.1.4 Gas Geperation Overview ... ............... Cee e £-13

1.1.5 Geomechanmics Overview . ... .......c.c0ct i iiuiunnn... 1-17

1.2 Summary of Driving 18508 . . . 0 0 v v v v v i 1-19
1.2.1 Regulatory Concerns Relative to Waste-Geperated Gas . . . ... .. 1-19

1,2.2 Gas-Storage Volume Amalysis . . . ...... ..o iivn s, 1-20

123 PracessCoupling . . ...... .. . ... .. o i, 1-26

1.2.4 Impact of Parameter Uncertaingy . . . .... . ... ..o iuu... 1-29
METHODOLOGY . ... it ittt iestaer et iaae e aaannsas 2-1
21 TOUGH2/BOS8Code . . . . ... ... . e ien s 2-1
2.2  Baseline Model Conceptualization . . . .. . ... ... ... ... .. ...... 2-2
23 Flowand Closme Coupling Methods . . . ... ... it s i iaaaaen 21
2.3.1 Pressure-Time-Porosity Line Interpolation . .. ... .......... 2-7
2.3.2 Boundary Backstress Method ... .. .. ... . i iass 2-8

2.4 Gas-Generation Source-Term Implementation . ... .. .. ..... ...... 2-9
241 Specified Rate . . . . . .. ... e 2-10
2.4.2 Brine-Dependent Rate . . . ... ... i i s 2-11
2421 Capillary Fringe Method .. ... ..... .. ... v.... 2-12

2.4.2.2 Linear Corvelation Methed . ... ............... 2-15

2.3 Alternative Conceptual Models . . . ... .. v v v vt v r v vt e e s nm s r s 2-16
2.5.1 Interbed Frachure ... ............... ... .. .. .. 2-16
252 Digturhed Rock Zome . . . ., . ... ... it 2-19

253 Effectsof Gravity .. ...... .0ttt raans 2-20

2.5.4 (Gas Exsolution From the Salado Formation .............. 2-22

2.5.5 Instantancous Boom Depressurization .. .. .. oo v i aan 2-22

v




CONTENTS {Continued)

2.6 Uncertainly Bvaluation .. ... ... .. ...ttt iimnnnnee.n 2-22
2.6.1 Motel VHISIAIAY + « .+« o v veeeseeeneinreannsns 223
2.6.2 Parameter Uncertainty . . .. .. . . ..t i ittt e e nna 2-24
263 Performance MeaSureg . . .. ... . ...\t vvns vt onnnnn- 2-25
2.6.4 Quantification of Sensitivity and Importance . . ...... . ... 2-26
3.0 PARAMETER SUMMARY .............. ... C e e RS |
31 Hydrologic Parameters . . ... ..... ..o vurnnrrcnnnn . 3-1
31,1 Disposal Room . . . .. ..o i it v vt e i ettt s s s e 3-3
3.1.1.1 Disposal Room Physical Properties .. ............. 3.3
3.1.1.2 Disposal Room Multiphase Flow Properties . . ........ 3-3
3.1.1.3 Disposal Room Initial Conditions ................ 3-7
3.1.2 Salado Formation Halite and Aphydrite Iaterbeds . ... ... ... .. 3-8
3.1.2.1 Salado Formation Physical Properties . . ... ......... 3-8
3.1.2.2 Salado Fermation Multiphase Flow Properties . ...... 3-10
3.1.2.3 Salado Formation Initial Conditions . . .. .......... 3-13
3.1.3 Fluid [Brinc and Gas] Properties . . . .......... ... ... 3-14
32 QGas-Geperation Parameters . . . . ..o v v v i v v i st an it e s v 3-14
3.3 Room Closure Parameters . .. ... .. ... 4 i oo eassn 3-16
4.0 BASELINE SIMULATION RESULTS . ... ... ... ... ... ... 4-1
4.1 System Behavior Under Best-Estimnate Copditions ... ... ......... 42
4.2 Comparison of Gas-Generztion Rate Histories . . . ............... 4-9
5.0 SENSITIVITY SIMULATION RESULTS . ... ... i i iian s 5-1
5.1 Hydrologic Parameters . .. ..., ... ...ttt eiaaeean 5-3
5.1.1 Disposal Room ..... e 35
5.1.1.1 Disposal Room Physical Propetties and
Initial Conditions .. ... ... ' vt ininuanans 5-5
5.1.1.2 Disposal Room Multiphase Flow Propeities . . ....... 5-13

vi



CONTENTS {Continued)

5.1.2 Salado Formation Halite . . ........................ 5-18

5.1.2.1 Halite Physical Properties and Initial Conditions . ... .. 3-13

5.1.2.2 Halite Multiphase Flow Propertics ... ... 0o v v 5-32

5.1.3 Salado Formation Interbeds . .. ... ... ..o iiinnenn. 5-37

5.1.3.1 Interbed Physical Properties and Initial Conditions . . . . . 537

5.1.3.2 Intecbed Multiphase Flow Properties .. ........... 5-48

5.2 Gas-Generation Parameters . . ... .. 0o v m it i n it i e 5-57

5.2.1 Specified Gas-Generation Rate Histordes ................ 5-57

5.2.2 Constant Gas-GenerationRate . . ... ........... e .. 562

5.2.3 Gas-Generation Potential . . . ... ..............c.c.... 5-63

5.2.4 Brine-Dependent Gas Generation Rate . . ... ............. 5-68

5.3 Model Concepmuialization . .. ... ... ... it ronnnonns: 5-72

5.3.1 Flow and Closure Coupling Meibods . ... .. ... ..... ... 5-72

5.3.2 Alternative Conceptual Models _ . . . . ... .. _........... 5-73

5321 Inferbed Fracture . .. ... v v v v cmem e i nas 5-73

5322 Dismrbed Rock Zome ., ... ... .00 iuannas 5-80

5323 Eifectsof Gravity .. ... ... .00 mnnruennn 5-83

5.3.2.4 Gas Exsohution from the Salado Formation ......... 5-83

5.3.2.5 Instantancous Room Depressurization . . . .o oo vu v a s 5-86

6.0 SUMMARY OF RESULTS AND CONCLUSIONS . . . .. ........... ... 6-1
61 SystemBehavior ... ... .. ... e e e 62

6.2 Parameter Sensitivity and Importance Rankings . . . . . ... .......... 6-6

0.3 Comtlusions ... v vt ae it i a g e 6-22

70 REFERENCES .......0iiitattriaanonnann s nmeensnanss 7-1
APPENDIX A: ParameterDatshase . . . . ... . ..o v et v taronrrersesns Al
APPENDIX B: Simulation Results . . .. ... .o i i i oo e s B-1
APPENDIX C: ReferencedMemoranda .. .......... . . 0o C-1

vii




Figures

1-1. Location of the Waste Isolation Pilot Plant {after Beavheim et al., 1991). . ..... 13
1-2. Stratigraphic section in the vicinity of the Waste Isolation Pilot Plant

(aﬂ:ernﬂﬁﬂﬁetﬂl‘,lgm]. ------- il-i-!!tl!iit-tttirtll‘ltttlli1-6
1-3. Underground configuration of the WIPP repository {after WIFF PA

Department, 19922), & v v v v vt st v st annantsessnsnrsesansnnrs .o 17
1-4. Siratigraphic section in the Salado Formation directly above and below

the repository horizon (after Davies etal., 1992}, . ...y evevrennnnrnn. -9
1-5. Areas for gas-storage volume analysis (after Lappin etal., 1989} . . ........ [-22
1-6. Repository pressures corresponding to gas storage in: (1) the waste panel

area onfy; or (2) the entire repository; both with and without interbed

storage aand under threg fixed repamtor},r states (initial, intermediate,

and fnal) ........ - . b e e m 4 saas e Ea e 1-24
1-7. Gas migration distance in Marker Bed 139 and anhydrites "a" and "b"

under three fixed repository states with an assumed interbed porosity of 0.01. . . 1-25
1-8. Gas migration distance in Marker Bed 139 and anhydrites *a" and "b"

under for the final repository state with three assumed interbed porosites, . ... 1-25
1-9. Schematic Nustration of the chemical, hydrologic, and mechanical

coupling that control repository response to waste-generted gas

(after Davies etal,, 1992), . . ... ... ..t ittt es et 1-27
2-1. Schematic representaiion of the fluid-flow continuum

(aﬁernavi-ﬂsﬁali,lggz)o!iiltivt !!!!!!! LI I I I R T I N B e D D I I R ] ¢2-4
2-2. TOUGH2/EOSS discretization of the fluid-flow continuum in the

vicinity of the disposal toom., . . . .. v i i i it i e e 2-5
2.31 Far'ﬁﬂldmtofmﬂuid'ﬂawmﬁnuum- 4 ¢ moFr i nr koo kR g oo 2-6
2-4. Schemafic diagram of capillary fringe. . ... .. ... ... ... ... [P 2-13



2-3.

3-4.

3-5.

Figuras {Continued)

Relationships between pore volume compressibility, porosity, permeability, and

pressure using the interbed fracture alternative conceptual model. . ... ... .. 2-13
Formation pore pressures interpreted from in-sita festing in the vicinity of

excavations (after Beanheim et al., 1993a). . .. ... ... o i v i v 2-21
Simulated relative permeability relationships for the disposal room. ... ... ... 3-6
Simmlated gas-brine capillary pressure relationships for the disposal room. . .. .. 3-6

Simmlated relative pstmeability relationships for ¢the Salado Formation halite and
11— 1) - -3 3-11

Simuolated gas-brine capillary pressure relationships for the Salado Formation
halite and interbeds. . . ... v i e e s 311

Room closure calibration of TOUGH2/EOSE boundary backstress metitod to
SANCHO sinmlated closure of a sealed room (Stone, 1995a) under five differant
gas-generation rabe MiStOIIES. . . . . . . v vt i rh e e et e 3-18

4-1 (a-d). TOUGH2/EQSE boundary backstress sitnulation results for coupled

flow and closure under best estimate conditions: a - Void Yolume;
b - (3as Pressure; ¢ - Brine Flow; d - Gas Expulsion . ............. 4-3

4-1 (e-h). TOUGH2/EOSS boundary backsiress simulation results for coupled

flow and closere under best estimate conditions: e - Upper Interbed
Gas Profile; - Lower Interbed Gas Profile; g - Room Gas Mass;
h - Gas Qenegation . . ... .. .. C e h e e et e 4-4

4-2 (a-d}). TOUGHXEOQSS pressure lines simulation results for coupled flow

aml closure under best estimate conditions: a - Void Volume;
b - Gas Pressure; ¢ - Brine Flow; d - Gas Expulsion . ... .......... 4-5

4-2 {e-h), TOUGH2/EOSE pressure lines simulaticn results for coupled flow

4-3,

and closure under best estimate conditions: e - Upper Interbed Gas
Profile; f - Lower Interbed Gas Profile; g - Room (Gas Mass;
h-CasGeneration . .. 0. v i v et i v v ittt i e e 4-6

Simulated interbed gas saturation profiles under the specified 2/1 gas-generation
13 L)y 4-10




4-4 {a-d),

4-4 (e-h).

5-1 (a-d).

5-2 (a-d).

3-3 (a-d).

54 (a-d).

5-4 (e-h).

5-6.

5-7.

Flgures {Continued)

Comparison of TOUGH2/EOSE boundary backstress simolation

results for specified and brine-dependent gas-generation rafe

histories: a - Void Volume; b - Gas Pressure; ¢ - Brine Flow;
d-GasErpulsion . .......c0vuvrrrserrnnetanrrarnana 4.12

Comparison of TOUGH2/BOSE boundary backstress simulation

results for specified and brine-dependent gas-generation rate

histories: ¢ - Upper Interbed Gas Profile; f - Lower Interbed Gas

Profile; g - Room Gas Mass; h-GasGeperation . ......vvo0venna 4-13

Comparison of system sensitivity under the boundary backstress and
pressure lines flow and ¢losare coupling metheds: a - Maximum
Room Pressure; b - Maximum Brine in Room; ¢ - Ges Expulsion;

Dimensionless plots of performance measure sensitivity to

disposalroom intrinsic permeability and initial brine saturation:

a - Maximum Room Pressure; b - Maximum Brine in Room;

¢ - Gas Bxpulsion; d - Gas Migration Distance . .. ............... 5-8

Dimensicnless plots of performance measure sensitivity to disposal

room multiphase flow properties: a - Maximum Room Pressure;

b - Maximum Brine in Room; ¢ - Gas Expulsion; d - Gas Migration
Distance . ...uvevennnnrrreean G r e - £

Sensitivity to disposal room initial brine saturation: a - Void
Volume; b ~ Gas Pressure; ¢ - Brine Flow; d - Gas BExpulsion . . . ..... 5§11

Sensitivity to disposal room initial brine saturation: e - Upper
Interbed Gas Profile; f - Lower Interbed Gag Profile; g - Room Gas

Mass; h-GasGeneralion . . .. ...vvvvnnas . . 5-12
Effects of variations in residual brine saturation on disposal room relative
permeability and capillary pressure relationships. . . ... ... .. ... .. . 5-14
Effects of variations in residval pas saturation on disposal room relative
permeability and capillary pressure relationships. . . .. .- .. ..o ... 5-15
Effects of variations in pore-size distribution index (b) on disposal room

relative permeability and capiliary pressure zelationships. . .. ........ 5-16



3-8 (a-d).

5-2 (a-d}.

5-10 (a-d).

3-10 (e-h).

5-11 (a-d).

511 (e-h).

5-12 (a-d).

5-12 (e-h).

5-13.

5-14 (a-d).

Figures {Continued)

Dimensionless plots of performeaaxce measure sensitivity o halite

physical properties and initial pressure: a - Maxonom Reom

Pressure; b - Maximum Brine in Room; ¢ - Gas Expulsion; d - Gas

Migration DHSEANCE . . . . o oo it i e e e e e e 5-21

Dimensionless plots of performance measure sensitivity to halite

nuitiphase flow properties: 2 - Maximum Room Pressure;

b - Maximwin Brime in Room; ¢ - Gas Expulsion; d - Gas Migration

I T 5-22

Sensitivity to halite infrinsic permeability (constant threshold
pressure): a - Yoid Volume; b - Gas Pressure; ¢ - Brine Flow;
d-GasExpulsion . ............. ... ... ... . .. .. 5-23

Sensitivity to balite intrinsic permeability {constant threshold
pressire): e - Upper Interbed Gas Profile; [ - Lower Interbed Gas
Profile; g - Room Gas Mass; h - Gas Generation , ... ........... 5-24

Sensitivity to halite porosity (constant pore volume compressibility):
a - Void Volume; b - Gas Pressure; ¢ - Brine Flow; d - Gas
Expilsion ... v v v vt niiaas s as st an e e 3-27

Sensitivity to halite porosity {constant pore volome compressibility):
& - Upper Interbed Gas Profile; f - Lower Interhed Gas Profile;
g - Room Gas Mass; h-Gas Generation . .. ................. 5-28

Sensitivity to initial Salado Formation pressure: a - Void Volume;
b - Gas Pressure; ¢ - Brine Fiow; d- Gas Expulsion .. ........... 330

Sensitivity to initial Salado Pormation pressuze: e - Upper Interbed
Gas Profile; f - Lowar Interbed Gas Frofile; g - Room Gas Mass;
h-GasGeneration . . ... ..o it it it i e e 331

Effects of two-phase characteristic relationships on halite relative
permeability and capillary pressure: BC - Brooks and Corey (1964); P -
Patker et al., (1987); vG - van Gesuchten {1980} . .............. 5-34

Sensitivity to hatite two-phase characteristic relationship: a - Void
Volume; b - Gas Pressute; ¢ - Brine Flow; d - Gas Expulsion . . . . . ... 3-33




5-14 (e-h).

5.15 (a-d).

5-16 (2-d).

5-17 (a~d).

5-17 (e-h).

5-18 (a-d).

5-18 (e-h).

Figures {Continued}

Sensitivity to halfte two-phase characteristic relationship: ¢ - Upper
Interbed Gas Profile; f - Lower Interbed Gas Profile; g - Room Gas
Masg; h-GasGeneration . ... ... .o v v it st r e r s a o 5-36

Dimensionless plots of performance measure sensitivity to imerbed
physical properties: a - Maximtm Room Pressuce; b - Maximtim
Brine in Room; ¢ - Gas Expulsion; d - Gas Migration Distance . . . . ., . 540

Dimensionless plots of performance measure sensitivity to interbed

omultiphase flow properties: a - Maximum Room Pressure;

b - Maximum Brine in Room; ¢ - Gas Expulsion; d - Gas Migration

L 7. e 5-41

Sensitivity to interbed intrinsic permeability: a - Void Volume;
b - Gas Pressure; ¢ - Brme Flow; d -Gas Expulsion . ............ 5-42

Sensitivity to interbed intrinsic permeability: e - Upper Interbed
Gag Profile; f - Lower Interbed Gas Profile, g - Room Gas Mass;
B-Gas Generation . ... 0. i i v i e s m et 5-43

Sensitivity to interbed porosity (constant pore voltine
compressibility): a-- Void Volume; b - Gas Pressure; ¢ - Brine
Flow,;d-GasExpulsion . . ... ......... ¢ ccieiveiennrns 5-46

Sensitiviey to interbed porosity (constant pove volume
compressibility): e - Upper Interbed Gas Profile; £ - Lower
Interbed Gas Profile; g - Room Gas Mass; b - Gas Geperation . . .. ... 5-47

5-19. Effects of variations in residual brine saturation on interbed relative permeability
and capillary pressure relationships . . . .. ... .. . . e e 5-49

5-20. Effects of variations in residual gas saturation on interbed relative perimeability
and capillary pressure relationshidps. . .. . . . ... L L e 3-50

5-21. Effects of variations in pore-size distribution index (A} on interbed relative
penneability and capillary pressure relationships. ... ... .. ... ... 5-51

3-22 (a-d),

Sensitivity to interbed threshold pressure: a - Void Volume;
b ~ Gas Pressure; ¢ - Brine Flow; d - Gas Expulsion . ... ... ...... 554

xii



5-22 (e-h).

5-24 (a-d}.

5.25 (a-d),

5-25 (e-h).

5-26 (a-d).

5-26 (e-h),

5.27 (a-d).

527 {e-h).

5-28 (2-d).

5-28 {e-h).

Figures {Continued)

Sengitivity to interbed threshold pressure: e - Upper Interbed Gas
Profile; { - Lower Interbed Gas Profile; g - Room Gas Mass;
h-GasGemeration . . ..o v i v v i et ra s et aa s 5-55

Effects of two-phase characteristic relationships on interbed relative
permeability and capillary pressure: BC - Brooks and Corey (1964); P -
Parker et al., (1987); v(3 - van Gepuchten (1980 . .............. 5«36

Dimensionless plots of performance measure sensitivity to gas-

generation rate and potential: a - Maximum Room Pressure;

b - Maximum Brine in Room; ¢ - Gas Expulsion; d - Gas Migration

I 1 - 3-58

Sengitivify to specified gas-generation rate history: a - Void
Volume; b - Gas Pressure; ¢ « Brine Flow; d - Gas Expulsion . . . .. . .. 5-60

Sensitivity to specified gas-generation rate history: e - Upper
Interbed Gas Profile; f - Lower Interbed Gas Profile; g - Room Gas
Mass; h-Gas Generation . . . . ... ... ... . ... . iiien... 5-61

Sensitivity to constant pas-generation rate: a - Void Volume;
b - Gas Pressure; ¢ - Brine Flow; d - Gas Expulsion . . ........... 5-6d

Sensitivity to constant gas-generation rate: e - Upper Interbed Gas
Profile; f - Lower Interbed Gas Profile; g - Room Gas Mass;
h-Gas Genetration . . .. ... vttt ittt i e it it e e 5-65

Sensitivity to gas-generation potential: a - Void Volume; b - Gas
Pressure, ¢ - Brine Flows d - Gas Expulsion .. ... ............. 5-66

Sensitivity to gas-generation potential: e - Upper Interbed Gas
Profile; f - Lower Interbed Gas Profile, g - Room Gas Mass;
h-GasGeperation . . ......,....-..... e e e e 5-67

Sengitivity to capillary fringe threshold brine sataration: 2 - Void
Volume; b - Gas Pressure; ¢ - Brine Flow; d - Gas Expulsion . . . ... .. 5-70

Sensitivity to capillary fringe thweshold brine sataration: e - Upper
Interbed Gas Profile; f - Lower Interbed Gas Profile; g - Room Gas
Mass;: h-Gas Generation . . . . . . v v v v v vt vt nn e 5-71




Figures (Continued}

5-29 {a-d}. Results from interbed fractare alternative conceptual model:
a - Void Volume; b - Gas Pressure; ¢ - Brine Flow; d - Gas
Bxpulsion . ... .- v vt i e e e e 575

5-29 (¢-h). Results from interbed fracmre alternative concepinal model:
& - Upper Interbad Gas Profile; f -~ Lower Interbed Gas Profile;

g-Boom GasMass, h-Gas Geperation . ... ... vt v i vnwe v 5-76
5-30. Comparison of change in interbed permeability with respect to

change in mterbed porosity for two different interbed fracthure

171 11 - 575

5-31 (a-d). Results from distarbed rock zone alternative conceptual model:
a - Void Volume; b - Gas Pressure; ¢ - Brine Flow; d - Gas
Expulsion ... ... ... . i e e e 5-81

5-31 (e-h). Results from disturbed rock zone alternative conceptual model:
e - Upper Interbed Gas Profile; f - Lower Interbed Gas Profile;
g-Room GasMass; h-GasGemeration . . . . .. ... v v i v v an 5-82

5-32 (a-d). Results from gravitational effects aliernative conceptual model:
a - Void Volume; b - Gas Pressure; ¢ - Brine Flow: d - Gas
EXxpulsion ... ..o v it iinninimm e ettt 5-84

3-32 (e-h). Resulis from gravitational effects alternative conceptual model:
¢ - Upper Interbed Gas Profile; f - Lower Interbed Gas Profile;
2 -Room Gas Mass; h-Gas Gereration . . ... ......... .00 v..n 5-85

5-33 (a~d). Results from gas exsolution alternative conceptual model: 2 - Void
Volume; b - Gas Pressure; c - Brine Flow; d - Gas Expulsion . . . ... .. 5-87

5-33 (e-h). Results from gas exsolution alternative conceptual model:
¢ - Upper Interbed Gas Profile; f - Lower Inierbed Gas Profile;
g-Room Gas Mass; h - Gas Generation . . . . .. .. ............. 5-88

5-34 (a-d). Resuits from instantanecus room depressurization alternative

conceptual model: 2 - Void Volume; b - Gas Pressure; ¢ - Bripe
Flow; d-GasEXpulsion . .. ... vv vt vme v enrnnrnenan 590

Xiv



Figures {Continuad)

5-34 (e-h). Resulis from instantaneovs room depressurization aliernative
conceptuzl model: ¢ - Upper Interbed Gas Profile; f - Lower
Interbed Gas Profile; g - Room Gas Mass; h - Gas Generation . .. .. ..

G-1. Total importance coefficients for cach performance measure for disposal
FOOM PALAIEIEIEES . o 4 v v o v v v v e s o st s s e namotaaosonoananss

6-2, Total mmportance cocfficients for each performance measure for halite
physical parpameters . . ... ... ... ... e e e

6-3. Total snportance coefficients for each performance measure for balite
nultiphase flow parameters .. ... ... e h e e e e e e e

6-4. Total imporiance coefficients for each performance measure for imterbed
physical paramefers . . ... . ... i i e i e e e

6-3. Total importance coefficients for each performance measure for interbed
multiphase flow parametsrs . ... .. .00 i it i i s e

6-6. Total importance coefficients for each performance measure for gas-generation
parameters and closvie couplingmethod . . . ... ... L. i i,

&7. Total importance coefficients for each performance measure for alternative
conceptual models . . ... ... f e i rr e A e

Xy




33,

5-4.

5-6.

6-1.
6-2.
&3,

6-4,

Tablas

Specified Gas-Generation Rates (moles perdmm peryeary . . . ... ........ 2-10
Brine-Diependent Gas-Generation Rates (moles per drum per year) . ... 000 u s 2-12
Simulated Hydrologic Parameters for the Dispesal Room . . . . . ... .. o0 ... 3-1
Simulated Hydrologic Paremeters for S8alado Formation Halite . ........... 32
Sinmlated Hydrologic Parameters for Szlado Formation Interbeds . ... ... ... 32
Sensitivity Coefficients for Disposal Room Parameters Under

Specified 2/1 Gas-Genezation Rate History . . .......... ... ... 0. 36
Importance Coefficients for Disposal Room Parameters Under

Specified 2/1 Gas-Generation Rate History . . . .. ... v v i i i i iv v v 57
Sensitivity Coefficients for Halite Parameters Under Specified

21 Gas-Generation Rate History . . . .. ... ... e e e 5-19
Importance Cosfficients for Halite Parameters Under Specified

2/1 Gas-Generation Rate History ... .. ... .. it iiann, 5-20
Sensitivity Coefficients for Interbed Parameters Under Specified

21 Gas-Generation Rate History . ... ... oo i i it i i s i s i it s s s ns 5-38
Importance Coefficients for Intesbed Paraineiers Under Specified

2/1 Gas-Generation Rate History . . . .......................... 5-39
Inoportance Rankings for Maximum Room Pressure . . . ... v v v v v e v v v v s 67
Importance Rankings for Maximum Brine Yolume mRoom . .......... ... 68
Imporance Rankings for Mass of Gas Expelled fromRoom . . .. .......... 6-9
Importance Rankings for Maximum Gas Migeation Distance . . . ... ... ... . &6-10

i



1.0 INTRODUCTION

The Waste Isolation Pilot Plant (WIPF) i1s a U.S. Department of Energy {(DOE) research
and development facility designed o demonsteate the safe undexground disposal of transiranic
(TR} waste from U.S5. defense-related activities, For regulatory compliance, the DOE must
reasonably demonsirate that there will be no release of radicactive or hazardons constituents
fromt the repository in violation of regulatory standards. If it can be demonstrated to the U.S.
Environmental Protection Agency (EPA) that the WIPP is in compliance with rzlevant regulatory
standards, then disposal of TRU wastes being gencrated by and stored at various DOE facilities
will pecur.

The WIPP repositary is located 655 m undergrovnd, within the Salado Formation. The
Salado Formation is comprised of bads of pure and impure halite with hin interbeds of anhydrite
and associated clay seams. Elevated repository pressures in response to gas geperation from
post-cperational corrosion and degradation by microbial activity of the emplaced waste could
increase gas expulsion from the xepository and produce fracturing in near-repository anhydrite
interbeds, enhancing contaminant movement towards regnlatory boundaries. An assessment of
the long-term performance of the WIPP repository must therefore consider the impact of waste-
generated pas,

Experimental and analytic studies are corrently being pgrfomed to evaluate the physical and
chemical processes that control gas generation and repository response to gas pressurization.
Preliminary results from these stedies suggest that gas gemeration and the comesponding
repository response are characterized by a strong coupling between chemical, hydrologic, and
geomechanicat processes (Davies et al., 1992; Webb, 1992a2). For example, gas gengration may
be comrolled to a large degree by ibe availability of brine. Brine availability, in turn, is
controlled by the rate at which brine is consumed by the corrosion reactions, by the hydrologic
characteristics governing the rate of brine inflow fiom the surrovading rock, and by the rate at
which gas pressuze builds in the repository thereby opposing brine inflow. Gas pressure in the
repository is strongly influenced not only by the gas-generation zate, but also by gas relesse from
the repository into the surroumding rock and by changes in gag-storage volume cavsed by creep
closure and/or expansion of the repository. Repository agsessment must consider the chermical
processes {gas generation), hydrologic processes (mmltiphase brine and gas flow), amd
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geomechanical processes (imterbed fracture, room closure and expansion due io salt cresp) as
well as the complex coupling between the processes.

The WIPP Performance Assessment (PA) Department (1992b) developed a computer model
to evaluate total repository performance which incorporates conceptual models to represent a
large number of physical processes. Due to the Targe nmmber of physical processes included in
the WIPP PA model, simplified concepmalizations were used to represent some of the processes.
A stochastic (Monte Carlo} approach was used to predict repository behavior and to perform
sensitivity analyses. Overall repository performance is evaluated by comparing complementary
cumulative distribution fonctions for several performance measures with regulatory containment
Tequirements.

This srudy uses a determimistic framework to focus on roome-scale concepiual models of the
processes of gas generation, disposal room closure and expansion, ard multiphase fluid flow and
on the coupling batween them. Freeze et al. (1995) evaluated several alternative methods for
approximating room closure and expansion in a numerical model of muliiphase flow,
TOUGH2/EOS8. Two methods, boundary backstress and pressure-time-porosity line
mterpolation {pressure 1mes), were found to most aceurately sitmulate the coupled processes of
gas generation, room closire and expansion, amd multiphase flow. In this study, these two
coupling methods are uwsed:

# To simublate repository bebavier and brine and gas movement through the Salado
Formation using the cuxrent "best estimates” of system parametsrs;

® To examine the sensitivity of system behavior to variations in systern parameters over
their expected ranges;

® To identify uncertain aspects of the modeling approach and develop alternative
concepiual models where justifed by the present lack of data and/or differing ideas
regarding the important physical processes;

¢ To identify the Ilimitations of cur knowledge of system behavior and the
corresponding limitations of the process couplings; and

& To quantify parameter sensitivity and importance to provide feedback to experimental
Programs, ‘



This deterministic approach uges best estimates of system parameters. A single best-
estimate value was selected for each parameter through an evaluation of available data. The
hest-estimate value represents a most likely value, but has no statistical significance (i.e., it is
not 2 calculated mean, median, average, or expected value). The deterministic approach,
focusing on only a few interdependent processes, was used to evaluate and, if possible, provide
Justification for the simplifred implementations used ia the WIFP PA model. This approach also
demonsirates a methodology by which multiple conceptual models can be quantitatively evaluated
at a sub-systemn level using specific mechanistically-based perfonmance measures, rather than at
the level of overzll repository performance.

This report provides an introductory discussion of issues related to waste-generated gas and
its impact on repository performance {(Section 1), describes the mode] concepimalization for
coupling multiphase flow with repository creep closure (Section 2), summarizes the sysicm
parameters required by the numerical model and discusses the selection of best- estimate
parameters (Section 3), and presents an analysis of the results of deterministic simulations in
which the moxdel was applied o predict the response of the WIPP repository and surromnding
Salado Formation to waste-gensrated gas. Two sets of simulations were petformed: baseline
simulations (Section 4), which predicted system behavior under besi- estimate conditions; and
sensitivity simulations {Section 5), which examinsd system response to variations in system
parameters. Conclusions about system behavior and process coupling derived from the model
stody are presented in Section 6.

Because of the large mumber of system parameters, only a parameter SUDMMary was
presented in Section 3. A demiled discussion of the rationales for the selection of the parameter
best estimates and sensitivity ranges used in the model was reserved for Appendiz A. Parameter
selection was based on data collected through June, 1993, Model development was based on
information available up to August, 1993. Duoe to the [axge mumber of simulations that were
performed, simelation results are summarized m Sections 4 and 5, with detailed results from all
simulztions presented in Appendix B. The model development and simulations discussed in this
report were performed by INTERA Inc., Albuquerque, New Mexico and Austin, Texas, under
the technical direction of Sandia National Laboratories, Albuquergue, New Mexico.




1.1 Background

The WIPP is located approximately 30 miles (30 km) east of Carlsbad in southeastern New
Mexico (Figare 1-1). The WIPP is siiuated in the nogthern part of the Delaware Basin, which
contzins several Permian-age sedimentary deposits (Figure 1-2), Site characterization activities
at the WIPP began in the mid 1970°s and excavations at the repository horizon began in the
early 1980°s. Site characierization investigations have focused on the Salado Formation, which
contains the repository, on the water-bDearing units of the Bustler Formation (primarily the
Culebra Dolomite), which overlay the Salade Fornmation, and ont the acentrence of pressurizad
brine in the Castile Formation, which underlies the Salado Formation. This imvestigation
considers only the Salado Formation.

1.1.1 Repository Gonfiguration

The WIPP repository lies in the lower portion of the Salado Formation at a depth of
approximately 655 m below land surface. The underground facility consists of an experimental
area at the north end and a waste storage area at the south end, Waste will be emplaced in
rooms within the waste storage area. The waste storage area is designed to have eight waste
disposal pamels, each of which will contain seven rooms (Figare 1-3). Currently, only Waste
Panel 1 has been excavated. Fature waste panels are designed to be similar o Panel 1. Each
disposal room is approximately 4 m high, 10 m wide, and 91 m long. Waste disposal rooms
within a panel will be separated by salt pillars approxiimately 30 t in width. Access between
disposal rooms, panels, and within the experimental area are through a nerwork of tunnel-like
drifts. Four shafts provide access to the surface. Repository excavation is designed to follow
a single stratigraphic horizon. Because the Salado Formation is dips gently (less than 1° slope)
to the southeast, the north end of the repository will be approximately 10 m higher than the
south end (WIPP PA Division, 1991).

Under current operational plans, each disposal room 18 to be filled with 6,804 53-gallon
drums and/or steel boxes (Beraun and Davies, 1992) containing contact-handled (CH) transuranic
(TRU) waste, primarily metals, glass, combustibles, and process slndges (Butcher, 1989), A
small volume of remote-handled (RH) waste will be inseried into individually drilled and sealed
horizontal boreholes in the room walls. Following waste emplacement, each room will be
backfilled above amd between the waste drums with crushed salt or a crushed salt and
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bentonite mixmre., Disposal room volumes will change due to salt creep. Room closure is
discussed in Section 1.1.5.

Sinvulations presented in this report consider only two-dimensional flow in a vertical plane
arpund a single, isolated disposal room. Simulation results do not consider the possible effects
of adjoining rooms in the sarexs waste panel, or the effects of rpository dip, and they sre not
directly comparable to simulations of the repository using radial or three-dimensional flow
geometry,

1.1.2 Salado Formation Hydrogeology

The Salade Formation is approximately 600 m thick, extending from the bottorn of the
Ropsiler/Salado Contact at about 2060 m below land surface to the top of the Castile Formation
at about 860 m below land surface. The Salado Formation consists of a large mumber of beds
of relatively puxe halite and impure halite containing interspersed ¢lay and polyhalite. Thin
interbeds of ahydrite, with associated underlying clay seams, are present in laterally continnous
layers. The thicker, laterally extensive anhydrite interbeds have been designated as Marker
Beds, numbered from 100 to 144 with increasing depth (Jones et al., 1960). The repository
borizon is separated by a few meters of halite from the overlying Marker Bed 138 and the
underlying Marker Bad 139, A stratigraphic section of the Salado Formation in the vicinity of
the repository is shown in Figure 1-4.

Factors contrelling gas and brine flow within the Salado Formation incluode, but are not
limited to, the physical properties {intrinsic permeability, porosity, and rock compressibility),
the fluid properties (phase pressures, saparations, and compressibilities), and the two-phase flow
relationships (velative permeability and capillary pressure). In-situ testing has been performed
to determine the hydrologic properties for the halite and the anhydrite intarbeds vnder both
nndismirbed and excavation-disturbed conditions. The Salado Formation hydrologic parameters
are summarized in Section 3, and a complete discussion of parameter selection is contained in
Appendix A.

In-sita permeability testing indicates a large variability in intrinsic permeability, ranging

from less than 102 m? for pure halite to as high as 10® m? for anhydrite interbeds (Beavheim
et al., 1991; Howarth ¢t al., 1991; Beauheim et al., 1993a). The porosity of the Salade
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Formetion (for both the halite beds and the anhydrite interbeds) is estimated to be 0.01 (Skokan
et al., 1989). A maxitnum porosity for Salado Formation halite and anhydrite is 0.03 (Skokan
ctal., 1989). Minimem porosities of (.0006 for the anhydrite (see discussion i Appendix A)
and Q0,001 for the halite (Powers et al., 1978) have been proposed. These permeability and
porosity measurements are considered representative of undisturbed (i.e., far-field) values,
although the maximum values may be somewhat influenced by excavation.

Based on in-gitu {esting results, the undisturbed brine pore pressure in both halite and
anhydrite units at the elevation of the repository is estimated to be approxXimatzly 12 MPa, which
is berween hydrostatic (6 MPa) and lithostatic (15 MPa) (Peterson et al., 1987; Nowak et al.,
1988; Lappin et al., 1589, Beaubeim et al., 1991). Pore pressures are much lower within the
first few meters of the excavation due to depressurization resulting from brine flow toward the
excavation and/or to dilatation of pores cansed by high deviatoric stresses near the excavation
{Beauheim et al., 1991). Lmmediately after excavation, thete is a significant inward pressure
gradient from the Salado Formation te the repository, which is initially at atmospheric pressurs
(0.1 MPa).

Repository excavation has created 2 zone sorrounding the repository having disturbed
hydrologic and geomechanical properties. The disturbed rock zone (DRZ) is present within the
first few meters of the WIPP excavations, at a minimum (Nowak and McTigue, 1987; Stormont
et al., 1987; Borns and Stormont, 1988; 1989; Beanheim et al., 1993a). Within the DRZ,
intrinsic permeability and porosity are increased due to local fracharing and possible dilatation,
Also, elastic and inelastic changes in pore volume, driven by excavation-related stress
redistribution, may cause variations in the near-field fluid pressure distribution that are
superimposed on fluid-pressurs cradients associated with brine flow toward the excavation.
Dilatation, drying, and exsolution of dissolved gas that occurs naturally in Salado brines may
lead to reduced brine satorations within the DRZ. Increased permeability, decreased pore-fluid
pressure, and partially saturated conditions within the DRZ all contritate to enhancing potential
gas flow pathways between the waste disposal rooms and nearby higher permeability interbed
units. The DRZ is expected 0 undergo time-dependent changes in properties, with disturbed
halite eventually healing to a final state equivalent to undistirbed halite (Lappin et al., 1989).

The Salado Formnation contains approximately 0.1 wi% to 1 wi% brine (Nowak et al.,

19388). Brine accumulation in the disposal rooms, shafts, and drifts in response to excavation
has been observed. Two mechanisms for brine movement through the Salado Formation have
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been proposed. Brine may flow in response to pressure gradients and gravitational forces, with
the halite acting as an equivalent porous medinm in both the near- and far-field. Brine flow in
the anhydrite interbeds is likely fractue-dominated. Altermatively, McTigue et al. (1989)
proposed that the Salade Formation may confain isolated pores of pear-lithostatic brine that
become interconnected in response to shear deformation and difatation around an opening.
Connected porosity wonld be present only in the pear-field. Deal and Roggenthen (1991)
suggests that under the latter scemario, brine is zvailable only from compaction of
undercompacted clay seams that are directly connected fo the disposal rooms in response to
excavation, and that brine does not flow into the repository from the adjacent halite or anhydeite
interbeds,

In the event of repository pressurization in response to waste-generated gas, there will likely
be a reversal of the pressure gradient, resulting in brine and gas flow out of the repository.
Flow of brine and gas away from the repository will be strongly controlied by the two-phase
flow relationships, which are discussed further in Section 1.1.3.

For this stdy, both che halite and the anhydrite interbeds were modeled as equivalent
porous media, with bomogencous propertics within cach modeled stratigraphic unit. The
interbed properties were averaged over the inberbed thickness to xepresent an equivalent porcus
media. This conceptoalization is supported by test results from Beaubeim et al. (1993a). A
fractured itterbed comceptualization was also examined (Section 2.5.1). The baseline and
sepsitivity sinmiations did not inclede an explicit DRZ, although enhanced flow pathvays
between the rooms and the interbeds, characteristic of the early-time DRZ, were incorporated.
An alternative conceptual model was developed to explicitly sinmlate a simple DRZ (Section
2.5.2).

1.1.3 Multiphase Flow Ovarview

Multiphase flow occurs due to the interaction of multiple fluid phases (in this case aqueous
and gasecus) and multiple components (in this case brine and several waste-generated gases).
The aquecus phase may contain both brine and dissolved gases while the gaseous phase may
contain both free gases and water vapor. In simulations presenied in this report, the quantites
of dissolved gases amd water vapor were insignificant. The aqueous phase consisted almost
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exclusively of brine and the gaseous phase consisted almost exclusively of fres gas. Asa result,
the terms "brine” and "gas" are used to refer to both the componenis and the phases.

Radionuclides and ather hazardous constituents could be released from the repository in
sither the aqueons or gaseous phases. Simulations tracked the expulsion and migration of waste-
generated gas that mey contain small concentrations of volatile organic compounds (VOC’s), and
the expulsion of brine that may contain dissolved radionuclides or hazardous contaminants. This
madeling study did not consider retardation of VOC’s or dissolved contaminants.

Apmdiﬂer&nmhemﬂmbﬁmmdgasphﬂmmex}stmmepﬂm. This
difference is the gas-brine capitlary presscre, The capillary pressure is function of the pore size,
the relative finid (gas and brine) properties, and the degree of saturation. Brine will flow out
of the repository in response to an outward brine pressure gradient. Similarly, gas will Sow out
of the repository in response to gas pressure gradients. An cutward gas pressure gradient cannot
be achieved until the disposal room gas pressure exceeds the capillary resistance (quantified by

the s of the gas-brine capillary pressowe and the brine pore pressure} within the surrounding
~ Salado Formation, at which time gas is able to displace brine from the pores.

(Gas expulsion from the repository is also controlled by the relative permeability of the
phases in a disposal room. The relative permeability of a phase deseribes the ability of that
phase to flow in the presence of another phase. The relative permeability of a phase increases
as the satration of that phase increases. In imany rock types, each phase has a residual
satuzation, below which a contimous phase throughout the pore structure does not exist. Below
tesidual saturation, a phase is not mobile and is considered to have zero relative permeability.
Gas and brine within the room could segregate due to density differences and create conditions
where the lower part of the room is highly saturated with brine and the upper part is highly
saturated with gas. Under these conditions, gas expulsion might occur preferentially from the
top of the room because of the high relative permeability to gas and brine expulsion might occur
from the lower part of the room.

(as and brine migration away from the repository are dependent not only on the intrinsic
pemmeability and porosity, but also on the relative permeabilitics to brine and gas and the gas-
brine capillary pressure of the Salado Formation, Gas saturations in the Salado Formation must
exceed the residual gas saturation in order for gas migration to acenr. High gas saturations will
cihance gas migration but may impede brine flow,
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Davies (1991) used an empirical corvelation with intrinsic permeability to estimate gas-
threshold pressure, a measure of the capillary resistance that must be overcome by gas to
displace brine from the rock pores. Gas-threshold pressure was quantified as the gas-brine
capillary pressure at residual byine satuvation. Estimated threshold pressures ranged from less
than 1 MPa for anhydrite interbeds to greater than 50 MPa for pure halite. The combination
of relatively high intrinsic permeability and Iow threshold pressure suggests that the anhydrite
interbeds will provide the dominant pathway for waste-generated gas away from the repository.

An initial presence of free gas in the Salado Formation would enhance gas migration if the
quantity wag sufficient to produce a non-zero relative permeability to gas (i.e., greater than
regidial saturation). During in-situ testing, Beauheim et 21, (1991) observed some gas bubbling
inio wellbores. However, it conld not be determined whether the bubbling resulted from an
existing free gas phase or from exsolution of gas dissolved in brine in respomse to
depressurization. The baseline simulations presented in this report assumed two-phase porous
media flow with only a brine phase initially present in the Salado Formation. Axn alternative
conceptual model (Section 2,5.4) was implemented to examine the effect of initial gas in the
Salado Formation,

1.1.4 Gas Generation Overview

The potential for significant gas generation from transuranic waste at the WIPP was first
recognized in the 1970°s. The steel waste drums, iron, and other metals in the waste will
corrode in the presence of brine, The corrozion process has the potential to produce significant
quantittes of hydrogen gas (H;). Microbial degradation of cellulosics (paper, wood, cloth) in
the waste has the potential to produce significant quantities of various other gases (CO,, CH,,
H,S, N,) in the presence of sufficient microosganisms and nutrients,

Initial laboratory expermnents examiped corrosion, microbial activity, radiolysis, and
thermal decomposition (Molecke, 1979). Based on early measurements of salt permeability in
borehales drilled from the surface, calendations of gas flow into the swrounding rock suggested
that salt permeability was sufficiently high to dissipate waste-generated gas without adverse
pressurization of the disposal rooms (Hunter, 1979). However, during the 1980s, the salt
became directly accessible fraom underground excavations and in-gitu testing revealed that salt
permeability was orders of magaitude lower than indicaied by the earlier laboratory and well
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testing (Lappin ¢t al., 1989; Beanheim ef al., 1991). Under these conditions, nuch higher gas
pressures are possible and there has been significant renewed effors to fully characterize gas-
generation processes.

Current laboratory experiments focus on quantifying gas-generation rates for corrosion,
microbial activity, and radiolysis (Brush, 1990). These experiments ¢xamine gas generation
under two scenarios, brine-inundated and vapor-limited (tumid) conditions. In the brine-
inmndated experiments, the test specimen is immersed in brine in a closed brine-water vapor
system. This comesponds to in-site fully-brine-saturated conditions or to partially-brine-samrated
conditions where the waste is in direct contact (perhaps thinly coated) with brine. In vapor-
limited experiments, the test specimen is suspended in water vapor in equilibriurn with brine in
a closed brine-water vapor system.

Results from the laboratory experimenis (Brush, 1991; Brush, 1995) suggest that pas-
generation rates for anoxic corrosion may be significantly higher voder brine-tmmdated
copditions than under vapor-limited conditions. The dependence of anoxic corresion on brins
is apparent from examining the most likely anoxic corrosion reactions (Brush, 1995}

Fe + 2 H,0 = Fe{OH), + H, {1-1a)
3F + 4 H,0 = Fe, 0, +4H; (1-1b)

These reactions indicate that H,0 (from brine) is necessary for, and is consumed by, the
cotrosion process. Reactions 1-1a and 1-1b will occor at low fugacities of CO, and H,S (i.e.,
the repository is predominantly filled with other pases such as B, and N,). At higher fugacities,
CQ, and/or H,S will be consumed along with HyO to produce H, and FeCQ;, a process that may
l=ad o passivation (Brush, 1995). Becanss the laboratory expetitnents test the exteemes of brine
availability, the brine-inundated corrosion experiments likely produce an upper bound on the in-
situ hydrogen (H,) generation rate while the vapor-limited corrosion experiments likely produce
4 lower bound.

Imerim results (Brush, 1991) fiom the ongoing laboratory experiments have been
incorporated into the simulations presented in this report. Interim anoxic corrosion results
indicate a besi-=stimate gas-generation rate of approximately 1 mole of gas par drom of CH TRU
waste per year under brine-inundated conditions. The gas-generation rate umler vapor-limited
conditions was estimated to be (.1 moles per dium per year, but may possibly be zero depending
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on the local relative bumidity. The estimated fotal gas generation potential for corrosion is
1,050 moles per drum of CH TRU waste (Beraun and Davies, 1992).,

The role of brins in microbial activity is less apparent. Microbial degradation of cellulosics
in the waste produces various gases. The likely significant microbial processes, shown below,
ate denitvification (Reaction 1-2a), Fe(IT) reduction (Reaction 1-2b), $O2 reduction (Reaction
1-2¢), and methanogenesis (Reactions 1-2d and 1-2e) (Brush, 1995).

CH,O + 08H* +08N0O; = 14HO+CO,+ 04N, (123
CH0 + H,0 + 4 FeO(ON) + CO, + 4 Fe{OH), (1-2b)

CHO + HY+0550%> = HO + €O, + 05H,$  (1-20)
2 CH,0 = CO, + CH, (1-2d)
4H, +CO, = 2 HO + CH, (1-2e)

Reactions 1-2a through 1-2= indicate that T,O may be both produced and consumed by microbial
activity. CH,O (glucose) 15 used to represent the cellulose in the waste. Ongoing laboratory
experonents have observed significant microbial gas production by halophilic organisms that
exist in brifie from the WIPP upderground with glucose ag the substrate. However, cellulose
is the primary potential substiate in the WIPP waste and these experiments did not yield
significant gas production with a cellulose substrate. The latter results are contrary to earlier
WIPP smdies by Molecke (1979, which preduced significant microbial gas vnder apparently
realistic repository conditions. New experiments are currently under way to resolve this
discrepancy.

A best estimate for microbial gas-generation rate under brine-inundated conditions of 1 mole
of gas per drum of CH TRU waste per year was asstuned by Brush (1991), based on the earlier
studies by Molecke (1979}, The dependence of microbial activity on brine remains uncertain
pending the completion of laboratory experiments for microbial activity under vapor-limited
conditions. Howevar, based on results to date, a gas-generation rate ender vapor-limitsd
conditions of (.1 moles per drum per year was estimated. The estimated total gas-peneration
potential for microbial activity is 550 moles per drom of CH TRU waste (Beraun and Davies,
1992).

Ongoing laboratory experiments to examine alpha radiolysis of WIPP brines containing
various concentrations of dissolved plutonium ixdicate relatively slow gas generation, but are not

1-15




yet far enough along to quantify pas-generation rates. Radiolysis is expected to make only a
mingr contribution to the total gag-generation rate.

Baseline simuiations examined several gas-generation rate historfes (Section 2.4), all of
which assurned a todal gas-generation potential of 1,600 moles per drum of CH TR waste per
year, represcifative of waste-generated gas from anoxic corrosion and microbial activity.
Baselire simulations did aot inchide gas from radiolysis, plastic degradation, or RH waste.
Sensitivity simulations examined different toral gas-generation potentials and gas exsolution in
the host rock, Reduced pressures in the host rock in the vicinity of the repository as a result
of excavation will reduce gas solubility in the brine and may lead to the exsolution of gas. At
early time under the inward pregsure gradient, exsolved gas may flow imto the repository.
Following gradient reversal, it may be expelled along with waste-generated gas.

Additional laboratory results recently became available (Brush, 1995). These results
indicate that the best-esticnate gas-generation rate doe to anoxXic corrosion may be lower than
previously estimated (0.6 moles pax drum per year vnder brine-inundated conditions, 0 moles
per dram per year under vapor-limited conditions). Although these results were received too
late to be incorporated into the baseline simulations, they were considersd in the sensitivity
simulaticns (Section 5.2.1).

For this report, gas-generation rates were calculated from the independent iaboratory
experiments for corrosion and microbial activity. The production and/or consumption of H,O
was not simulated. However, independent experimenis can only provide bounding estimates for
the gas-generation rates. The corrosion and microbial activity reactions are coupled by the
availability of H,0 and various gases (H,, CO,, H;S, N,, CH,), making it difficult to predict in-
si gas-generation rates based on laboratory estimates from the individoal processes. In-sit
fas-gencration rates are also strongly influenced by the chemical and physical propetties of the
waste, backfill, host rock, and groundwater. A thermodysarmic and kinetic reaction-path gas-
generation model is currently under development to help quantify the chemical reaction coupling
{Brush, 1993),

Given the non-homegenzons nature of the repository contents, betier predictions of in-sim
gas-generation rates also require 2 beiter understainding of H,O movement through the waste and
backdill and of how in-situ saturation conditions relate io laboratory brine-inundated and vapor-
limited conditions. Because of density differences it is expected that gas and brine will be
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segregated within the room, with brine moving preferentially to the bottom. It is conceivable
that brine-imndated corsosion could be occurring in the bottom of the room while vapor-limited
conditions exist at the top. Two brine-dependent gas-generation methodologies are presented
in Section 2.4.2 that examine this phepomena. Brine-immdated conditions may also be created
in disposal rooms that are downdip in the r=pository.

1.1.5 Geomechanics Ovarview

Long-term salt creep is driven by deviatoric steesses that develop within the intact salt
surrounding an excavation. Prior to repository excavation, an undisturbed stress state existed
in the Salade Formation in response to lithostatic loading. The presence of the repository
excavations produces high deviatoric stresses in the Salado Formation near the disposal rooems,
decreasing towards the undisturbed state with distance away from the repository.

Foom closure and consolidation is driven by the inward forces resulting from the
excavation-related stress redistribution m the Salado Fommation surrotnding the room.
Registance @ room closure is developed by the ontward forces (backsiress on the room walls)
resulting from the stress distribution in the waste and backfill and from the pressure of the
waste-generated gas. As rooin closure ccenrs, consolidation and compaction of the waste and
backfill is expected 0 produce an increage in the backstress, Over time, gas generation will
increase the mynber of moles of waste-generated gas and room closere will decrease the void
volume zvzilable for gas storage. Both factors are likely to contribute to increasing room
pressures, which will provide additiona] resistance to closure. Room pressurization may be
mitigated by gas expulsion or by room expansion.

In the WIPP underground, room closure was observed immediately following room
excavation with early time closore rates of several centimeters per year (Munson et 21., 1989).
Salt creep has proditced inward bowing of the walls, ceilings, and floors of existing disposal
rooms, Spalling of the ceilings and walls of the rooms and excavated drifts has necessitated the
instaliation of rock boits. Differential displacement was observed in experimental boreholes.
These observations all suggest that significant salt creep is occurring,

Consolidation of the waste-filled disposal rooms is expected. Backstess due fo
consolidation is provided predominantly by the waste. Backdill consolidates more rapidly and
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with litfle resistance. Even with high gas-generation rates as under brine-inundated conditions,
room clasure and consolidation is expected to cause a siomificant reduction in the void vohmme
available to store wagte-generated gas within a disposal room.

Extensive in-situ and laboratory testing has been performed to determine the constitutive
models and parameter values for creep deformation in halite (Kiieg, 1984; Munson et al., 1959)
and for consolidation of waste and backfill (Sjaardema and Krieg, 1987; Butcher, 1989; Butcher
et al., 1991a; Butcher ei al., 1991b). These models and parameters were vsed to perform
simulations of room closure using a finite element creep closure code, SANCHO (Stone et al.,
1985). With SANCHO, salt creep is simulated by the deformation of the model elements as
defined by an elastic-secondary creep constitutive model. The relationships between strzss and
deformation in the waste and in the backfill are defined by separate constitutive madals,

Following repository excavation, the hydrologic and geochemical processes in the disposal
rooms and the surrounding Salado Formation work 1o re-establish an equilibrinm. This
equilibrium state is achieved through the concurrent processes of salt creep and fluid flow amd
the complex interactions between the two processes. Two possible mechanisms for fluid
movement in conjunction with salt creep in the Salado Formation were discussed in Section
1.1.2. In either case, inflowing brine will cccupy void volmne in a disposal room that would
otherwise be available to gas, which tends to increase gas pressure and retard room closure.
The formation of a disturbed rock zone around repository excavations was alse discussed in
Section [.1.2.

For this study, both the halite and the anhydrite interbeds were modeled as porons media.
Salt creep will produce 2 deforining halite matrix which will result in some deformation and/or
fracturing in the interbeds. A deforming halite matrix will alter intrinsic rock properties, such
as permeability and effective porosity, which may have a significant effect on fluid flow. The
effects of deforming halite were not included in baseline simulations. However, the effects of
altered rock properties, representative of a DRZ, were examined in sensitivity simulations
(Section 2.5.2), Fractring in the interbeds, whether in response to deforrning halite or near-
lithostatic Tepository pressures, will alter the flow properties in the interbeds, although doubie-
porosity responses have not been observed during hydranlic testing (Beaubeim et al., 1993a).
The effects of interbed fracture were not included in baseline simulations, but were examined
in sensitivity simulations {Section 2.5.1).
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1.2 Summary of Driving Issues

The primary long-term concern relzted o gas generation at the WIPP is the potential release
of contaminated brine and gas to the accessible environment. A secondary concern ig the
poiential for room pressurization above lithostatic presswre and the resulting impact on
contaminant migration. These concerns are interrelated in that room pressures near lithostatic
covld resuit in fracturing of the nearby anhydrite imterbeds, increasing the potential for brine and
gas release from the repository. This report addresses the issues of migration and room
pressurization with baseline and sensitivity simulattons. The effects of interbed fracturing are
addressed with sensitivity simulations.

1.2.1 Regulatory Concems Relafive to Waste-Generated Gas

There are two long-term regulatory conceins related o the release of contaminants from
the WIPP repository. These regulations govern the release of radionuclides (40 CFR 191,
Subpart B) and the migration of hazardous constituents (40 CFR 268.6). The short-term,
operational-phase impacts of waste-genersied gas are not evaiuated in this report.

40 CFR 191, Subpart B is codified froin the Envitonmental Radiation Protection Standards
for Menagement and Disposal of Spent Nuclear Fuel, High-Level and Transoranic Radioactive
Wastes (1.5, EPA, 1985). It set limits on the 10,000 year cumulative release of radionuclides
to the accessible environmeat under both undisturbed and human intrusion scenarios.
Compliatnce with 40 CFR 191, Sobpart B is addressed biannnally (amnuatly prior to 1994) by
WIPP PA, most recently in WIPP PA Department (1992a; 1992b; 1992¢; and 1993a), which
examined release of radiomuclides dissolved in brine through the Culebra Dolemite of the Rustler
Formation, the anhydrite interbeds of the Salado Formation, the shafts, and a buman intrusion
borehole.

40 CFR 268.6 is codified from the Land Disposal Restrictions of the Hazardous and Solid
Waste Amendenents (U.5. EPA, 1986} of the Resource Conservation and Recovery Act (RCRA).
The current interpretation of 40 CFR 268.6 is that there must be o migration of RCRA
hazardous wastes at concentrations above health- or environmentally-based standards beyond the
site boundary for as long as the waste remzing hazardous. Human intrusion scenarios need not
be considered, Of particular interest at the WIPP is the migration of lead and other heavy
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metals dissolved in the brine and of volatile organic compounds (which are RCRA hazardous
wastes) as gases. Long-term compliance with 40 CFR 268.6 has been addressed most recently
by the WIPP PA Department (1993b and 1992d), which examined contaminant migration
through the shafts, seals, and anhydrite interbeds.

In the simulations pressated in this seport, fluid releases from the repository were
prefgominantly to the anhydrite interbeds. Gas phase migration was easily tracked, bt migration
of contaminatad brine could only be inferred. Because of the simplified model geometry, (single
isolated room, two-dimensional flow) a direct comparison to reguiatory standards was not
possible. However the simulation results did provide some guidance to gas migration, nnder
two-phase conditions, pertinent to 40 CFR 268.6. Additionally, some gualitative information
about the effects of two-phase flow on brine migration was gained.

An additionz] regulatory consideration is the National Environmental Policy Act {described
in U.8. EPA, 1978), which requires a statement of the environmental consequences of the WIPP
repository. A Final Environments] Timpact Staiement (U.S. DOE, 1980), a Draft Sopplement
Povironmental Impact Statement (DSEIS) (U.S. DOE, [989), and a Final Supplement
Environmental Impact Statement (FSEIS) (U.S. DOE, 1990) have been prepared. Lappin et a1,
(1989) and Lappin et al. (1990) were prepared in support of the DSEILS and FSEIS, respactively.
They summarized modeling results of radiomclide transport in the Colebra Dolomite nnder both
undisturbed and human ipusion scenarios and examined gas generation and available gas-
storage volume within the repository. However, they did not address gas migration away from
the repository. The simulations of gas migration in the anhydrite interbeds presented in this
repart will supplement future enviconmental impact staiements.

1.2.2 Gas-Storage Volume Analysis

Lappin et al. {1989) performed scoping calculations to determine whether a non-ideal
mixture of gases (H;, CO,, CH,) having a total gas potential of 1433 moles per dromm could be
contained within a specified storage volume at less than lithostatic pressure. 'Within the WIPP
repository, gas-storage volume i5 available in the excavated waste panel area (Area G on
Figure 1-5)}, consisting of eight waste panels, the southern and northeen equivalent panels (Areas
C and D, respectively), and the adjoining drifts. The waste panel area has a total excavated
volune of 433,400 m? (Lappin ot al., 1989). In the event of seal failure, additional gas-storage
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volume is available in the excavated experimental area {Arca F), access drifts (Area E), and
shafts, With this additional volume included, the entire repository area (Area H on Figure 1-5)
has a toeal excavated volume of 583,370 m® (Lappin et al., 1989). To account for waste,
backfill, and room closure, gas-storage volumes in the excavaied areas were assumed to be 3%
of the excavated volumes.

Lappin <t al. (1989) also ideneified the following mechanisms for the crzation of additional
gas-storage volume at the WIPP: expansion of the disposal rooms in the waste panel area;
fracturing of the anhydrite interbeds; and creation or expansion of the DRZ. A 1.5 m thick
DRZ arqund the wagsts panel area having a porasity of 0.14 was zssumed to provide an
additional gas-storage volume of 80,000 m*. The interbeds above and below the waste panel
atea-were assumed to provide an additional gas-storage volume of 12,000 m®. Results of the
scoping calculations indicated that, even with this additional storage from the DRZ and the
interbeds included, repository pressures at or above lithostatic would be required to store the
waste-generated gas,

An extension of those scoping calculations is presented bere, using an estimated total gas
potential of 1,600 moles per drum (8.896 x 10° total moles). Two storage volume assumptions
were considered: gas storage limited to the waste panel area and interbeds; and gas storage in
the eniire repository and interbeds. Storage volume within the repository was calculated for each
of three repository closure conditions, initial, intermediate, and final (fully consolidated). The
fraction of excavated volume available for gas storage was 0.66 for the initial state (which
represents the initial porogity in a roomy}, 0.21 fer the mfermediate state, and 0.09 for the fully
consolidated state (which represents backfill and waste consolidated under lithostatic pressure
(15 MPa) and having a small, but non-zero, porogity). Siorage volune in the interbeds was
calculated by assuming gas storage was available in cnly the closest interbeds: anhydrites "a"
and "b" above the repository and Marker Bed 139 below. The closest interbeds were assumed
to have a total composite thickness of 1.2 m, a total {fracture plus matrix) porogity of 0.01, and
no residual brine. The interbed siorage volume was assumed to be a 1.2 m thick disk, extending
radially to cover the enclosed area of the wasie panels (Area () for the case of storage limited
to the waste panel area, or the entire enclosed repository area (Area H) for the case of storage
in the entire repository.
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. the finzl repository state with three assumed interbed porosities.
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These scoping calculations indicate hat, undet certain scensrios, room pressurization to
lithostatic pressure and gas releage and migration in the aphydrite interbeds are both likely to
ocour. A detailed moadel is required to more fully examine the effects of gas-generation rate,
multiphase flow, and room closure rate on gas generation, expulsion, and migration from the
WIPP repository.

1.2.3 Process Coupling

Developing a rigorous understending of the impact of waste-generated gas on repository
performance requires analysis of complex, intexrelated chemical, hydrologic, and geomechanical
processes, In order to evaluate potential process relationships, it is useful to evaluate the
potential coupling between primary processes. Figure [-9 is a schematic diagram illusirating
these primary relationships. Some discussion of these relationships was presented by Davies ot
al. (1992). Many of these processes are coupled throngh room pressure. (Gas genetration, driven
by chemical processes, increases {he quantity of gas in a room, thereby increasing room
pressure, The geomechanical processes of room closuke, roorm expansion, and interbed fracture
cause direct changes in the void volume available to store gas, thereby divectly impacting
pressure, The hydrologic process of gas flow ouvt of the room reduces the quantity of gas in the
raom, thereby tending to reduce room pressure.  The hydrologic process of brine flow to and
from the room changes the quagtity of brine that occupies some of the aveilable void velume in

the voom, thereby impacting roonl pressure,

All of the process relations described in the previous paragraph are discussed from the
perspective of how each process impacts room pressure. One must also considér how changing
room pressure impacts each of these processes. Increasing voom pressure provides backstress
on the room walls which tends to resist room closure and inhibit consolidation of the room
condents and may produce room expansion, Increasing room pressure impacts the pressure
gradients that affect brine inflow and evenmally drive brine and gas from the room into the
surrounding rock. Increasing room pressure to near-lithostatic may cause dilatation of pre-
existing frachures andfor formation of new fiactures in the interbeds. Interbed fracture may limit
the roomn pressure to Lithostatic and cavse changes in the flow properties, both of which influence
gas migration away from the repository. Because gas generation may require brine, slowing and
then reversing brine inflow could have major impact on gas-peneration rates, which brings the
complex coupling relations full circle.
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Stone (1995a) used SANCHO to simulate the closure of a perfecity sealed disposal room
under five different gas-generetion rate histories ranging from zero to the hest-estimate brine-
inundated rate. In addition to constitutive maodels describing salt creep, waste consolidation, and
backfill consolidation, the resistance to closure provided by the pressure of waste-generated gas,
¢alculated from the ideal gas law, was simulated. System parameters were selected, a prierd,
to be consistent with the parameters presented in this report. These SANCHO resplts provided
the basis for the coppling between multiphase flow and room closure used in both the pressure
lines method (Section 2.3.1) and the houndary backstress method (Section 2.3.2).

The SANCHO results showed that at higher pas-generation rates, room pressurization
occurred quickly, and room closure was moderate. At elevated gas pressures, room closure was
actually reversed, producing expansion with 4 commesponding increase in void volume. This
expansion had a moderating effect on room pressurization. At lower gas-generation rates room
closure was greater. The resulting compression of the waske was significant and the resistance
(o room closuae was provided by both tie gas prassure and the stresses in the waste, At the
lower pas-gencration rates, the backstress was large enough to stop room closure prior to
reaching a fully compacted state, but gas pressures were not high enovgh o produce room
expansion. With no gas geperation, the room achieved a fully compacted state. This state,
referred to as fully consolidated in this report, represents backfill and waste consolidated under
lithostatic pressure {15 MPa) and having a small, but non-zero, porosity.

Assmning 6,804 drums per room, the anoxic corrosion potential (1,050 moles per dram)
corresponds to approximately 7.1 x 107 moles of gas per room. The H,O required to completely
exbaust the corrosion potential is between 7.1 x 107 moles (Reaction 1-1b) and 1.4 x 10° moles
(Reaction 1-13). For a £,200 kg/m® density brine, this corresponds o between 107 m* and
214 m® of brme. The initial brine saturation of the waste and backfill in the disposal rooms is
expected to be very low, approximately 0.01 (Section 3.1.1.3). This corresponds to an initial
volume of brine of 24 . The availability of H,O in the toom may be further limited by
capillary effects in the backfill, the absorption capacity of the backfill, and the groundwater
chemistry. Therefore, it is likely that significant brine infiow from the Salado Formation will
be required to drive the anoxic corrosion process at brine-inundated rages.

The relationship between brine flow and gas pressure in the room may be particularly

important given the strong dependence of anoxic corrosion (and possibly microbial activity) on
the availability of brine. The expulsion of brine from the disposal room and the consumption
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of brine by corrosion may make gas genesation from corrosion a self-limiting process. Brine
flows into the repository at early time, driving gas generation. As repository pressurization
occwrs, pressure gradients reverse and beine flows out of the room. As the available brine in
the room decreases due to outflow and H,O comsumption, gas generation decreases and
eventually ceases. Repository pressures decrease as gas relcase contimees. This process may
be cyclic if the repository pressure decrease re-establishes an inward pressure gradient and brine
inflow occurs once more. Gas pressurization could also create unsatarated conditions within the
repogitory that Iimit brine access to radiomuclides and RCRA hazardous substances and thereby
limit transport of contaminants dissolved in brine.

1.2.4 Impact of Parameter Llricemain'ty

At present, a mamber of the key parameters which are used to describe the processes of gas
generationt, multiphase flow, and room closura are not very well known. RBecause of the
complex conpling between the three processes it is difficult to predict which are the important
parameters in an overall assessment of gas generstion and release from the WIPP repository.
The development of a model which couples the three processes allows some parameter sensitivity
and importance analysis to be performed. These deterministic parameter sensitivity and
importance resulis provide quantitative information about which parameters may be important
in controlling gas and brine release to the Salado Formation. They also provide guidence for
further work in hydrologic testing (room, halitz, interbed, and two-phase properties), gas-
generation experiments {rates, potentials, brine-dependency), and geomechanical parameter
determination. A detailed discussion of deterministic vncertainty evaluation is presented in
Section 2.6.
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2.0 METHODOLOGY

A mumerical model to couple fluid flow and salt creep wes created to simulate gas
generation, reom clostye, and multiphase brine and gas flow in a single, isolated disposal room
and in the surrounding halite and interbeds of the Salade Formation (Freeze et al,, 1995). A
multiphase flow code, TQUGH2 Pruess, 1987; Pruess, 1991), provided the basis for
implementing the process coupling. Room closure simmulations performed by Stone {19954} using
the mechanical creep closure code SANCHO provided guidance for room void volume changes
representative of room closare, Gas generation was implemented by situating a namber of gas
gources within the modeled disposal room.

Two empirically-based approaches for approximating salt creep and room closure were
implemented in TOUGH?2: a porosity function approach and a finid phase sait approach. Both
approaches utilized links to the SANCHO f-series simmlation results of Stone (19933} to calealate
room void volume changes with time during a simulation. Preeze et al. (1995) identified one
porosity-function-based method (pressure-time-porosity line interpolation) and one fluid-pbase-
salt-based method (boundary backsiress) which were best able to couple the processes of
nudtiphase flow and room closure.

This section contains descriptions of the enhanced code, TOUGH2/EQOSE (Section 2.1}, the
baseling mode] conceptualization (Section 2.2), the two selected flow and close coupling
methods, pressure lines and boundary backstress (Section 2,3), the gas-generation source term
implementation (Section 2.4), alternative conceptual models (Secton 2.5), and wneertainty
evaluation (Section 2.6).

2.1 TOUGH2/EDS8 Code

TOUGH2/EQSS, used to coupls muliiphase flow, gas generation, and room closure, was
adapted from TOUIGH2 (Pruess, 1987; Pruess, 1991), TOUGH?2 is a namericz] simuolator for
multi-dimensional, coupled finid and hest flow of mmiltiphase, multicomponent mixtures in
porous and fractmred (dual porosity/dual permeabilicy) media. The heat flow and dual
porogity/permeability capabilities were not used for this application. A detailed description of
the capabilities of TOUGH2 can be found in Pruess (1991); o short suramary is presemnted here.
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In TOUGH2, fluid flow follows Darcy’s Law with relative permeability and capillary
pressure relationships used to describe interference between the phases. Spasial discretization
follows the integral finite difference method. Time stepping follows a fully-implicit backward
finite difference scheme. The resulting set of coupled non-linear equations are solved using a
Newton-Raphson iteration technique. The linear equations at each iteration are solved vsing
sparse LU-decomposition and back-substitution.

TOUGH?2 is comprised of five modules, with the fluid properties contatned primarily within
an equation-of-state (EOS) module, A three-phase, three-component equation-of-state module,
EOS8 (water, air, “dead” oil} was adapted specifically for this application from the two-phase,
two-component EOQS3 (water, air) module by Karsten Pruess at [ awrence Berkeley Laboratories.
The third "dead” oil phase was used with the boundary backstress method to represent "fluid”
salt. A test version of the preconditioned conjugate gradient linear equation solver, developed
by Karsten Pruess and George Moridis at Lawrence Berkeley Laboratories, was incorporated
imo TOUGHZ/EOSS.

Enbancements were made to the EOS8 module by Stephen Webbr at Sandia National Laboratorizs
and by INTERA. The enhanced EQSSH (brine, hydrogen, salt}) modole includes: fluid
properties representative of WIPP brine rather than water; and hydrogen properties as in EOS5
(water, hydrogen) rather than air properties. Additional enhancements made to the code include:
the capability to adjust region (room) porosity based oo porosity-time relationships; the capability
to adjust gas-generation rate based on region {room)} phase saturations; and pressure-dependent
flow properiies in the intexbed regions. The porosity-time relationships were used with the
pressure lines method to adjust the room void volume; the saturation-dependent injections rates
were used to simmlate the brine-dependency of gas generation; and the pressure-dependent
interbed propertics were vsed to approximate the effects of interbed fracture.

2.2 Baseline Model Conceptualization

The baseline model used a two-dimensional fiwid-flow contimum vepresentative of a
disposal room surrounded by halite and anhydrite interbeds of the Salado Formation. The fluid-
flow contimmum was used to model multiphase brine and gas flowing through a fixed matrix of
low-parosity halite with anhydrite interbeds. The Salado Formation was ¢oncepiualized as a
homogeneous halite containing two anhydrite interbeds, one above and one below the disposal
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room {Figure 2-1}. A single, isolated, half-width disposal room (with symmetry across the
centerline assumed) was simulated. Each of the four regions (disposal room, halite, upper
tnterbed, and lower interbed) in the fluid-flow continuum was defined by a different set of
physical properties. A simtlar conceptualization was used by Davies et al. (1992} and Webb
(19922},

The near-field discretization of the fluid-flow continvum s shown in Figure 2-2. To reduce
effects from the model boundaries, a relatively sxtensive section of the Salado Formation arcund
the disposal room was modeled, The far-field extent of the fluid-flow continuum fs shown in
Figure 2-3, The total vertical dimension of the model was 262.5 m and the total horizontal
model dimension was 2,285.0 . The third model dimension was assumed 0 be 1.0 m. As
shown in Figure 2-3, the interbeds had a finer horizontal discretization to better capture
migration distances. Changes in fluid pressures at the external mo-flow boundaries were
momitored during simulations. It was found that pressure changes of 1 MPa or less at the model
boundaries had litle effect on room void volume or room pressures. In certain sensitivity
sirnulations, model boundaries were extended to ensure less iban 1 MPa pressare changes. The
expanded grid was particularly important in simulations where large gas migration distatces
were expected, Only extremely minor changes in other physical measures such as saturations
were tolerated at the boundaries.

The U.S. DOE (1986) design document specifies excavated room dimepsions of 3.96 m
high by 1106 m wide by 91.44 m long. The modeled two-dimensional disposal room had a
height of 4.0 m, a half-width of 5.0 m, and a vnit length of 1.0 m. The volume of the modeled
disposal room, scaled to full width and length, was 3,658 m*. Am initial porosity of 0.66 was
assumed based on a room-averaged value of the initial waste and backfill porosities (Berann and
Davies, 1992). The initial room void volame was 2,415 m®. The disposal room was discretized
into 16 equal-sized elements (Figure 2-2) with gas sources located in the 6 elements in the
interior of the room,

The flvid-flow continvem includes a 0.3 m thick vpper compasite inteibed, located 2.1 m
above the room. The thickness of the upper interbed is equal 1o the swm of the thicknesses of
anhydrite "a" and anhydrite "b". A 0.2 m thick [ower interbed, equal to the thickness of Marker
Bed 139, was included 1.6 m below the room. Composite interbeds were ntilized to simplify
the problem for computational efficiency. Interbeds more distant from the room (i.e., Marker
Bed 138, anhydrite "c") were not included in the composite interbeds becanse they are not
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expected to maintain hydrologic connection to the room for an extenxed period of time. Direct
connections between interbed elements and elements on the edge of the disposal room were
specified. These connections wete specified to heve large wansmissivities, representative of
fracture-like connections. 'The connection transmissivities were constant throughout each

2.3 Flow and Clostre Coupling Methods

The simulations presented in this report used two different methods for approximating room
closore in TOUGH2/EOS8. The two inethods, pressure-time-porosity line interpolation and
boundary backstress, are described in deteil in Freeze et al, (1995). A short summary in
presented here.

2.3,17 Prassure-Time-Porosity Line Interpolation

With the pressure lines method, the disposal room porosity (void volume) was recalenlated
at each time step as g function of the gas pressure in the xocm and time. By correlating
simulated pressure-time conditions in the disposal room with a specified pressure-time-porosity
relationship, a corresponding porosity for the simwiated room was determined. The orginal
concept for a porosity relationship based on the SANCHO f-series room closure results was
developed by Butcher and Mendsuball (1993},

A pressore-time-porosity line was calculated from each of the five SANCHO f-series
simulations performed by Stone (1995a) based on the room porosity vs. time and gas pressure
in the room vs. time resnlts. To mitigate possible adverse effects of numerical oscillations
appatent in the original SANCHO results, sections of the data were smocthed. The resoit was
i smoothed pressure-{ime-porosity data set internally consigtent with regpect to time, moles of
gas in the room, room porosiey, and room pressure.

At each time step, the TOUGH2/EQSS room porosity was set by interpolation between the
pressuce-time-porosity Lines which bounded the TOUGH2/EOSS simulated time and gas pressus
in the room. A four-point interpolation algorithrn was added to TOUGH2/EOSS for this
purpose. With this process, the room porogity-room gas pressure-time relationship, established
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by SANCHO simulations of room closure, was transferred to TOUGH2/EOS8 where it was
sitmilated in conjunction with multiphase {luid flow. In cases where the TOUGH2/EOSS
simylated time apd pressure conditions were not bounded by four SANCHO data points,
extrapolation was used to cbiain a room porosity value.

For reasons discussed in Section 4, the coupled flow and closure simulations presented in
this report extended 0 12,000 years, which exceeds the 2,000-year duration of the SANCHO
simulations. Therefore, the pressure-time-porosity lines were extrapolated to 12,000 years.
Because conditions changed likle in the final years of the SANCHO simmlations, the 12,000 year
conditions of the pressure-time-porosity lines were set identically to the 2,000 year conditions.

2.3.2 Boundary Backstress Method

The boundary backstress method vses a Darcy flow approximation to represent salt creep.
Sait was modeled as a flnid phase having hish viscosity, increasing the number of simulated
phases from two to three (gas, bring, and salt). Room closure was simulated by the salt phass
flowing mto the disposal room. A doal confinnum oumera]izaﬁoﬁ wag used with multiphase
brine and gas flow conficed to the same fluid-flow continvem (Figures 2-2 amd 2-3) that was
used with the pressure lines method. The salt phase was confined to a salt-flow contimmm,
which contained only two regions, disposal room and "fluid” halite. The two contimums were
connected via the disposal room. The salt-flow continuum was used to model single-phase flow
of "fluid" salt through a fixed matrix with 2n assumed porosity of 1.0. The flow properties of
*fluid" salt were selected such that the flow of salt into the disposal room would somnlate room
closure, The presence of salt in the disposal room altersd both the void volume available to gas
and brine and the gas pressure, thereby impacting the multiphase flow of brine and gas in the
fluid-flow continmim.,

The boundary backstress method provides resistance to closure analogous to waste and
backfill consolidation using an ariificial boundary within the disposal room. A calibration
pracess was employed to derive empirical relationships between the salt phase flow parameters
(i.e., viscosity) and mechanical salt creep parameters that could be used in combination with the
properties of the artificial boundary to reproduce the room closures amd pressuves from the
SANCHO f-series simulations. The calibration process is described by Freeze et al. (1995).
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A single set of parameters was selected which produced a close match with closure results for
the entire range of gas-generation rates sitoulated by Stone (19953).

No adjustments were made to the empirically calibrated salt phase properties to extend the
method from the 2,000-year duration of the SANCHO simulations to the 12,000-year duration
of the coupled flow and closure simulations (see Section 4 for discussion of the 12,000 year
duration}. This approach assumes that trends extrapolated from the salt creep and room closure
response in the first 2,000 years adequately characterize the response beyond 2,000 years.

2.4 Gas-Generation Source-Term Implementation

To examine the dependence of gas generation on brine availability, Brush (1991) performed
gas-generation experiments under both brine-inundated and vapor-limited conditions, as deseribed
in Section 1.1.4. These experimental conditions likely provide upper (brine-innndated) and
lower (vapor-limited)} bounds to in-sim gas-gencration rates.  Correlating these experimental
conditions with actual room conditions is a complex process. Typically, a disposal room will
have a heterogensous saturation distribution with conditions somewhere between drine-inundated
and vapor-limited. Brine flowing into a disposal room may accumulate at the bottom of the
room due to density effects. Under these conditions of gravity-driven phase segregation, the
lower portion of the room may ¢xhibit brine-imandated behavior, while the upper portion of the
room exhibits vapor-limited behavior, Direct multiphase simulation with a grid fine enough to
adequately characterize the hetercgensities and saturation distribution in the room is
computationally demanding and was npot mncorporated into the baseline and sensitivity
simulations. The effects of a finely gridded disposal room were examined using an alternative
conceptiial model (Section 2.3.3).

The baseline and sensitivity simulations used two simple implementations of gas-generation
behavior, specified rates (Section 2.4.1) and brine-dependent rates (Section 2.4.2). Gas
gensration was modeled using pas sources within a room. The specified gas-generation rates
were not depemdent on brine availability. However, specified rates covering the range of
expetimentally-determined rates were sinmulated. Brivne-dependent rate simulations correlated
gas-pencration rates with brine saturation, which changed due to brine flow in and out of the
room, but did not account for brine consumption.
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All baseline sinmlations assumed a fixed gas generation potential of 1,600 moles per dmm
of CH TRU wasie (1.09 x 107 moles per room assuming 6,804 drums per room), which is
comprised of 1,050 moles per dnan from anoxic corrosion and $50 moles per dmm from
microbial activity. These estimates assume that there is sufficient brine available to fully exhanst
the potential.

2.4.1 Specifiad Rate

In specified rate simulations, gas-generation rate was specified independent of brine
availability. Four different specified rate histories were utilized (Table 2-1}, The four specified
gas-geperation rate histories cover the ramge {(maximum, hest estimate, and minimum) of
experimentally-detexmined brine-imndated and vapor-limited rates, as estimated by Brush
(1991). The rats histories are depoted by the first and second phase rates. In each simmlation,
gas-generation rates were specified for the duration of the simulation, changing from the first
phase xate to the second phase rate when the microbial potential was exhauvsted, and changing
to z&ro when the corrosion potential was exhausted. Note that the 2/1 rate history is equivalent
to the £=1.0 rate history used by Stons (1995a) in SANCHO simmlations.

Table 2-1. Specified Gas-Generation Raies (mole¢ per drum per yeat)

Designation Firgt Stage!?  Secopd Stage®  Experimenta] Rate Description
7i2 7 2 maximum brive-inundated
271 (£=1.0) 2 1 best-estimate brine-inundated,

maximim vapor-limited
0.2/0.1 0.2 0.1 best-estimate vapor-limited
0/ 0 (=0.0) 1] ) minimum brine-inundsted,

mininitin vapor-limited
@ During the first stage, gas is generated from both corresion and microbial zctivity.

. @ During the second stage, gas is generated from corxosion only because microbial
potential has besn exhavseed.
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Becanse the specified rate simulations did not directly correlate gas generation with beine
availability, an indication of the influence of brine on system behavior is ottained by comparing
results over the range of specified rate histories. The experimentally-based range of rates is
assumed to provide bounding estmates of in-situ gas-pencration rates.

2.4.2 Brine-Depandant Rata

In brins-dependent rate simulations, the gas-generation rate was directly correlated with
brine availability. Brine availability was measured by brine phass saturation (S,) at various
locations within the disposal room. At each time step, a gas-geperation rate that was a
composite of the experimentally-determined brine-invndated and vepor-limited rates was
estimatad based on the local brine phase satration distribution. The calenlased brine-dependent
rate varied with time, changing as saruration conditions changed and as corrasion and microbial
potentials were exhausted.

Three different brine-dependent gas-gencration rate assumptions (Table 2-2) were simmlated,
corresponding to the experimentally-determined range of rates (maximum, best estimate, and
minimum) estimated by Brosh (1991). For each range of gas-peneration rates presented in
Table 2-2, the lower bound represents 2 disposal room eatirely under vapor-limited conditions
while the upper boumndl represents an entirely brine-inundated room. Upder highly bripe-
satutated conditions, the composite trine-dependent rate appioached the experimental brine-
imindated rate. In the case where the brine saturation was msufficient to produce brine-
inundated conditions anywhere in the room, the brine-dependent rates decreased to the
experimental vapor-limited rates. Node that the minimum brine-dependent rate is identical to the
specified 00 rate history {no gas generation) regardless of saturation conditions.

As discussed previousiy, computational demands precluded the direct sinulation of gravity-
driven phase segregation within the room for large mymbers of sensitivity simlations. In ordex
to properly address the effects of phase segregation on brine-dependent gas-generation rates, two
methods of correlating gas-generation rates with saturation distribution within the reom were
utilized, the capillary fiinge method (Section 2.4.2.1) and the linear comrelation method
(Section 2.4.2.2).
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Table 2-2. Brime-Depenxlent Gas-Generation Rates {moles per drutn per vear)

First Stage™® Second Stage®
Maximum 2 -7 1 -2
Best Estimate 02-2 0.1-1
Minimum 0 0

) During the first stage, gas is generated from both corrosion and microbial aciivity.

@ During the second stage, gas is generated from corrosion only because microbial
potential has been exhansted.

2.4.2.1 CAPILLARY FRINGE METHOD

The capillary fringe method predicts aquecus and gaseous pbase segregation within the
room based on the volume of brine present. Brine is expected to accunmulate at the bottom of
the room and is likely to be drawn upward throngh the pore spaces in the waste and backfill due
to capillary forces to form a capillary fringe. The capillary fringe will be bounded by a pool
of brine on the floor of the room having maximom brine sarration (only residpal gas remains)
and a gas-saturated pocket in the upper portion of the room having minitom (residual) brine
safuration (Figure 2-4}. For a given set of waste and backfill properties, the position of the
capillacy fringe refative to the floor of the room is dependent on the volume of brine in the
room. Therefore, st each time step, a theoretical disposal reom saturation disiribution can be
calculated from the simulated volume of brine in the room.

Under quasi-static conditions, as would occur if brine inflow was slow relative to the raie
of brine movement within the room, a balance betwesn downward gravitational and upward
capillary forces exists (de Marsily, 1986):

ap _ _ 2-1)
& PB
where:
p = fhid pressmre,
p = flnid density, and
g = gravitational acceleration.
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The capillary pressure, p,, between two immiscible fluids (gas, g, and brine, b} is {de Margily,
1986):

P. =P, - Dy @2)
Combining Equations 2-1 and 2-2 yields:
P. =P, * {ph - pg:gh 2-3)
where:
Pp. = capillary pressure at height h,
Pw = Ccapillary pressure at reference datum, and
h = height above reference datam.

The relationship between capillary pressure and saturaiion in the disposal room is assumed
to foltow the modified Brooks and Corey (1964) mode] (Section 3.1.1.2):

P, = =t @-4)

g

where:
p. = threshold pressure,
S, effective wetting phase (brine) saturaticn, and
A pore-size distribution index. .

Brooks and Corzy (1964) refer to p, in Equation 2-4 as bubbling pressure, and define it as the
approXimate capillary pressure at which gas flow can first be obsarved. The term threshold
pressure is used here ip represent the capillary pressure at the poini gas forins a continuous
phase (S,= 1 - S, which corresponds to 8,=1) aod is therefore equivalent to the bubbling
pressure.

The effective brine saturation, S,, is modified from Brooks and Corey {1964) to account for
a non-zero residual gas saturation, S, as presented by Burdine (1953):

o 5~ S 2-
St @5)
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wetting phase (brine) saturation,
residual brine saturation, and
residnal (critical) gas saturation.

e
0o

Combining Equations 2-3 fhrough 2-5 produces an equation for theoretical brine saturation as
a function of height above a datm (i.e., floor of the room):

x
P, ) (2-6)
S = 1-5 -8 +
b [Pm+'[ﬂa’ﬂ'g)gh] ( T ) * S

In Equation 2-6, the only unknown is the theoretice] capillary pressure at the base of the
00m, p,,. However, p,, can be determined for «ach of the three possible brine satecation
conditions at the base of the rootn. The three possible conditions are: maximum brine {§,= 1-
8., resulting in a fully developed capillary fringe; minizmum brine (8,= §,), resulting in no
capillary fringe; or intermnediate brine (1-S, > 5,> §,), resulting in a parially developed
capillary fringe. For any condition, a theoretical p,, and 5, can be determined from the
simulated volume of brine in the room.

A saturation threshold is defined such that room sepments where the theorstical brine
saturation is above the thweshold are assumed to gensiate gas at a rate equivalent to brine-
inundated conditions and room segpments where brine sahmation is below the threshold are
assamed to generate gas at the slower, vapor-limited rate. The threshold safuration is assumed
to be smmjlar to the residual brine saturation, sc that vapor-limited conditions corraspond to room
seginents where brine is immobile because relative permeability to bring is at or near zero. This
itnplementation allows gas generation to occur at a brine-inundated rate throughout the capillary
fringe where brine is drawn upward into partially satorated regions by capillary forces.

2,4.2.2 LINEAR CORRELATION METHOD

The linear correlation method uses a linear refationship between brine satucation and gas
generation to calculate brine-dependept gas-generation rates, Although simulated satarstion
distributions were used, phase segregation was not dirsctly accounted for because gravitational
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effects were pot inchaded and ¢he room had a coarse vertical discretization. The brine-dependent
gas-genstation rate, R, is caleolated from the expermnental brine-intindaied, Ry, and
experimenial vapor-limited, Ry, , rates as follows:

R = SRy + GHRy,) ‘ 27

The finear correlation method was applied (o each element of the room and an average gas-
generation rate for the entire disposal room calculated. The linear correlation method is
analogous t0 the methodology nsed in WIFE PA Department (1953a and 1993b) calenlations,
except that WIPP PA simulations included brine consumption.

In the absence of a capillary fringe, the brine might be expected io form a puddle on the
floor of the room, Assuming that the brine paddle produces gas at the brine-immdated rate and
the remainder of the room produces gas at the vapor-limited rate, the total gas-generation rate
for the dispozal room would be equivalens to the rate predicted by the linear correlation method.

2.6 Alternative Conceptual Models

In addition to the baseline and sensitivity simulations, performed with the basic conceptual
model, several alternative conceptual models were developed to investigate certgin repository
soenarios.

2.5.1 Interbed Fracture

The interbed frachire conceptualization assesses the impact on system behavior of fracturing
of the jnterbeds in response (o near-lithostatic gas pressures in the room. The model
implemented in TOUGH2/EOQS8 was based on a preliminary model developed by WIPP PA and
used in preliminary PA calculations (Stoelzel et al., 1995). Conceptrallty, the model simulates
the effects of fractures in arhydrite interbeds by increasing the interbed porosity and intrinsic
permeability 25 gas pressure rises.
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In TOUGHZ/EOSSE, the porosity, ¢, is related to the pore volume compressibility, e, and
the pressure, p, by:

=13 (2-8)
R
Integration of Equation 2-8 yields:
o= o o] e

where ¢, is the porosity at a reference pressure p,.

Two fracturing pressures were specified: an initial fractoring pressure, py, at which
fractures begin to form or, alternatively, pre-existing fractures begin 10 open; and 2 final
(maximum) fractring pressure, py, above which fractures no longer open. To represent the
effects of interbed fracture, the pore volume compressibility was assumed 0 increase linearly
with gas pressure from e, at py t0 o, ., 28 P (Figare 2-5a). The corresponding increase in
porosity with pressure, calculated from Equation 2-9, is shown in Figure 2-5b. Changes in
interbed intrinsic permeability, k, were assumed to be proportional to the magnimde of the
porosity change raised to a power, )

- H @10

The intexbed permeszbility is shown as a function of piessure in Figure 2-5¢ and as a function
of porosity in Figure 2-5d.

In the case of p = Py, there are assumed to be no fracture-initfated changes to the interbed
rock-properties. The pore volume compressibility is «p, and the inirinsic permeability is k.
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In the case of py < p = py, there are assumed to be open fractures:

% = et E 2l - p) -1
P = Py
(o - - By _
é = ¢ exp ap{p-p°)+;?;_:;){psz}] (2-12)

and intrinsic permeability is calculated as a function of porosity using Equation 2-10.

In the case of p > py, thete is a constant fracture porosity, $,... and a constant intringic
permeability, k.., calculated from Equation 2-10 with ¢ = ¢y,

The intetbed fracture model does not consider the impact that fracture forrnation and
expansion might have on the mmitiphase flow properties in the interbeds. For simplicity, the
pas-brine capillary pressure in the mterbeds was set to zero for all of the fracture simulations.
Results of the interbed fracture model simnlations are discnssed in Section 5.3.2.1.

2.6.2 Distinrbad Rock Zona

The baseline mode] assumes that fracture connections, characteristic of a disturbed zone,
exist between the disposal room and the interbeds. However, no adjustments are made to the
rock properties to reflect the dishirbed rock zone (DRZ).

Frachiing and dilation in response to excavation is expected to create a zons of enhanced
permeability, porosity, and kercomnectivity that decreases with distance from the excavation
(Stormont, 1990, However, fractores i the DRZ are expected to close and heal as room
closure and consolidation reach their maximum extent, retumming the zone to its original,
undisiurbed state (Butcher and Mendenhall, 1993). The DRY. conceptoal mode] assesses the
impact of these changes in the rock properties in the halite near the room.

The conceptual DRZ implemented in TOUGH2/EOS8 was assumed to extend 10 m into the

Salado Formation from the room and bave an initial brine pressure of 7.5 MPa. The assumed
initial pressure of the DRZ is based on a relationship between brine pore pressute and distance
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from the excavation presented by Beauheim et al. (1993a). The relationship, shown in
Figure 2-6, indicates that pore pressures in the Salado Formation are reduced within gbout ten
meters of the excavation, Determining the extent of rock deformation due to excavation-related
stresses is more complex. For simplicity of implementation, an average pressure of 7.5 MPa
was used o represent the distribution of pressures over the 10 m depressurized interval and the
rock properties were assumed to be disturbed within 10 m of the disposai room.

The initjal intyinsic permeability apd compressibility were assumed to be higher than
undjsturbed values in response to fracturing and expansion of the halite in the DRZ. The
permeability and comprassibvility were reduced to undisturbed values at 200 years to simmlate the
hesling of the DRZ. The porosity of the DRZ was not altered from the undisturbed value. The
storage effects of the expected enhanced porosity in the DRZ were simnlated indirectly with the
enhanced compressibility. The effects of altered multiphase flow properties in the DRZ fractures
relative to undismrbed conditions were pot sitmlated due to a lack of data. The resolis of the
DRZ sivulation are discussed in Section 5.3.2.2.

2.5.3 Effects of Gravity

The baseline conceptual model ignores gravitational forces acting on the fluids. This
assumption was made because scoping simulations revealed that incorporzéing a gravitationsl
vector in the sinmlations does not significantly affect system behavior and greatly increases
exacution time, The affects of gravity are manifested primagly in the disposal room, where the
brine and gas phases can segregate with brine pooling on the floor and gas occupying the
overlying region. Phase segregation of this sort can resuit in differences in gas-peneration rates
tirroughout the room and in the preferential expulsion of gas to the upper inferbed and brine to
the lower interbed. To explicitly model phase segregation, a finer vertical discretization was
used for the disposal room {eight elements) than with the baseline concephialization
(four elements) amd gravitational effects were simmlated. The resolts are discussed in
Section 5.3.2.3.
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2.5.4 Gas Exsohrtion From the Salado Formation

During the operational phase of the WIPF facility, it is expected that the pore pressure will
drop near the excavation (Figure 2-5). The pressure drop should decrease the solubility of gas
in brine, potentially causing exsolution of gas from brine in the Salado Formation pore spaces.
Thus when the post-operational phase commences, there may be elevated gas saturations near
the repository.

To evaluate the effects of increased gas satration near the repository, TOUGH2/EOSE
gimulations with mereased initial gas satwration ethrovghout the Salado Formation wers
performed. By increasing the gas saturations everywhere in the Salado Formation it was
assumed that the maximum effects of gas exsolution wonld be observed. The resuits of the
simuiation are discussed in Section 5.3.2.4.

2.5.5 instantanesous Room Depressurization

The room depressurization conceptual model was implemented to assess the impact on
system behavior of an instantaneous gas depiessurization in the room. This is similar to a
buman intrusion scenario, in which there 13 inadvertent penetration of the repository by a
borehole from the suxface. The room depressurization simulations were started with baseline
conditions, but at 1,000 vears the dispasal room was depressurized instantaneously to 7.7 MPa,
comresponding to a repesitory breach by a borehwle that was sealed immediately after the
penetration. Under these circumstances, gas can only leave the depressurized room by flowing
into the Salado, TOUGHZ2/EQOSE room depressuxization sinmlations were performed using both
the 2/1 and 0.2/0.1 specified gas-gensration rate histories. The results of the simulations are
discussed in Section 5.3.2.5.

2.6 Uncertainty Evaluation
Any modeling study must recognize ihe sources of model and parameter uncertainfy and
the effects of these unceniainiies on simulation resulis. Potential sources of vncertainty are

discussed in Sections 2.6.1 and 2.6.2. A method for quantifying the effects of uncertainty is
presemied in Section 2.6.3 and 2.6.4.
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2.6.17 Modsl Uncertainty

The development of the coupled flow and closure simulator, TOUGHZ/EOSR, incorporates
several important assumptions that may lead to uncerfaimy in its ability to predict actual
repository performance. These assamplions can be broadly categorized under either i;lrmess
coupling or system conceptralization.

Coupling between the processes of gas generation, room closure, and multiphase flow was
described in detail in Section 1.2.3, Inthe absence of a reaction-path gas-generation model, the
simple gas-generation approXimations and couplings with moltiphase flow are reasonable.
Baseline stmlation results (Section 4.2) showed that the brine-dependent rate implementation
was bounded by the minintum and maximum specified rates. The two methods for implementing
room closure were calibrated to SANCHO simulation results, and, therefore, inherently
incorporate the uncerdainty in SANCHO. Some additional wnceitainties related to the closure
cottpling methods were discussed by Freeze et al, (1995).

Because TOUGEH2/EQSS is based on a multiphage flow code, its conceptual treatment of
multiphase flow is sound, although some multiphase processes are simplified. Concephual
uncertainty is introduced by modeling fluid flow through a non-deforming porous medium, when
the Salado Formation halite and interbeds may acmally be deforming and fracmring due to near-
field excavation-retated stresses andfor elevated gas pressures.

The primary process coupling uncertainty is the bebavior of the disposal room and the
Salado Formation at pressures at and above lithostatic. The TOUGH2/EOS8 simulations did not
assign any significance to lithostatic pressure. Roorn pressures in excess of 15 MPa did not
produce any changes to hydrologic properties such as might be associated with deformation or
fracturing (except in simulations using the interbed fracture alternative conceptual model).
Under certain conditions, simulated room pressures well in excess 13 MPa were achieved, even
though actual repository pressures would likely be limited by some near-lithostatic fracturing
pressure.

Systemn concepmalization uncertainty results from model geometry, processes not being
included, and numerical considerations. The conceptal model simwlates a two-dimensionat
vertical cross-section containing a half-width room surrounded by homogeneous halite and upper
s lower composite interbeds. The model interbeds are connected to the room by high
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transmissivity connections. The actnal repository is of course three-dimensional, containing
panels of adjacent disposal rooms aind surrounded by heterogeneous pure and impure halite and
polyhalite with several anhydrite interbeds above and below the room. The interbeds are
connected to the room through boreholes, rock bolts, and excavation-related fracturing, Scaling
of simulation results .from room-scale to panel- or repository-scale and from two- to three-
dimensional is not straightforward given the complexity of the system ard process coupling,
The model was not intended to provide & direct comparison with regulatory standards. Rather,
it is a tool for developing 2 mechanistic understanding of system behavior, testing alternative
concepiual models, and determining parameter sensitivity.

Alternative concepmual models were developed to address the issues of a DRZ, phase
segregation in the room, initial gas in Salade Formation, aod nstantanecis room
depressurization. ‘The processes of brine consampton, which impacis gas generation, and
fingering and gassons diffusion, which tmpact gas flow, were not included in baseline or
sensttivity simalations. These two processes are difficult to implement mamerically and are
difficult to conceptualize due to a lack of dsta.

Numetical considerations include: grid size; boundary effects; namerical dispersion; and
oscillatory convergence of merative solutions. Grid size and boundary effecis were addressed
through scoping simulations, and were not found to have a deleterious effect on simulation
results,

2.6.2 Parsmeter Uncertainty

The TOTIGH2/EQOSS input parameiers are discussed in Section 3. These parameters are
used to describe system behavior in response to waste-generated gas. The hydrologic parameters
{Section 3.1} control multiphase flow, the gasgensation parameters (Section 3.2) control the
gas-generation rate, and the room closure parameters (Section 3.3) control salt creep and room
void volume, Uncerfainty in parameter values resulis from a lack of representative experimental
or in-situ measurements and/or untcertainty in measured values. Uncertzinty in measured values
may be dve to: measurement or experimental error; interpretive assumptions; or nawmral
variations in measured properties, as in a heteroganeous medium.
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The WIPP PA Department (1992a) used a stochastic framework to evalnate repository
performance and compliance. For each input parameter, valres are assigned a probability of
occurrence in accordance with a probability density function {(PDF). The range of possible
parameter values is defined by non-Zero probabilities of occortence. Stochastic simulation
resulis are in the form of complementary cummlative distribution fonctions (CCDF) which can
be compared to regulatory standards, also in the form of a CCDE.

In contrast, with TOUGH2/EOQSE, parameter uncertainty was characterized uwsing a
deterministic approach, Por each input parameter, a minimum, a maximum, and a best- estimate
value were selected. The best estimate represents a most Ikely value, but has no statistical
significance (i.e., it is not a calculated mean, median, average, or expected valve). Minimim
and maximum values were chosen to represent the extreme expected values for a parameter.
Typically, the deterministic parameter value range (minimum to maximum} corresponded to the
range of non-zero probabilities for the FDE.

The baseline simulations were performed with all parameters at begt-estimate values
{Section 4}, To evaluate the effects of parameter uncertainty, sensitivity simulations were
performed in which a single parameter value was varied to its minimum and maximum values
with all other parameters held at best-estitnate values (Section 5). The effects of parameter
uncertainty on simulation results were quantified by evaluating the change in selected
performance measures in response to parameter variations. Parameter sensitivity was performed
on most hydrologic and gas-generation paremeters. In addition, some sensitiviey was performed
on model geometry and conceptialization.

2.6.3 Performance Measures

Simuolation of multiphase flow using TOUGH2/EOS8 produced time histories of element
and repion properties (phase pressures, porosity, pbase saturations) and of the flow of each phase
between elements and regions. Additionally, the spatial distribution of certain properties and
phase and component mass balance information were available at user specified times during and
at the end of a simulation. Analysis of simulation results was performed by examining the
following six parameters over time: room void volome (porosity), a measure of room closure
behavior; room gas phase pressure; mass of gas in the room; mass of gas generated in the room;
brine phase flow (inflow and expulsion) beiween the room and the Salado Formation (halite and
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interbeds); and pgas phase flow out of the yoom (gas release). Amalysis also included an
examination of gas saturations and migration distances in the upper and lower interbeds at the
end of a sinmlation. These eight results were evaluated graphically for each sinmlation.

To evaluate parameter sensitivity and importance, four performance measures were selected
to describe systsm bshavior, These wers: maximum gas phase pressure in the room; maXxienum
brine volmme in the room; total gas release from the room; and maximem gas migration distance
in 2 single interbed.

Total gas release and maximinn migration distance are indicators of gas flow away from
the repository. Although these performance measures seemingly provide direct comparisons
with regulatory stamdards, simulated gas migration distances are not represemtative of actual
migration away irom the repository because of the simplified system geometry (single isolated
Ioom, composite interbeds, two-dimensional camesian flow). Instead they were used in a
comparative fashion to provide an indication of which scenarios were likely to enhance or Limit
gas release and migration relative to baseline results. To avoid possible misuse of migration
distances, they are presented as normalized values, equivalent to the sirmulated migration distance
divided by ibe room width, The other two performance measwres are not directly related o
regulatory compliance. However, they were considered imporiant because maxitonm room
pressure provides guidance to interbed fractare behavior and maximam brige inflow provides
guidance to gas-generation behavior,

2.6.4 Quantification of Sensitivity and Importance

To better svaluate the sensitivity of system behavior to variations in hydrologic and gas-
geteration  parmmeters,  gas-peneration  source-term  implementation, and model
copceprualizations, a methed to quantify parameter sensitiviey and importance was developed
based on the methodology presented by Reeves et al. (1991). Parameler sensitivity was
quantified using a sensitivity coefficient, S, a dimensionless derivative defiped as:

P, [&¥
« " |22 2-13
S L [&P o @13)

where:
P = parameter, and
¥ performance measure.
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The parameter, P, may be any quantifiable system variable such as a hydrologic parameter
or a gas-generation rate, The performance measure, ¥, may be any of the four previously
described performance measures. Equation 2-13 is written in gencral form where the subscript,
0, Tepresents a baseline or best-esiimate value. In this context, parameter sensitivity is evaluated
about the baseline conditions. A simulation wherein a parameter was changed from P, to P, that
produced a result, ¥,, would have a sensitivity coefficient whexe 3% = ¥ -¥, and 6P = P -P.,.
The sensitivity coefficient, S, provides a single valne that describes the change in the
performance measure in response to a wnit change in the parameter within the range P, to P,.
However, sensitivity is often non-linear over the entize uncertaingy range of a patameter. In this
study, a typical parameter range included three paramefer values, P, P, and P, Two
sengitivity coefficients were calculated for each performance measure, §° (applicable between P,
and P,) and S* (applicable between P, and P,.}). Sensitivities were also presented graphically,
giving a better indication of the parameter sensitivity over the range of nncertainty.

Parameter importance was quantified using a dimensionless importance coefficient, I,
defined as:

_Ry[s¥] _R
e lE]we e

where:
R, = range of parameter P.

The importance coefficient quantifies the effeci on system behavior of variations in a
parameter value over its expected range. As indicated by Equation 2-14, the parameter
importance is a product of the parameier sensitivity and the normalized parameter range. The
patameters that have the greatest effect on system behavior (i.e., greatest impostance) are likely
to be both sensitive and uncertain (a large uncertainty corresponds to a large range). Sensitive
but ¢ertain pararneters and umcertain bt insensitive parameters are not recessarily important.
The dependence of the importance coefficient on parameter range cannot be overstated. A
chanpe in the expected range of a parameter may produce a significant change in the importance
cogificient.

The parameter range, Ry, used in Equation 2-14 should be evaluated over the same range

2s the sensitivity (in this case Ry and R;*). As with the sensitivity coefficient, the importance
coefficient is & single valoe that may rot be representative over the entire uncertainty range of
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a parameter. Two importance coefficients were calevlated for each performance measure, I'

corresponding to the range (P, to Py} for § and I* corresponding to the range (P, to P, for
5t.

In this study, Rp was usually equivalent to 6P, in which case Equation 2-14 simplifies to:

-5 2-15)

Equation 2-15 shows the importance coefficient to be simply the normalized change in the
performance measure, This form of the importance equation is desirable because it does not
require quantitative parameter values sod ranges. It will be used to evaluate the relative
importance of conceptual uncertainty in such non-quantifiable concepts as gas-generation source-
term implementation and model conceptalization,

A comparison of the parameter importance coefficients with the conceptval importance
coefficients provides an indication of the direction for future work. High parameter importance
suggesis that refinement of paramaeter best estimates and ranges is necessary, High conceptual
importance suggests fhat improvements to the madel conceptualization are required.,
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3.0 PARAMETER SUMMARY

A set of best-cstimate parameters were selected for the baseline simulations. Parameter
minimum and maximom values were also selected to perform sensitivity simmlations, The
parameier sejection was based on data available as of Jone, 1993, Rationales and comments
concerning the selection of these parameters and thejr expected ranges are presented in Appendix
A. Brief descriptions of the hydrolegic parameters (Section 3.1), the gas-generation patameters
{Section 3.2), and the room closure parameters (Section 3.3) are given here.

3.1 Hydrologic Parameters

Hydrologic parameters inclnde all physical properties, multiphase flow properties, and
initial conditions controlling multiphase brine and gas flow within the disposal room
{Section 3.1.1) and the Salado Formation halite and anhydrite interbeds in the fluid-flow
continbtim (Section 3.1,2). Floid properties of brine and gas are also presented (Section 3.1.3).
Minimums, best estimates, and maximms for the hydrologic parameters are summnarized in
Table 3-1 for the disposal room, in Fable 3-2 for the halite, and in Table 3-3 for the anhydrite
interbeds.

Table 3-1. Sinwlated Hydrologic Parameters for the Disposal Room

Intrinsic Permezhility {k) m? - 1x10°17 1x10-4
Indtial Porosity () * - 0.65 -
Rack Compressibility (o) Fa! - 0.0 -
Residual Brine Saturaticn (S,) * 0.01 0.10 0.276 -
Residual Gas Saturation (S;)  © * 0.001 0.02 0.10
Pate-Size Lambda (\) % 0.2 2.89 10
Threshold Pressure (p) MPa - 0.0 -
Initial Gas Pressure () MPa - 0.1 -
Initia] Brine Saturation (S, * 0.0003 0.01 0.066

* dirensionless parameter
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Table 3-2. Simulated Hydrologic Parameters for Salade Formation Halite

Best
— . Foameter  Unjiz Migjgwn foepmed.  Hstimgte  Intepmed.  Magiowig
Intrinsic Permesbility (k) m? 1x10% 1x10% Ix10% Ix10*®
Porosity (4) - 0.001 0.01 0.03
Rock Compressibility (o) Pt 5.6x107  2.4x10M  2.7xi0" 39210
Residual Brine Satoration (5, “ 0.00 0.20 .40
Residual Gas Saturation (S,,) * 0.00 0.20 0.40
Pore-Size Lambda (%) * 0.2 0.7 10.0
Threshold Pressure (p,) MPa 2.1 4.1 10.3 22.9
Initial Brine Pressure (p.} MPa 11.0 12.0 15.0

* dimensionless paramster

Table 3-3. Simmlated Hydrologic Parameters for Salado Formation Interbeds

Paramater Units Mininwm Inermed. ﬁ Intermed,  Maximum
Intrinsic Permeability () m 1x10% 110 1x107# 1x102
Porosity (¢) » 0.0006 0.003 (.01 0.03
Rock Compressibility (o) Pa' 5.7x102 B.3x10 1.9x10:1!
Resilual Brine Satration (S,.) * 0.0 0.2 0.4
Residual Oas Saturation (S,) * 040 0.2 0.4
Pore-Size Lambda (A} * 0.2 0.7 10,0
Threshold Pressuze (p,} MPa 0.2 0.3 2.1 4.7
Initial Brine Preasure (p,) MPe 11.0 12.0 15.0
Hpper Interbed Thickness m - 0.30 -
Lower Interinsd Thickness m 0.40 0.90 1.25

* dimensionless parameter




3.1.1 Disposal Room

3.1.1.1 DISPO3AL ROOM PHYSICAL PROPERTIES

Intrinsic permeability estimates for the disposal room range from 1 x 107 m? for Taily
consolidated sludge-filled waste containers (Buicher et al,, 1991h) to 1 x 107" m? for initially
emplaced crushed salt backfill (Nowak et al., 1990). Because the sirulations were noi sepsitive
io the room permeability over this range, 1 x 1077 m? was used as a baseline value to minimize
computer execution time. A maximum permeability of 1 x 10°'* m® was used in sensitivity
simulations.

Tie inftial room porosity was 0.66, based on a volume average of the porogities of the
room comtents {(Berann and Davies, 1992). The simnlated disposal room bad a total volume of
3,658 m?, with an initial void volume of 2,415 m* and an initiat solids volume of 1,243 m’,
Each disposal room was assumed to contain 6,804 waste droms (Beraun and Davies, 1992),
consisting of 2,722 drums of solid organic waste (cellufosics) having an initial porosity of 0.8,
2,722 dmums of solid inorganic waste (mefals and glass) having an initial porosity of 0.8, and
1,360 dnums of shodges having an initial poresity of ¢.5. The average initial porosity of all
waste drums is 0.74 . The initial backfill porosity was assumed to be 0.4 {Beraun and Davies,
1952), The room porcsity changed with time as salt creep occurred.

The mixture of waste and backfill within the disposal reoms is extremely hetsrogensous.
Compaction of the waste and backfill occurs during room closure, resulting m a time-varying
compressibility. The two coupling metheds (pressure lines and boundary backstress)
incorporated various room conceptualizations and empirical relationships to simmlate the
changing backstress. Since the effects of room pore volume compressibility were already
incorporated indirectly through the backstress approximations, simulations used a room (waste
and backfiil) compressibility of zero, As a result, pors volumes in the room were adjusted by
the coupling methods rather than through waste and backfill compressibility.

3.1.1.2 DISPOSAL ROOM MULTIPHASE FLOW PROPERTIES

There are no measured relative permeability or gas-brine capillary pressure relationships
for the materiat in the WIPP waste disposal rooms. In the absence of site-specific data,
multiphase flow properties were estiroated from actval measurements on an approXimate

3-3




analogee material. The disposal rooms are expected to contain a heterogenous mix of partially
crushed drums and backfill. The backfill will consist of crushed salt or & mixtore of crushed
salt and bentonite. Because of its high degree of heterogeneity, 2 mixture of unconsolidated
fragmented clay, sandstone, 2nd ?ulﬂanir. sand (Brooks and Corzy, 1964) was selected as an
approximate analogue to provide the relative permeability and capillary pressure characteristics
of a disposal room. '

The brine phase relative permeability, K, and the gas phase 1elative permeability, k,,, were
catculated from the following relationships, based on the Brooks and Corey (1964) model:

K, = SER 3-1)
k, = (1-8.) (1-857%) G2
The effective brine saturation, S,, was modified from Brooks and Corey (1964) to account

for a non-zero restdual gas saturation, as proposed by Burdine (1953):
Sh - Sir

S, = (3-3)
¢ 1 = S[l' - Shr
where:
A = pore-size distribution index,
S, = brine saturation,
Sy, = rtesidual brine saturation, and
S, = residual gas saturation.

The gas-brine capillaty pressure, p,, was calculated from the threshold pressure, p,, based
on the relationships of Brooks and Corey (1964):

|

P. = (3-4)
s* :

The thresheld pressure, referred to as the i:ubbling pressure by Brooks and Corey (1964), is

representative of the capillary pressure at §, = §,, and corresponds to the point gas becomes

mobile ag 2 continuous phase. The impact of modifications to the Brooks and Corey (1964)

model on capillary pressure and relative permeability is small, given the small 5, value.



Brooks and Corey (1964} fit the measured data from the analogue fragmented mixiure to
obtain the following parameter valoes, S, = 0.276 and A = 2,89, The measured air relative
permeability data were used to extrapolate to S, = 0.02 and the measured capillary pressure
data were used to estimate p, = 0.0017 MPa. The data used to determine these parameters are
included in Appendix A.

These pazameters were assumed to provide the best estimate for the disposal room
multiphase flow properties. The TOUGH2/EQSS simulated disposal room relative permeability
and capillary pressure relationships are shown in Figures 3-1 and 3-2, respectively. Equation
3-4 predicts near-zero capillary pressuxes, except as the brine satnration approaches §, and a
theoretically infinite capillary pressurs at 5, = 8, (see Fipure 3-2). However, an infinite
capillary pressure ie physically unrealistic (Gray and Hagsanizadeh, 1991) and the largest
capillary pressure measured by Brooks and Corey (1964) on the fragmented mixture was 0.005
MPa. Therefore, for simplicity, a Zero gas-brine capillary pressure was simulated (Figure 3-2),
0 that gas and brine phase pressures were equal within the room.

To examirxe the sensitivity of system behavior to disposal room mwltiphase flow properties,
the residual brine saturation was varied from 0.276 to 0.01, the residval gas saturation was
varied from (.00 to 0.10, and the pore-size  was varied from 0.2 to 10.0. The rationale for
these ranges is discussed in Appendix A.

The analogue soil mixture had a porosity of 0.44 and an intrinsic permeability of
1.5 x 10° m?. The porosity of the analogue material was within the range expected for the
disposal room during closure, but the permeability of the anatogue material was higher than the
estimated room permeability by at least six orders of magnilude. Demond and Roberts {(19387)
suggest that, for many materials, relative permeability relationships are insensitive to intrinsic
permeability, in which case the difference between the permeabilities of the analogne soil
mixmze and the disposal room may not be a major issae. However, the degree to which (he soil
mixtare represents the pore-size distribution and pore sttuctare likely to exist in the room is of
importance, The large difference in permeabilities between the soil mixtore and the room may
mggest a different pore structure,

For example, the pote sttucture in the backfill may be such that the analogue soil mixnree

underestimates the capacity of the backfill to iminobilize water by capillary trapping tn small
pores.  Alternative amalogues for the room contents that focus on imbibition behavior are
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Figure 3-1. Sirmulated relative permeability relationships for the disposal room.
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Figure 3-2. Simulated gas-brine capillary pressure relationships for the disposal room,
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required to examine this aspect of room behavior. However, in the absence of any WIPP-
specific data, the relative permeability and capillary pressure relationships for the analogue soil
mixture provided the best available estimates for a disposal room.

3.1.1.3 DISPOSAL ROOM INIFIAL CONDITIONS

The initial conditions were selected o be representative of the time immediately after a
disposal room had been backfilled and sealed. Thersfors, the indtial pressure in a room was
specified as atmospheric (0.10 MPa). All simulations started with an initial gas pressare of
0.10 MPz in the entire disposal room. Becauge the simulsted gas-brine capillary pressure in the
ro0m was zero, initial brine pressures wers also (.10 MPa.

The amount of brine initially present in a disposal room is dependent on the amount of
water and brine present in the emplaced waste and the backfill. The emplaced waste was
assumed 0 have a volume of 1,663 m® (Beraun and Davies, 1992) and an initial water content
of 1% by volume, corresponding to the wpper limit specified in the WIPP Wasts Acceptance
Criteria (U.S. DOE, 1991). The comrespending initial volume of water in the waste within a
single disposal room was 16.6 m®. The emplaced backfill was assumed to be crushed salt
although a 70/30 mixture of crushed salt and bentonite is also being considered. The crushed
galt backfill was assumed to have a volume of 1,327 ¥, an initial density of 1,300 kg/in®, and
contain 0.5 % water by weight (Pfeifle, 1987). The corresponding initial volume of brine in the
backfill within 2 single room was 7.2 m’.

The resulting initial volume of brine in 2 room filled with waste and crushed salt backfill
was 23.8 m®. For a disposal room with an initial void volume of 2,415 m®, the corresponding
initial brine satiration was 0.01. Al baseline simulations started with an initial brine sairation
of 0.01 and an initial gas saturation of 0.99 in the disposal room. This initial brine saturation
assunes that none of the brine in the room is bound (immobilized) by the waste or backfill.

Thers is uncertainty both in the initial volume of brine in the room and in bow much of the
initial brine is available to drive the gas-generation reactions. There is also uncertainty in the
initial water content of the waste, The Waste Acceplance Criteria specifies that the waste will
contain less than 1% water by volume. However, some of the waste formns (in particular, sludge
maierial) may contain significant amounts of water that may or may not be bound by uncured
cement. There is uncertainty in the fnitial brine content of the backfill, If a salt/bentonite
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inixture with a watsr comtent of 3.3% by weight (Pfeific, 1987) is used, {he volame of brine in
the backfill would e about three times greater than calculated above, However, some of the
brine would be bound by the bentonite. In the absence of WIPP-specific two-phase properties,
the impact of the initial brine saturation on the behavior of multiphase flow within the room is
also uncertain. The inifial brine samration (0.01) is much less than the residual brine samration
(0.276), sugpesting that the initial brine may be immobile or bound. To partially examine thege
unceriainties, the initial brine samration in a room was varied from 0.0003 (Buicher and
Lincoln, 1993a) to 0.064 (Butcher and Lincoln, 1995b). The residval brine saturation was also
varied (Section 3.1.1.2).

3.1.2 Salado Formation Halite and Anhydrite Interbeds
3.1.2.1 SALADO FORMATION PHYSICAL PROPERTIES

Inirinsic permeability in the Salado Formation varies significantly in difierent lithologic
units,. The model permeability ranges are based on analyses of in-sim permeability teses
(Beavheimm et al., 1991; Howarth ot al., 1991). The selected ranges are from tests thonght to
be most representative of undisturbed conditions (i.e., they do not reflect excavation effects).
For halite, intrinsic permeability ranges from 1 x 10 m? to 1 x 10° m® with a best estimale
of 1 x 10 m2. For the interbeds, intrinsic permeability ranges from 1 x 10° m? o 1 x 107 m?
with a best estimate of 1 x 10® m?, The model assumes no spatial heterogeneity (.e.,
permeability represents a spatially averaged value). However, there are indications of a high
degree of lateral variability in permeability in some units, which could have » significant effect
on the simulated gas migration distances. Particularly important may be lateral variability within
the ioterbeds. Nonetheless, the gas migration distance performance measnre still provides a
reasonable comparison for parameter sensitivity, but resulis should be used with caution.

The best estimate of 0.01 for Salade Formation porosity is derived from electro-magnetic
and DC resistivity measurements made in the WIPP underground (Skokan et al., 198%). The
balite porosities are expected to range from 0.001 (Powers et al., 1978} to 0.03 (Skokan et al.,
1989), while the interbeds porosities range Trom (.00 (see Appendix A) to 0.03 (Skokan et
al., 1989).

Rock {bulk) compressibility of the porons matrix for both the halite and the amhydrite .
interbeds was compuied dixectly from elastic properties (Green and Wang, 1990):
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o 1 (3-5)

TEK-4GH
where:
¢ = rock (bulk) compressibility [Pa],
K = drained bulk modulus of rock [Pa), and
{ = drained shear modalus of rock [Pa).

The pore volume compressibility, o, requized by TOUGH2/EOSS, was caleulated using
e and the porosity, ¢, from (de Margily, 1986):

o, = (3-6)

alp

Krieg (1984) and Beauheim et al. (1991) suggest best estimates of 20.7 GPa for halite bulk
modulus, 12.4 GPa for halite shear modulus, 83.4 GPa for aphydcite bulk modulus and
27.8 GPa for anhydrite shear modalus. The best estimates for rock compressibility, calculaied
from Equation 3-5, were 2.7 x 10! Pa*! for halite ‘and 8.3 x 10°? Pa? for the interbeds. The
best estimates for pore volume compressibility, caleulatad from Equation 3-6 with a best-estimarte
porosity of 0.01, were 2.7 x 107 Pa! for hatite and 8.3 x 107 Pa”! for the interbeds.

Krieg (1984) and Beauheim et al. (1991) also snggest 2 range of 15.0 GPa to 21.7 GPa for
halite bulk maodulus and 8.1 GPa to 15.6 GPa for halite shear modulus. Substituting these
maximum and minimum K and G valees inio Equation 3-5 produces a range of 2.4 x 10" Pal
10 3.9 x 10" Pa? for halite rock compressibility. Equation 3-5 assumes that the compressibility
of the rock grains is negligible relative {0 the compressibility of the rock pores. Beauheim et
al. (19921) suggest that, for balite, rock grain compressibility may not be negligible.  This
assumption results in an alternative minimom halite rock compressibitity of 5.6 x 1072 Pa? (see
Appendix A),

The range for anbydrite compressibility was caleulated from specific storage values reported
by Beauheim et al. (1991). The specific storage, §,, is (Freeze and Cherry, 1979):

S, = ogglerof) G-
where;

g = fluid density [1,200 kg/m?],

g = acceleration of gravity [9.81 N/kg],
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£ = fluid compressibility [2.5x10"® Pa’],

The minimum specific storage of 9.7 x 10® corresponds to a minimum anhydrite rock
compressibility of 5.7 x 1072 Pa'! and the maximum specific storage of 2.5 x 107 comresponds
to 2 maxintn anhydrite rock corapressibility of 1.9 x 10! Pa™.

3.1.2.2 SALADOD FOBMATION MULTIPHASE FLOW PROPERTIES

There are no measured relative permeability or capillary pressure data for the Salado
Formation halite or anhydrite. In the absence of WIPP-specific data, the multiphase flow
properties were based on actual measurements on an approximate analogne material. A low-
permeability sandstone (Morrow et al., 1986), characterized by very fine sand interbedded with
¢oals and shiale, was selected as an analogue becanse it was the lowest permeability material for
which relstive permeability and capillary pressure measurements were available.

The analogue material was a fine sandstone with thin bedding, a porosity of 0,12, moderate
sorting, subangular guartz grains, and dolomitic cementation. The dominant pore geometry
consisted of intergrannlar cracks between abutting quartz grains and solution pores partially filled
with dolomite {Momow et al., 1986; Soeder and Randolph, 1984). The measured permeability
of the sample to brine ranged from 2.4 x 10°" m® t0 4.3 x 10" m?. Measnred data from the
analogue sandstope were fit to the modified Brooks and Corey (1964} model {dsscribed in
Section: 3.1.1.2) to obtain the following parameter valves: 5, = 0.20; S,, = 0.20; A = 0.7; and
p, = 0.30 MPa. The data and methodology vsed to determine these paraineters are presented
in Appendix A.

The relative permeability relationships, calculated from Equations 3-1, 3-2, and 3-3 using
the analogue sandstone parameter values, are shown in Figure 3-3. These relative permeabilities
were assumed to describe boih the halite and the anhydrite interbeds. To examine the sensjtivity
of system behavior to Salado Formation multiphase flow properties, the residual brine and gas
saturations were varied from 0.0 to 0.4 and the pore-size A was varied from 0.2 to 10.0, as
suggested by Webb (19920}, Alternative relationships for relative permeabdlity (Parker et al.,
1987) and capillary pressure (Van Genuchten, 1980) were also simulated, These alternative
rvelationships were proposed by Webb (1992b) and are discussed in Sections 5.1.2.2 and 5.1.3.2.
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Figure 3-3. Simulated relative permeability relationships for the Salade Formation halite
and interbeds.

WH?H{HP-}

E‘ T

Briws Solwolinn, S

Figure 3-4. Simulated gas-brine capillary pressure relationships for the Salado Formation
halite and interbeds.
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The permeability of the analogue sandstone was within a few orders of magnitunde of the
estimated range for avhydrite permeability (1 x 10 m? o 1 x 10?7 m?. Therefore, the
threshold pressure for the analopue sandstome was assumed to be representative of anbydrite,
The permeability of the analogue sandstone was about four orders of magnitude higher than the
best-estimate halite permeshility (1 x 10* m®), Because this permeability differance might
indicate different pore stmcturs, the threshold pressure for halite was estimated from a
permeability-threshold pressure correlation for consolidated lithologies presented by Davies
(1991):

p = (5.6 x 107){ic) (3-8)
where:
p, = threshold pressure (MPa), and
k = inktinsic permeability (m?).

The threshold pressure calculated from Equation 3-8, corresponding to the best- estimate
halite intrinsic permeability, was 10.3 MPa. Capillary pressures for halite and the anhydrite
interbeds (Figure 3-4) were calculated from Equation 3-4 using ihe besi-estimate threshold
PIESSIUTES.

The presence of excavation-related and pre-existing fractures in the anhydrite interbeds will
resulk in a reduction in threshold pressuie of the total rock mass (Davies, 1991}, For this
reason, the threshold pressure for the analogue sandstone (0.3 MPa) was taken as the best
gstimate for the anhydrite interbeds rather fhan the 2.1 MPa value calculated using the
permeability-thresheld pressure correlation and the best-estimate imterbed permeability
(I x 10Y m*, An imterbed thweshold pressure of 2.1 MPa was examined in sensitivity
stimulations. ‘

Halite threshold pressure was assumed 0 renge from a minmmum of 2.1 MPa
(comesponding to k=1x10"m®) to a maximum of 22.9 MPa (comesponding to
k=1x102m®., For the imerbeds, & minimum of 0.2 MPa (corresponding to
k=1x10'%m") and 3 magimuem of 4.7 MPa (comesponding to k = 1 x 10 m? were
assumed. The lower bound for interbed threshold pressure corzesponds to an excavation-
distarbed parmeability measured by Beauheim et al, (19933} and is assumed to he representative
of a fracnmed interbed.
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Gas penctration intg brine-saturated sock can occur when:
D, > P, + D, -9

where;

P, = gas pressure in the disposal room,
P, = threshold pressure jn Salado Formation, and
I = brine pressure in Salado Formation.

If gas pressures in the room reach lithostatic pressure (15 MPa) and the far-field brine
pressure is 12 MPa, gas penetration into the Salado will not occur unless the threshold pressure
is 3 MPa or less. The estimated threshold pressures suggest that gas will flow into the interbeds
in response to room pressurization bt that gas penetration into the halite under far-field pressure
is unlikely. However, brine pressurcs are likely io be significantly lower within the first fow
meters of an excavation. Assimming that brine pressure falls to near atmosphetic (0.1 MPa)
adjacent to an excavation, gas penetration into the depressurized zone of halite may occur for
threshold pressures of 15 MPa or less. Pressure-induced fractaring, particularly in the interbeds,
will result in lower threshold pressures and will further facilitats gas entry,

The sandstone analogne and the permeability-threshold pressure correlation provide the best
estimates for the relative permeability and threshold pressure relationships in the haliie and
anhydrite interbeds. Howver, their applicability to the Salado Formation has not been
determined. It should be emphasized that, in the abserce of any WIPP-specific data, both the
best estimates and the variations of the two-phase relationships remain highly uncertain.

3.1.2.3 SALADO FORMATION INITIAL CONDITIONS

The vwndisturbed pore pressure in the Salade Formation at the elevation of the repository
is expected to be bounded by hydrostatic (6 MPa) and lithostatic {15 MPa) (Peterson et al.,
1987: Nowak and McTigue, 1987; Lappin et al., 1989). Pore pressures extrapolated from
pressure recovery irends from in-sito hydraclic testing provide the best estimates of Salado
Formation pressure, The extrapolated values have some uncertainty depending om the quality
and duration of the tests and may be influenced to some exteni by excavation-related
depressurization. Based on hydraulic testing performed by Beanbeim et al. (1991) and Howarth
et al. {1991), the undistarbed brine pore pressure at the repository level was assumed to be 12.0
MPato 12.5 MPa, A best estimate of 12.0 MPa was used in baseline simvlations and a range
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of LL.0 MPa to 15.0 MPa was selected for sensitivity analysis. The low end of the range
corresponds to measured (not exirapelated), undisturbed pore pressures while the high end of
the range corresponds to the highest theoretical value (lithostatie, approximately 15 MPa).

The vertical pore-pressure distribution above and below the repository level was referenced
0 a 12.0 MPa pressure at the vertical cenrer of the repository. Because gravitational effects
were not included in the baseline sinmlations, an initial brine pressure of 12.0 MPa was
specified for the entire flnid-flow coptimmun (halite and interbeds). While this simplification had
some effect on phase segregation within the disposal reom, it had little effect on brine and gas
flow in ihe halite and interbeds. In simulations with gravitational effects, a hydrostatic pressure
distributions above and telow the repository was simulated.

The undistirbed Salade Formation halite and interbeds were assumed to have an indtial gas
saturation of 0.0 and an iniiial brine saturation of 1.0. To examine the effects of exsolved gas,
as observed in depressurized test zones {Beanheim et al., 1991), a non-zeto initial gas saturation
in the Salado Formation was tested in a sensitivity simulation.

3.0.3 Fluid [Brine and Gas] Properties

Fluid properiies are determined intemally by TOUGHZ/EOSE from equation of state
relationships. A detailed summary of the TOUGH2/EOSS fluid properties is contained in
Appendix A. With the medified EOSSH module, the gas is assumed to be hydrogen, behaving
as an ideal gas with a viscosity of 9 x 10 Pasg. The brine has a deasity of 1,200 kg/né®, a
viscosity of 1.6 x 107 Pass, and  compressibility of 2.4 x 10" Pa”. The solubility of hydrogen
in brine is described by a Henry’s Law Constant, Ky, of 2.9 x 10° Pa. The properties
presemted Diere are approximate values. Actval values vary as a function of temperature and
Pressure.

3.2 Gas-Generation Parémﬂars
In TOUGH2/EOSS, gas peneration is simolated with specified gas sources within the

disposal room. Sounrce rates are specified in units of kg/s. Tables 2-1 and 2-2 present gas-
generation rate histories in tepms of moles per drum per yeai. The conversion from moles per
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drum per year makes the following assumptions; 6,804 droms per room; 365.25 days per year;
and 2.016 x 10° kg per mole of H,. Furthermore, each room has six gas sources, located in
the six elements (prid blocks) nearest the room center. Simvlated gas geperation was scaled
down to account for the half-width and unit length of the simulated room. However, simulation
results were re-scaled to represent a full room (full width, 91.44 m length).

Based on the experimental resnlts of Brush (1991}, four specified gas-generation rate
histories, listed in Table 2-1, wege simulated. These specified rates were not dependent on the
simulated brine volume in the room. The sensitivity of system behavior to specified gas-
generation rates was examined with two additional sets of simulations. Based on more recent
experimental resuits (Brush, 1995), a revised set of specified rate histories was simulated: 105/5;
1.6/0.6; and 0.1/0. As discussed in Section 2.4.1, these designations represent first
phase/second phase gas-generation raies in moles per drum per year. The second set of
sensitivity simulations used constant {one phase) gas-generztion rates. The following constant
rates, in moles per drum per year, were simulated: 1.5; 1.9; 0.5; 0.2; and 0.1.

For brine-dependent rate sitamlations (Table 2-2), gas-generation rates wers 4 composite of
experimentally-determined brine-imindated and vapor-limited rates. The composiie rate was
based on local brine satrration conditions in the room. A brine saturation of 0.3 (approximately
equal to the residual brine saturation) was assumed to represent the threshold between brine-
inrndated and vapor-limited conditions, as described in Section 2.4.2.1. A sensitivity simulation
with a brine saturation threshold of 0.1 was also performed.

All of the aforementioned simulations (both specified and brine-dependent rate} assumed
a total pas-gensration potential of 1,600 moles per drum (1.09 x 10° moles per room), which
is comprised of 1,050 moles per drurn for anoxic corrosion and 550 meles per drum for
microbial degradation, This baseline gas potential comresponds to a gas mass of about
22,000 kg. By using the same gas potential, each different gas-generation rate history resulted
in a different gas-gencration duration. The sensitivity to gas-genstation potential was examined
by simulating a constant 0.5 moles per drum per year rate nnder the following five potentials
{moles per drumy: 600; 900; 1,600, 2,500; and 3,700, The lowsest potential corresponds to gas
from microbial degradation (corrosion is assumed limiied by passivation) of CH TRIJ waste.
The highast potential corresponds to gas from CH and RH TRIJ waste and assomes complate
degradation of plastics and rubbers. '
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3.3 Room Closure Parameters

TOUGH2/BOSE is a fluid and heat flow code and does not directly simulate mechanical
deformation. The geomechanics of salt creep and room closure and consolidation are
approximated by two flow and closure coupling methods, both which are based on results from
the SANCHO mechanical deformation code. Rooin closure calibration was performed for each
of the coupling methods by comparing TOUGH2/EOS8 simulation results of pas generation in
2 sealed room (i.e., no brine inflow and no gas release) with results from the SANCHO fseries
simulations performed by Stone (1995a). A detailed discusston of the room closure calibration
simulations is presented by Freeze et al. (1995); a short summary is given here,

With the pressure lines method (Sectiom.2.3.1), room closure was determined by
interpolating between SANCHO-prodaced gas-time-porosity relationships. A coimparison of the
TOUGH2/EQS8 porosity function results with SANCHO f-serics resulis was somewhat
redundant, as the pressure lines were able to exactly reproduce the room closure and room
pressore data from which they were derived.

With the boundary backstress method (Section 2,3.2), calibration of TOUGH2/EQSE room
closure was an iterative process to determine the combination of sali phase flow properties amd
backstress control (artificial boundary) parsmeters that most closely reproduced the SANCHO
f-series results. Initizl salt phase pressures of 15,0 MPa in salt-flow contimuum and 0.1 MPa
in the disposal room, which were selected to be consistent with the initial conditions used by
Stone {1995a), produced a flow of salt phase fluid from the sali-flow continmum into the room
that was representative of room closure. A set of salt phase flow parameters and artificial
boundary parameters were determined through an empirical calibration process to produce
TOUGH2/EOSS results that closely matched the room ¢losure and room pressure results from
the SANCHO f-series. Where practical, the physical properties of salt amd the theoretical
relationships between potential flow parameters and mechanical salt creep parameters were
preserved. However, the differences between the processes of salt flow modeled as a fluid flow
process and salt flow modeled as a creep deformation process precluded a rigorous adherence
to physically identifiable processes.

Boundary backsiress calibration resolts are shown in Figure 3-5. The Euundary hackstress

methed slightly underestimates roosn pressure at high gas-generation rates (f = 0.6) and slightly
overestimates room pressure at low rates (f < 0.2). However, the boundary backstress provides
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a glightly better approximation of room closure than the pressure lines method in simulations
whers the pas-greneration rate history deviates from the SANCHO f-seties rates (Freeze ¢t al.,
1905). Implications of these calibration results on conpled flow and closure sanulztions are
discussed in Sections 4 and 5 where pertinent.
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4.0 BASELINE SIMULATION RESULTS

Bascline simulations examined system behavior under best-estimate conditions. All baseline
simulations used the best-estimate hydrologic parameters (Section 3.1 and Appendix A). Four
specified gas-generation rate histories (Table 2-1} and three brine-dependent rate histories (Table
2-2) were selected to approximate the expected range of production of waste-generated gas at
the WIPP {Section 2-4). The specified 2/1 rate hisiory represents the best estimate of gas
generation under brine-inpndated conditions and is equivalent to the £=1.0 rate history of Stone
(1995a). The specified 0.2/0.1 rate history represents the best estimate of gas geperation under
vapor-limited conditions.

Simulation results from the 2/1 and 0.2/0.1 specified gas-generation rate histories are
discussed in Section 4.1, an examination of system behavior under best-estimate conditions.
Simuiation results using best-estimate brine-dependent rates are compared with 2/1 and 0.2/0.1
specified rate history resulés in Section 4.2. Simulation results examining sensitivity to other
specified and brine~Jependent gas-generation rates are presented in Section 5.2,

For each simulation, eight attributss were analyzed: room void volume: room gas phase
pressure; brine flow (inflow and expulsion) between the room and the Salado Formation; gas
phase flow out of the room (gas expulsion); gas phase saturation and migration in the upper
composite interbed; gas phase saturation and migration o the lower composits ‘intethed; nass
of gas generated; and mass of gas in the room. Some of these attributes are interdependent.
For example, gas mass i the room i3 equal to gas mass generated minos gas mass expelled.
Also, while gas migration in the upper and lower interbeds is quantitatively different, in most
cases the response to variations in system parameters is similar in both interbeds. The effects
of gravity, which were not simulated, might produce 2 greater difference between interbeds.

All of the baseline rate histories assumed a total gas-generation potential of 1,600 moles per
drum (1,050 moles per dium for anoxic corrosion and 550 moles per dmm for microbial
activity). Under all of the baseline rate histories, gas was stll being released from the room
sfter 2,000 years, which was the duration of the SANCHO room c¢losurs simulations petformed
by Stone (19953). For the 0.2/0.1 rate history, gas generation continned for 10,500 years.
Because thege TOUGH2/EOSS simutations were performed to examine system behavior and the
sensitivity of system performance to variations in system parameters, and not to provide a
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comparison with regulatory standards, the TOUGH2/EOSSE simulations were extended beyond
the 10,000-year regulatory time frame to 12,000 years. This time period was selected because
by 12,000 years gas expulsion from the ronm had nearly ceased, room presseres had stabilized,
andl gas generation was complets under all of the baseline rate histories.

Eight methods for coupling muitiphase flow with room closure in TOUGH2/EOS8 were
examined by Freeze et al. (1995). The pressure lines method and the boundary backstress
method were identified as the most accorate and robust methods vnder expecied repository
conditions. PBach of the baseline gas-generation rate histories was simulated with both of these
closure coupling methods.

The baseline sinmlation results indicated that: (1) the two specified rate histories, 2/1 and
0,2/0.1, tested system behavior over a range of conditions that could be considered
rqires entative of most brine-dependent conditions; and {2) under best-estimate conditions, limited
brine availability praduced very liftle mobile brine in the room, and the resulting brine-dependent
gas-generation rate history was very similar to the specified 0.2/0.1 rate history.

4.1 System Behavior Under Best-Estimate Conditions

The baseline simnlation results provide an estimate of system performance under best-
estimate conditions. TOUGH2/EQSS results for the 2/1 and 0.2/0.1 specified gas-generation
rate histories are presented in Figure 4-1 for the boundary backstress method hnd in Fignee 4-2
for the pressure lines method. These specified rate histories produced a ramge of sysiem
behavior that was sufficient to qualitatively describe the performance of the WIPP repository
under the expected range of brine-dependent conditions (see Section 4.2 for discussion). The
best-estimate brine-dependent gas-generation rate history did not produce system behavior under
best-estimate conditions that was significantly different from the specified 0.2/0.1 rate history.

There are slight differences between the results of simulations wsing the boupdary backstress
method (Figure 4-1) and those using the pressure lines method (Figure 4-2), as discussed by
Freeze et al. (1995). The following discussions of system behavior make reference to boundary
backstress results but are equally pestinent to pressure lives results.
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In the first few hundred years subsequent to the backfilling and sealing of a disposal room,
pressure gradients were inward, room closure was rapid (Figure 4-1a), and brine flow was from
the Salado Formation uta the room (Figure 4-Ic). During this time, both simmlated room
closure and brine inflow were moderated somewhat by gas pressures resnlting from the higher
21 pas-generation rate. With the 2/1 rate (2 moles per dnom per year for the first 550 years)
the minimum early time room void volume was 844 m® as compared with a minimum void
volume of 415 m® for the 0.2/0.1 rate (0.2 moles per drum per year for the first 5,500 years)
(Figure 4-1a). The peak conmulative brine inflow was 35 m? with the 2/1 rate as compared with
92 m?® for the 0.2/0.1 rate (Figure 4-1c¢).

In the baseline simelations, brine inflow was predominantly throvugh the interbeds. Brine
in the halite near the interbeds flowed into the depressurized interbeds, which respondad more
quickly than the halit= to near-atmosphetic room pressire. Brine then flowed into the room
through the high-transmigsivity room-interbed connections. About 60'% of the total brine inflow
was through the lower interbed into the bottom of the room. Approximately 35% of the brine
inflow was throngh the upper interbed while only about 5% flowed directly from the near-field
halite into the room. The brine inflow was greater into the bottom of the room because the
lower interbed was three times thicker than the upper interbed. This brine inflow behavior
produced brine satiration conditions in the room that were similar to what would be expected
with gravity-driven phase segregation within the room. For the 2/1 rate, only about 2 m* brine
flowed into the room directly from the swrounding halite, This predicied brine inflow is
consistent with the peak brine inflow of 2.5 m? from a SANTOS f=1.0 simulation {Stone,
1995}, which did not include interbeds. SANTOS is an enhanced version of SANCHO that
iicludes the capability to mode] single-phass brine flow throngh a deformmyg salt matrix.

The simulated brine inflow volumes in TOUGH2/EQOSE (and SANTOS) are for a single,
isolated disposal room. For a disposal room with the interior of a waste panel, brine inflow
wonld only be available from a lateral distance of approximately 135 m (distance to the salt pillar
centerline). Therefore, these single, isclated rooin siinulations provide an upper bousd on brine
mflow.

Rising room pressures (Figure 4-1b), resulting from the combined effects of gas generation

and room closure, eventually produced both a reversal of room closure (Figure 4-1a) and a
reversal of the brine-pressare gradient. The higher 2/1 gas-generation rate accelerated room
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pressurization, regnlting in an earlier onset of room expansion and brine expulsion relative to
the Jower (.2/0.1 rate case.

hnmediately following the reversal of the pressure gradient, brine expulsion occurred to
both the inferbeds and the near-field halite, Gas expulsion was delayed until the capillary
resistance in the interbeds was overcome. For the 2/1, rate the average room brine saturation
at the time of pressure gradient reversal was only 0.07. For the 0.2/0.1 rate, the average
safuration was higher, .28, because of greater brine inflow and greater room closure. Brine
satarations at the rooin edges and 2t the bottom of the room were greater than the room-average
value. Brine expulsion was Iimited to about 30% of the brine inflow volume becsuse brine
saturations in the room were reduced to the residoal brine saturation before afl of the brine was
expelled. The lack of brine expulsion beyond about 4,000 years (Figure 4-1c) is a result of all
brine in the room being at or below residual brine saturation.

With the baseline conceptual model, gas expulsion did not start until brine expulsion was
completed (Figures 4-1c and 4-14d illestrate this poinf). Brine and gas expulsion are interrelated
through the muitiphase flow relationships (Section 1.1.3). In TOUGH?2/EOSS simulations, gas
movement through the interbeds required the displacement of brine into the halite snrrounding
the imerbeds. Gas expulsion cccurred first o the upper interbed becanse of the Jower brine
saturations ai the top of room {resulting from less brine inflow). However, approximately 70%
of the iotal gas mass expelled was to the lower @aterbed because of iis greater thickness.
Because brine inflow behavior prodeced brine saturation conditions in the room that were similar
to gravity-driven phase segregation, gas expulsion behavior was not sigonificantly altered by
gravitational effects {Section 5.3.2.3).

Roorn expansion was maost rapid prior to gas expulsion, although the rate of expansion was
always significantly slower than the initial rate of room closure. Room pressurization and room
expansion slowed in response to gas release. In certain cases, the specified gas-generation rate
was Jess than the rate of gas expulsion and the room started to close again (Figure 4-1a). Re-
closure of the room was proportional to the degree of expansion that occurred. With the 2/1
rate there was much more room expansion and re-closure than with the 0.2/0.1 rate,

With the 2/1 rate history, a peak room pressure of about 19 MPa was reached at the end

of gas generation, declining towards the far-ficld brine pressure {12 MPa} by the end of
12,000 years. With the 0.2/0.1 rate history, room pressure rose to about 16 MPa by
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1,500 years and then stayed relatively constant despite continued gas generation. By
12,000 years it was also declining towards the far-field pressare. In both cases, room pressures
above lithostatic were maintzined for several thousand years. Baseline simulations did not
consider fracturing or aleeration of hydrologic properties. An alternative fractured interbed
conceptualization was used to examine the effects of fracturing (Section 5.3.2.1).

Despite the transitory differzaces in room closure and expansion, room pressure, and brine
inflow, caused by differences in the gas-gensration rate histories, the simulations achieved 2
relatively common final state. The final {12,000 year} mass of gas released (Figure 4-1d) and
gas migration distances in the upper and lower interbeds (Figures 4-1e and 4-1f£, respectively)
were quite similar, apparently influenced liktle by differences in gas-geveration rate history, The
mass of gas raleased ranged from abpmximatcl:.r 15,000 ko (2f1 rate) ta 17,000 ke (0.2/0.1 rate)
of H;, which is 70 to 80% of the total gas generated {Figure 4-1g). The gas phase migrated
approximately 150 room widths (1500 m} in the upper composite interbed and 113 room widths
{1150 m} in the lower composite interbed. Gas migration distance was greater in the upper
interbed because, although it received only 30% of the expelled gas, it only had 25% of the total
interbed thickness (i.e, the lower interbed was three times thicker than the vpper interbed). The
impact of gravitational effects on gas migration behavior was examined in sensitivity simulations
(Section 5.3.2.3).

A series of gas saturation profiles for times ranging from 2,000 to 12,000 years are shown
in Figure 4-3a for the upper interbed and Figure 4-3b for the lower interbed. These profiles
show how the gas phage migrates with time under the specified 2/1 rate history. Gas migration
was pegligible beiween 10,000 and 12,000 yesys. This corresponds to the time at which the rate
of gas expulsion is reduced 1o near zero (Figure 4-1d).

4.2 Comparison of Gas-Generation Rate Historias

To understand the influence of a brine-dependent gas-generatiun rate history on repository
petformance, simulation results using the best-estimate brine-dependent rates (Table 2-2) wers
compared with results front the 2/1 and 0.2/0.1 specified rate histories. Two different methods
of coupling gas generation with brine availability, the capiltary fringe method (Section 2.4.2.1)
and the linear correlation method (Section 2.4.2.2), were used in brine-dependent simnlations.
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Simulation results are compared in Figure 4-4. All simulations used the boundary
backstress method. The pressure lines results yielded similar comparisons and are not presented.

The relative system responses were infloenced by both the magnitude and the duration of
gas generation (Figure 4-4h). In the specified mate simulations, gas-generation rates changed
only at pre-specified times, independent of the amount of brine in the room. In the brine-
dependent rate simulations, gas-generation rates were variable, changing in response to changes
in the amount of brire in the Toom. The specified 2/1 history had the highest early rate,
resulting in (1) the least early-time closure (Figure 4-42), (2) the least brine inflow and
subsequent expulsion (Figure 4-4c), (3) the fastest room pressurization (Figure 4-db), {4} the
earliest gas expulsion (Figure 4-4d), and (3) the greatest rate of room expansion (Figure 4-4a).

Room expansion ceased when the gas-generation rate became either very small or zero,
As a result, the specified 2/1 rate actvally had the shorfest expansion period because iis gas
potential was exhausted earlier than in the other cases, The time of peak room pressure also
corresponded to a time of significant reduction in gas-generstion rate, The highest peak room
pressure (19 MPa) was reached under the specified 2/1 rate history. However, at times beyond
5,000 years, room pressures were highest for the spacified 0.2/0.1 rate and the two brine-
dependent rate methods because they had slow, long-duration gas generation. The total mass
of gas expelled was greatest for these three cases (Figure 4-4d), because a high room pressure
was maintained for 4 relatively long duration. A high early-time pressure does not necessarily
result in maxinmum gas release if the high pressure is not maintained. Final (12,000 year) gas
migration distance in the interbeds (Figures 4-4e and 4-41) was not sensitive to differences in
gifhier the magnitude or duration of gas generation, as long as the total mass of gas generated
was constant.

The brine-dependent rate histories were selected to examine system response to gas
generation that was driven by brine availability. The baseline brine-dependent rate simulations
specified gas generation {0 be at the best-estimate brine-inundated rate (analogous to the 2/1
rates) for brine-invndated room conditions and at the best-estimate vapor-limited rate (analogous
to the 0.2/0.1 rate) for vapor-limiied room conditions, The differences between the capillary
fringe method and the linear cozrelation method are described in Section 2.4.2. Using best-
estimate properties, there was not enough brine inflow to produce brine-inundated effects with
the capillary fringe method. Consequently, the capillary fringe results were identical to the
specified 0.2/0.1 results (Figure 4-4). Becavse of the formulation of the linear correlation
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Comparison of TOUGH2/EOSS boundary backstress simmulation resvits for specified and brine-dependent
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method, any non-zero brine saturation in the room was sufficient to produce some brine-
inundated effects. Using best-estimate parameters, brine inflow was about 60 m® (Figure 4-4¢)
and gas generation was at about twice the 0.2/0.1 rate (Figure 4-4h). The rasuiting room
closure and expansion (Figure 4-4a), room pressurization (Figure 4-4b), and gas expulsion
{Figure 4-4d), were different from the capillary fringe results and were bounded by the specified
2/1 and 0.2/0.1 resuls.

An important observation is that, in the absence of sufficient beine to drive brine-immdated -
gas generation, brine-dependent gas generation proceeds at near the vapor-limited rates. Under
these conditions, brine-dependent simulation results are very sensitive to the estimates of vapor-
limited rates, The results from the brine-dependemt rate baseline sinmlations were not
significantly different from the baseline specified .2/0.1 rate results. Therefore, only the two
specifisd rate histories, 2/1 and 0.2/0.1, were used in senzitiviey simolations (Section 5) to
examine sysiem hehavior. The sensitivity of system response to gas-generation rate js quantified
in Section 5.2.

The hypothesis that gas generation may be a self-limiting or at least a self-regulating process
(Section 1.2.3) is supported by these results. Approximately 100 m® to 200 m* of brine is
required to generate the anoxic corrosion potential of 1,050 moles par drum in a dispesal room
(Section 1.2.3). Under besi-estimate conditions (24 m® of brine initially in the room), the
maximum brine voleme in the room was only about 59 m® with the specified 2/1 rate, not
enough to drive gas gemeration to the complete exhaustion of potential. With the specified
0.2/0.1 rate history, the maximum brins in the room was about 116 m®. Withont considering
additional brine that might be present in downdip rooms, the volume of brine inflow required
to assure potential-limited rather than brine-limited gas generation under best-estimate conditions
might only be achieved with very low (less than the 0.2/0.1 rates) gas-generation rates im the
room. Under this scenario, a large gas-generation rate is only likely for a short period of time,
after which the brine supply is exhausted and cannot be replenished by inflow due to high room
Pressures.
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5.0 SENSITIVITY SIMULATION RESULTS

Sensitivity simulations were performed o examine the effect on system behavior of varying
the model input system parameters over their expected range of vnceriainty (see Section 3.1 and
Appendix A). Sensitivities were obtained by varying one parameter at a fime to its minimum
and maximum expected valve while bolding all other parameters at best-estimate values.
Sensitivity simulations were performed for hydrologic parameters (Section 3,1), gas-generstion
parameters (Section 5.2), and model concepiualizations (Section 5.3). The system response to
parameter changes was evaluated ysing parameter sensitivity amd importance coefficients as
outlined in Section 2.6, All sensitivity simulation results are surnmarized in this Section, but
because of the large oumber of sensitivity simulations performed, only selected results are
presented graphically. A complete set of sensitivity simulation results is presented graphically
in Appendix B,

The baseline sunulations identified two specified gas-generation rate histories, 2/1 apd
0.2/0.1, that together provided a representation of the range of system behavior for best-estimate
hydrologic parameters. Most sensitivity simmlations nge the specified 2/F gas-generation rate
history. However, because parameter sensitivity may be different with relatively high gas-
generation rates and moderate room closure (as with the 2/1 rates) than with lower gas-
generation rates and more room closure (as with the 0.2/0.1 rates), some sensitivity siinulations
were also performed using the specified 0.2/0.1 rate history.

Because many of the parameter values are not well known, the sensitivity simulations
provided: (1) an estinate of the possible range of system behavior; {Z) an indication of the
relative sensitivity and importance of the parameters to system behavior; and (3) guidance in
selecting which parameter values and ranges should be investigated with further experimental
work.

Four performance measures were selected to svaluate parameter sensitivity and importance:
maxinmm gas phase pressure in the room; maxismum brine volume in the room; fotal gas
expelled from the room; and maximum gas migration distance in an interbed. These
performance measures are described in Section 2.6.3. A typical uncertainty range included three
parameter values, minimum, best estimate, 2nd maxinum. The best-estimate valoe represents
8 most likely value, bui has no statistical significance (i.e., it is not a calculated mean, median,
average, or expected value), The mininmum and maximuem values define the most likely extreme
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values based on an evaluation of available data. In soine cases, additional simulations were
performed with intermediate values to beiter delineate parameter sensitivity.

Two parameter sensitivity coefficients were calculated for each performance measure, §
applicable between the minimmm and best-estimate parameter valoes, and S* applicable between
the best-estimate and maximum values. Two importance coefficients were also calculated for
each performance measure, I' corresponding to the range from mininum to best estimate (as
with §7, and I'* comesponding to the ramge from best estimate to maximum {(as with 5*).
Importance coefficients are additive, stch that a total parameter importance over the expected
parameter range ¢an be determined from the sum of I™ and I'.  Sensitivity coefficients are not
additive, As discussed in Section 2.6.4, parameter importance is dependent on both the
parameter sensitivity and range. A change in a parameter range (e.g., as a result of new
experimental information) will produce a change in parameter impostance. Therefore, a ranking
of parameters st consider not only the importance, but also the sensitivity, which is
imdependent of the range.

Parameter sensitivity and importance coefficients generally vary over the expected range
of patameter nncertainty. To illostrate this non-linearty, sensitivities are also presented
graphically in the form of dimensionless sensitivity plots which give a betier indication of the
changing parameter sensitivity and importance ¢ver the range of uncertainty. These plots use
dimensionless parameters (F'/P,) on the x-axis 0 compare the sensitivity of several different
parameters for the same performance measure. Pollowing the coavention of Section 2.6.4, P
represents an input parameter, subscript o reprasents 2 best-estimate value, and ¥ represents a
performance measure, The comparison is possible with dimensionless parameters because sach
baseline {best estimate) parameter value is equivalent to 1 on the dimensiopless x-axis, The
slope of the sensitivity curve is indicative of parameter sensitivity. The use of dimensionless
periormance measures (¥/¥,) on the y-axis allows for a direct comparison between different
performance measures. The dimensionless performance measure vabue is indicative of parameter
importance. Based on Equation 2-15, the importance coefficients can be calculated from I = 1
- (B and I* = (B/¥,) - 1.

For each parameter there are eight sensitivity and eight importance coefficients (8, 5*. I,
I*, for each of four performance measures). Because different processes were impottant for
different performance measures, a separate parameter rmKing was performed for each
performance measure. For each performance measure, parameters were ranked in order of total
importance. These rankings, presented in Section 6, also make note of which parameters have
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high sensitivity coefficients and which parameters are sensitive and/or imporiant over only a
portion of their expected range.

Sensitivity simelations primarily used the bouadary backstress method to couple flow and
closure, but the pressure lines method was used in certain simulations where long execution
times ware expected. Parameter sensitivity was found to be very similar regardless of the
closure methodology used. This similarity ig illustrated with a comparison Of parameter
sengitivity for halite intringic permeability wsing both the boundary backstress method and the
pressure lines method (Figure 5-1). For all four performance measures, parameter sensitivity
(repregented by the slope of the lines) and total importance (represenied by the difference
between minimumn and maximupl dimensionless performance meastre values) are nearly
identical.

A comparison of the importance coefficients for hydrologic and gas-generation parameters
with the importance coefficients for model conceptualization provides an indication of the
direction for future work, High parameter importance suggests that refinement of parameter best
estimates and ranges may be necessary. High conceptual model importance suggests that a
better understanding of process coupling is required and that the coupled process model should
be improved. Low conceptual model importance snggests that simplified models may adequately
capture the important dynaraics of process coupling.

5.1 Hydrologic Parameters

Discussion of sensitivity simulations for hydrologic parameters is divided into three parts:
disposz2]l room parameters (Section 3.1.1); halite parameters (Section 5.1.2); and interbed
parameters (Section 5.1.3). In cach Section, a separate discussion of parametsr sensitivity is
provided for physical propertics (intrinsic permeability, porosity, compressibility), initial
conditions (pressure, phase satrations), and multiphase flow properties {relative permeability,
capillary pressure). Preliminary simulations indicated that performance measures were not
sensitive to variations in fluid properties. Therefore, sensitivity to fluid properties was not
examined formally,

In each Section, sensitivity (S and 5*) and importance (1" 2od I™) coefficients are tabulated
and dimensionless sensitivity plots for physical properties, imitial conditions, and

53




5

[ TTTRY TVOIRI] U I0IRR, ( TQIy ¥ S0 T O
- Q

£

ir

g 13|

:

gi.ﬁ% = =T

i r

%n.a}

E

%ﬂ%llllﬂinug ||||||1]1 ”"“1In Liul b

imenvicnisss Forometer (P/P)

i

T
o

s

Dirdenfonbeir Wax. Brfve Woloma b Roam
&
IrTTtT T FrT

|

oo gp Y] 1 T
Dimenslcniem Paromete: (PP

el R L AL L L LA |
c

m

Ll it

Dimansleniews Jon Expulalon
-l
=

a

ITT[TTIT [T TR AT

Eiv gl

Loiomd nrovo v oo ool raped i

D&?M! 001 1 7)) &1 1 10
Cimsmkrins Pormete (PP}

20 TR TR T T T
3 ~d
iu}
§1-ﬂ;_
! E
i"E
Bhem oot oot ni 1 10

Dirwensloniésl Porumeiir (F/P)

Figure 5-1 (a-d). Comparison of system sensitivity under the boundary backstress and pressure lines flow and closure coupling
methods: a - Maximum Room Pressure; b - Maximum Brine in Room; ¢ - Gas Expulsion; d - Gas Migration

Distance,




nwltiphase flow properties are presented. Sensitivity and importance calculations are based on
specified 2/1 gas-generation rate history simulations. In most cases, parameter sensitivity and
importance was similar under the specified 0.2/0.1 rate history. Significant differences in
sensitivity and importance between the two specified rate histories are noted in the sensitivity
discussion. Detailed sensitivity simulation results, for both rate histories, are included in
Appendix. B. )

5.1.1 Disposal Room

Pacameter ranges for the disposal room hydrologic parameiers are listed in Table 3.1,
Sensitivity and tmportance coefficients for each performance measture under the specified 2/1
rate history are presented in Tables 5-1 and 5-2, respectively. Dimensionless parametes
sensifivity and importance plots are presented in Figare 5-2 for the physical properties and initial
conditions and in Figure 5-3 for the muitiphase flow properties.

5.1.1.1 DISPOSAL RCOM PHYSICAL PROPERTIES AND INITIAL CONDITIONS

Because changes to disposal room porosity and compressibility weie inchuded in the baseline
model concepinalization through closure coupling, a sensitivity to those disposal room rock
properties was not performed.  Room porosity changed due to room closure amd resulting
porosity changes were much larger than any uncertainty in initial room porosity. The backstress
resulting from the consolidation of the waste and backfill within the room was directly dependent
on the changing compressibility of the room contents.

Intrinsic permeability was the only disposal room physical propeny for which sensitivity
simmlations were performed. Simblations considered a baseline value of 1 x 107 m® and a
maximum value of 1 x 10 n. The minhmum room permeability corresponded to the baseline
value, so only $* and I* coefficients could be calenlated. Sensitivity and importance coefficients
were zero for al} four performance measures, indicating that system behavior was insensitive to
this change in room permeability. This lack of sensitivity is in part an arfifact of a coarse
vertical room discretization and the absence of gravitational effects in the model. With the
baseline model, segregation of the gas phase to the top of the room and the brine phase to the
bottom of the room does not ocour. With gravity and a finer vertical room discretization, a high
room permeability would be expected to increase phase segregation within the room and
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Table 5-1.  Sensitivity Coefiicients for Disposal Room Parameters Under Specified 2/1 Gas-
Geperation Rate History

Performance Measure

Max. Room Max. Brine m  Gas Expelled Gas Migration
Pressure Room from Room Distance:

__Pamgnerer s s & s s s s s

Physical
Intrinsic e 0.00 — 0.00 ame GO0 - 0.00
Permeability
Porosity - -— - - — — — —

Rock - - - --- - --- -— -—
Cosnpressibility

Initial Brine 000 000 040 040 000 0.00 0.00 0.00
Saturation

Multiphase
Residual Brine 0.00 - 001 - 0.08 - 0.00
Saturaticn

Residual Gas .00 0.00 0.00 000 H02  -0.02 0.00 0.00 -
Saturation

Pore-Size 000 000 000 000 -008 -0.00 000 0.00
Lambda () :

Threshold - —_— an —— —_ —_ — —
Prassure
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Table 5-2.  Importance Coefficients for Disposal Room Paramseters Under Specified 2/1 Gas-
(Generation Rate History

Performance Measore

Max. Room Max. Brine in ~ Gas Expelled Gas Migration
_ Pressure _Room from Room. =~ _ Distamce
Parameter I I r rr Ir I I I
Physical

Intrinsic --- 0.00 -— 0.00 - 0.00 — 0.00
Permeability

Porosity - — — -- — — — —_

Rock -re -— - e -— -~ --- —-
Compressibility
Tmitial

Initial Brine 0.00 0.01 0.39 2.25 0.00 001 0.00 0.00
Sahiration

Multiphase

Residual Brine 0.00 — 0.1 — 0.07 — 0.00 —
Samzation

Residual Gas 0.G0 (.00 (.00 000 D02 009 Q.00 0.00
Sataration
Pore-Size 0.00 0.00 0,00 0.00 007 002 000 0.00
Lambda (A)

Threshold -— — -— _— — — _— —_
Pressure
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change the relative gas releases to the upper and lower miterbeds with some impact on overall
gas release. This hypothesis was tested using an alternative conceptual model (Section 5.3.2.3).

One furiher consideration is the relationship between room permeability and inferbed
permeability.  Althovgh not likely under the current estimates of permeability ranges, if the
room permeability were lower than the interbed permeability, gas release would be limited by
tiv: rate at which gas could flow out of the room and room permeability could be a very
finpottant parameter. The room permeability sensifivity simuolaiion was performed in part to
demonsirate that the baseline room permeability was large enough not to restrict the flow of
brine and gas betwean the room and the Salado Formation,

The initial brine samiration in the rcom was varied from a minitoum of 0.0003 0 a
maximum of 0.066, with a best estimate of 0.05. An initial brisie saturation of 0.276, equivalent
to the residual brine saturation, was also simmlated, but was not considered in the calculation of
sepsitivity and importance coefficients becawse it was ouiside the expected range
{Seciion 3.1.1.3). The inchnsion of (.276 would increase parameter imporntance because of the
increase in parameter range. Results from the initial room brins saturation sensjtivity
simulations are shown in Figure 5-4, Simulation results indicated that (1) thers is a direct
correlation between initial brine saturation and maximum biine volume in the room, amd {2)
increasing the inifial brine sgturation in the room results in a reduction in room closure (hat is
roughly equivalent to the additional room void volame occupied by brine. The indtial brine
volume in ihe room was 1 m*, 24 n¥’, and 159 m?® for the minimum, best-estimate, and
maxitmm imtial brime saturations, respectively. An initial sauration of 0.276 prodmced an
initizl brine volume in the soom of 667 m’. Because brine inflow with the specified 2/1 rate was
relatively low (35 m’), the maximum brine volume in the room was very sensitive to the initial
brine saturation (Figure 5-2b). The maximum brine volume performance measure had a
maximum sensitivity coefficient of (.40 and a total imporiance of 2.64. Initial brine saturation
in the room was one of the most Enportant parameters for this performance measure.

The other performance measwres, maximmm room pressure (Figure 5-2a), gaz expulsion
(Figure 5-2¢), and gas migration distance (Figurs 5-2d), were not sensitive to initial brine
saturation over the range (0L0003 to 0.066) simulated. The performance measures were slighthy
sensitive at an initial brine saturation of 0.276, which corresponds (o a dimensionless parameter
value of 27.6 in Figure 5-2. The insensitivity of these three performance measores to initial
brine sataration is partly due to the use of specified gas-gepcration rates, which are not
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dependent on brine availability, and to the fact that brine saturations remained below residual
safuration in most simudations. The sensitivity to brine-dependent gas-generation parameters is
presented in Section 5.2.4

All of the performance measures were slightly less sensitive under the specified 0,2/0.1
rates, primarily because there was greater brine inflow under the lower gas-generation rates,
The sensitivity of all performance measures to initial brine sataration is expected to decrease ag
gas-peneration rates decrease.

5.1.1.2 DISPOSAL ROOM MULTIPHASE FLOW PROPERTIES

The relative permeability and capillary pressure relationships used in the baseline
TOUGH2/EOQSS model are defined by the Brooks and Corey (1964) tmodel, modified to account
for a non-zero residual gas saturation (Section 3.1.1.2). They are dependent on the foltowing
perameters: resjdual brine saturation, S,; residual gas saturation, S,; pore-size distxibution
index, A; and threshold pressure, p,. Threshold pressure can be used to vary cepillary pressure
independent of relative permeability, the other three parameters vary both capillary pressure and
relative permeability concurrently. No information is available concerning actual values for
these parameters in a WIPP disposal room. The pavamster database (Appendix A) provides only
best estimates for the nmultiphase flow parameters, Sy, Sy, A, and p,. The parameter ranges used
in the sensitivity simulations were selected somewhat arbitrarily based on estimates from Webb
(1992b). The effects of these changes on the relative permeability and capillary pressure
relationships in the room are shown in Figure 5-5 for residual brine satoration, Figure 5-6 for -
residnal gas saturation, and Figure 5-7 for pore-sive A

The residoal brine saturation was varied from a mininum of .01 to a best estimate of
1.276, with an intermediate value of Q.10 also siomlated. A decrease in the residual brins
saturation resulted in an increass in the relative permeability to brine in the room, a decrease
in the saturation at which brine becomes mobile, and a decrsase in the relative permeability to
gas (Pigure 3-5a). As a result, the volume and duration of brine expulsion increased and the
mass Of gas expelled was reduced. Gas migration distance was also reduced slightly. The
reduction in gas expulsion and migration was due to both the decreased relative permeability to
gas and che mcreased brine expulsion. For the gas expulsion performance measure, the
sensitivity coefficient 8 was 0.08 and the totz] importance coefficient was 0.07. Sensitivity and
imporiance coefficients for the other performance measures wers approximately zero.
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Figure 5-5. [Effects of variations in residual brine saturation on disposal room relative
permeability and capillary pressure relationships.
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The residual gas satoration was varied from a minimum of 0.001 to a maximum of 0.10,
with a beat estimate of 0.02. An increase in the residual gas saturation decreased the relative
permeability to gas in the room, increased the saturation at which gas becomes mobile, and
increased the relative permeability to brine (Figure 5-6a). Because of these effects, the mass of
gas expelled from the room decreased with increasing residual gas saturation. Brine expulsion
was not affected, but the gas migration distance decreased slightly. For the gas expulsion
performance measure, the maxitmm sensitivity coefficient was 0.02 and the total importance
coefficient was 0.11. Gas expulsion was more sensitive 0 an ixrease in residual gas saturation
than to a decrease (17 = 0.09, I' = 0.02). Sensitivity and importance coefficients for the other
perfermance measures were z2ro.

The pore-size distribution index, A, was varied from a minimum of 0.2 to a maximum of
10, with a best estimate of 2.89, A decrease in the pore-size h reduced the relative pernaeability
to brine and increased the relative permeability o gas (Figure 5-7a). These changes in relative
permeability resulted in a decrease in the volume of biine expelled and an increase in the mass
of zas expelled from the room. The gas migration distance alse increased slightly. For the gas
expulsion performance measure, the maxbnum sensitivity coefficient was 0.08 and the total
importance coefficient was (.09, Sensitivity and importance coefficients for the other
petformance measurss were zero.

Sensitivity simulations were not performed for disposal room threshold pressure because
it was not expected to change significantly from the best-estimate value of approximately zero,
Only the gas expulsion performance measure had any non-zero sensitivicy and importance
coefficients in response to changes in the disposal room multiphase flow parameters. This
insensitivity may be partly an artifact of the room conceptualization. Moevement of brine and
gas within a disposal room is a complex process. The simplified room model used here cannot
capturs that complexity. Uniil a2 more complex disposal room hydrologic model is incorporated,
the effects of variations the room multiphase flow properties on system behavior such as gas
releass cannot be filly evaluated.,

The msensitivity of the perforrmance measures to the disposal room multiphase flow
properties may be misteading. Given the complete lack of WIFP-specific data, it is uncertain
whether the modified Brooks and Corey (1964) model is approprizte, let alone whether the
assumed parameter ranges are tepresengative. However, given the insensitivity of the
perfonmance measures O variations in room intrinsic permeability over three orders of
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magnitude, the multiphase flow properties might be expecéed to produce low sensitivitics over
a gimilar range,

5.1.2 Salado Formation Halite

Parameter ranges for the hydrologic parameters of the Salado Formation halite are listed
in Table 3.2. Sensitivity and importance coefficients for each performance measure are
presented in Tables 5-3 and 5-4, respectively, for the specified 2/1 xate history.

Dimensionless patameter sensitivity and importance plots are presented in Figurs 5-8 for
the physical properties and ingtial conditions and in Figuwre 5-9 for the multiphase flow
properties.

5.1.2,7 HALITE PHYSICAL PROPERTIES ANE INITIAL CONDITIONS

For the halite, physical property sensitivity simmlations were performed for intrinsic
permeability, porosity, and compressibility. Initial condition sensitivity was examined for the
initial brine pressure, The halite inirinsic permeability, k, was varied from a minimun of
1 % 10% m? to a maximum of 1 x 10 m?, with a best estimate of 1 x 10 m®, An intermediate
value of [ x 10% m? was also siomated. Results from the balite permeability sensitivity
simulations are shown in Figure 5-10.

Variations in halite permeability affected system behavior by varying bre flow between
the interbeds and the surrounding halite. Simulation results showed that changing the halite
inirinsic permeability direcily impacted (1) the volume of brine inflow and expulsion, (2) the
mass of gas expelled from the room, and (3) gas migration disiance. The peak brine inflow to
the room ranged from 6 m® for k = 1 x 10" M) t0 408 m® (for k = 1 x 10” m®. The
relative volumes of brine inflow through the upper and lower interbeds were sensitive to halite
permcability although the duration of brine inflow and ﬁxpulsimi was ot.  The large volome of
brine mflow for the maximum permeability case was significant enough to reduce room closure
relative the other casgs. The pore space required for gas migration in the interbeds is created
when brine is displaced from the interbeds and expelled ipto the serroundmg halite. Both the
mass of gas expelled and the gas migration distances were similar for the besi-estimate and
maxinun permeability cases bt were less for the minimum permeability case. Room void

5-13



Table 5-3.  Sensitivity Coefficients for Halits Parameters Under Specified 2/1 Gas-Generation
Rate History

Performance Measare

Max. Room Max. Brine in =~ Gas Expelled Gas Migration
_ Pressure Room _from Room . _ Distance

___Paraspeter 5 S° = St S St S5 St

Physicat
Intrinsic Perm. -0.09 0.00 0.50 0.06 0.89 0.00 0.90 0.00
(constant p,)
Intrinsic Perm. -0.10 0.00 0.50 0.06 (.89 000 0.5 0.00
(vatiable p)
Porosity 0.07 002 0.31 .13 0.24 0.02 .15 0.00
(constant o)

Porosity 000 001 005 003 001 001 0.00 0.00
(constant o)

Rock . 005 003 019 013 008 003 000 0.0
Compressibility

Initial

Initial Brine 020 019 085 092 035 -141 -239 -1.59
Pressure

Multiphase

Regidnal Brine 0.00 (.00 (.00 0.00 0.00 0,00 0.00 0.00
Saturation

Residual Gas 0.00 .00 .01 0.00 0.00 000 0.00 0.00
Saturation
Pore-Size .00 0.0 -0.01 0.00 -0.01 0.00 (.00 0.00
Lamixda (1)
Threshold 0.00 0.00 0,00 0.00 -0.01 0.00 0.00 .00
Prassure
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Table 5-4.  Imporfance Coefficients for Halite Parameters Under Specified 2/1 Gas-

Generation Rate History
Performance Measure
Max. Room Max. Brine in = Gas Expelled Gas Migration
Prassure Room from Room Distance

Paametsr L I r 1~ r I* T It
Physical
Intrinsic Perm. 009 005 050 628 08 014 090 0.00
(constant p,)
Intrinsic Perm. £.10 044 050 628 089 019 090 0.27
(constant p)
Porosity .06 004 028 026 021 004 G413 - 0.00
(constant c,)
Porosity 000 0.0 004 007 001 00 0.00 0.00
(constant «)
Rock 004 001 015 006 006 001 000 0.00
Compressibility

Initial
Imtial Brine 002 005 007 023 003 035 020 -0.40
Pressore

Multiphase 1
Residual Brine 000 000 Q00 OO0 Q00 GO0 Q.00 0.00
Sataration
Residual Gas o0 000 001 000 000 000 000 0.00
Saturation
Pore-Size 000 000 000 -001 000 000 0.00 0.00
Lambda (M)
Threshold 000 000 000 000 000 000 000 0.00
Prassuire
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volume and pressure behavior was similar for the maximum and best-cstimate halite
permeabilities because the gas expulsion and mass of gas in the room were similar. However,
redoced gas expulsion in the minimom permeability case resulted in higher room pressure and
greater room expansion.

These results suggest that the displacement of brine from the interbeds into the halite by gas
is a limiting condition on gas movement in the interbeds when halite permoeability is less than
about 1 X 102" m*. At higher halite permesbilities, gas migration is Hmited by other factors.
Because of the direct correlation between brine inflow and balite permeability, the performance
measie maximuwm brine volume in the room (Figure 5-8b) had large sensitivity and importance
coefficients, particolarly at higher petmeabilities. The perfornmance measures gas expulsion
(Figure 5-8¢) and gas migration distamce (Figure 5-8d) also had large sensitiviy and
importantcoefficients, especially at lower permeabilities. Halite permeability was one of the
most important parameters for each of these three performance measures. Only the maxinum
TQOm pressure performance measure was not particularly sensitive to halite permeability. In
brine-dependent rate simulations the room pressure might be more sensitive, given the
eorrelation between brine inflow and halite intvinsic panmeability.

The sensitivity and importance coefficients of the performance measures to halite inirinsic
permeebility under the specified 0.2/0.1 gas-generation rate history were all similar to the
sensitivity and tmportance coefficients observed with the 2/1 rate history. The halite intrinsic
permeability sensitivity simuolations presented heye were all run using the boundary backstress
method. Similar sensitivity and irnportance coefficients were obtained under both specified gas-
generation rate histories using the pressure lines method (see Figure 5-1}.

Davies (1991) derived 2 correlation between intrinsic permeability and thweshold pressure,
p, {(Equation 3-3). To account for this correlation, the halite intrinsic perrosability simulations
were also run with gas-brine threshold pressures in the halite adjusted o be consisient with
intrinsic permeability. The previously discussed uncorrelated threshold pressure simulations all
used the best-estimate threshold prassure of 10.3 MPa, which corresponds to a permeability of
1 x 10 m®. The permeability-correlated threshold pressures, calculated from Equation 3-8,
were 250 MPa for k= 1 x 10¥ m?, 4.7 MPa for k = 1 x 10® m?, and 2.1 MPa for
k=1x10"m?




Results fr;:-m the permeability-comelaied threshold pressure simulations were similar to the
uacorrelated simulation resuits in all cases except for k = 1 x 10" m®.  The difference shows
up in the I* importance cosfficients (Table 5-4). The permeability-correlated sensitivities are
not inchuded in Figure 5-8. In the uncorrelated simulations, the 10.3 MPa threshold pressure
prevepted gas expalsion to the halite for all permeabilities. However, the 2.1 MPa threshold
pressure used in the 1 x 10* m® permeability-correlated simulation was fow enough that there
was (1) gas expulsion from the room to the halite, and (2) gas expulsion from the interbeds to
the surrounding halite, The additional gas-storage volume in the halite resulted in reduced room
pressures and 3 30% decrease in gas migration distance.

While threshold pressure in the halite is expected to be high {10.3 MPa) based on
theor=tical considerations, it has pever been measured in the Salado Fommation halite or any
other halite. The beightened importance of the 2.1 MPa halite threshold pressure in the 1 x 107
¥ m? permeability-correlated simulation indicates that, if the estimated halite threshold pressure
is nnrealistically high, then enhanced gas storage in the halite could have a significant beneficial
impact on gas migration performance measures,

Halite porosity, ¢, was varied from a minimum of 0.001 to a maximum of 0.03, with a best
estimate of .01, Sensitivity simulatiops were performed in which it was assumed that pore
volume compressibility, o, was equivalent to the best-estimate value of 2.7 x 10° Pa? and did
oot change with porosity. Simulation results are shown m Figure 5-11. The pore volume
compressibility is calenlated as the rock (bulk) compressibility, «, divided by the porosity. The
assamption of 2 consiant pore volume compressibility implies that the rock compressibiliy varies
in proportion to the porosity. The corresponding specific storage in the halite was 3.5 x 10* m?
for ¢ = 0.001, 3.5 x 107 ! for ¢ = 0.01, and 1.0 x 10°° m for ¢ = 0.03. Halite specific
storage is considered because the storage of brine in the halite is important to system behavior.

Imcreased porosity produces increased storativity, resulting in an increage in the velume of
brine that can be released from storage in the halite and made available for inflow to the room.
Changes in brine inflow were directly corselated with changes in halite porosity and halite
specific storage. Gas expulsion was also corrslated with balite poreosity. The increased
storativity due to increased porosity provided additional storage volume for brine displaced from
the imterbeds by expelled gas.
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The performance measnres, maximum brine volume in the room (Figure 5-8b), gas
expulsion (Figure 5-8c), and gas migration distance (Figore 5-8d) all had moderatsly high
sensitivity and importance coefficients for halite porosity. Only maximum room pressure was
relatively insensitive to halite poresity. In brine-dependent rate simulations the room pressure
might be more sensitive, given the correlation between brne inflow and halite porasity. The
sensitivity and importance ceefficients of the performance measures to halite porosity vader the
specified 0.2/0.1 rates were all similar to the sensitivity and importance coefficients caleulated
with the specified 2/1 rate history. Similar sensitivity and importance coefficients were obtained
using the pressure lines method.

As an zlternative to the constans pare volume compyessibility assumption, stmmilations were
alse performed with a constant rock compressibility, «, equivaient to the best-estimate value of
2.7x 10" Pa!. A constant rock compressibility presumes that the pore volume compressibility
varies inversely with the porosity. The corresponding specific storage values for the constan-
rock-compressibility halite porosity simulations were 3.2 x 107 m? for ¢ = 0.001, 3.5 x 107
m?! for ¢ = 0.01, and 4.1 x 107 m? for ¢ = 0.03. Because this range of specific storage is
much smaller than for the constant pore volume compiessibility simmlations, impostance
coeflicients were also muach smaller. The constant rock compressibility simulations are mot
shown in Figure 5-8.

The halite rock compressibility was varied from a minirmam of 5.6 x 10" Pal 1o a
maximum of 3.9 x 10 Pat!, with a best-estimate value of 2.7 x 101 Pal. An intermediate
valoe of 2.4 x 10" Pa! was also simulated. As with halite porosity, halite compressibility
directly influences brine storage in the halite. The correspomding range for specific storage was
0.5x 10* m' for ihe minimum compressibility o 4.9 x 107 m'! for the maximum
compressibility. The performance reasures were somewhat sensitive o halite compressibility
{Figure 5-8), with sensitivity coefficients sonilar to halite porosity. The importance cosfficients
for halite compressibility were smaller than for porosity because the range of specific storage
was smaller.

The initial brine pressure in the Salado Formation was varied from 11.0 MPa te 15.0 MPa,
with a best estimate of 12.0 MPa. Initial pressures were changed in both the halitz and the
inferbeds. Simulation results are shown in Figure 5-12. A high formation pressure produced
2 higher initial inward pressure gradient, resulting in increased brine inflow. A low
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formation pressvre resulted in the greatest gaz expulsion becanse the lower far-field pressure
resulted in a higher ontward pressnre gradient. Gas migration was zlso increased by a low
formation pressore.

All of the performastce measures were sensitive o the initial brine pressore, however
hecause of the staall rangs, the importance coefficients were moderated somewhat. Nonetheless,
the importance coefficients were still significant for the maxismun brine volume in the room,
gas expulsion, and gas migration distancs, Sensitivity and importance coefficients were similar
with the specified 0.2/0.1 rate history.

5.1.2.2 HALTE MULTIPHASE FLOW PROPERTIES

sawiration (Section 3.1.1.2), are dependent on residual brine saturation, residual gas saturation,
pore-size A, and threshold pressure. No information is available concerning actual parameter
values for these mmiltiphase flow propeities in Salado Formation halite. Parameter canges
selected for the sensitivity simulations were based on estimates from Webb (1952h). Both the
residual brine sataration and sesidual gas saturation were varied from a minimum of 0.00 to a
pnaxinmum of 0.40, with best estimates of 0.20. The pore-size A was varied from a minimirm
of 0.2 to 2 maximum of 10, with a best estimate of 0.7,

Under baseline conditions there is very little mnitiphase flow in the halite, [nitially the
halite is fully brine-saturated and there is no gas expulsion from the roomn into the halite, As
a result, the system behavior and performance measures were not sensitive to variations in the
halite residual satarations and pore-size A, In the dimensionless sensitivity plots (Figure 5-9)
ihe minimum residual bribe and gas saturations are zero, but are plotted at a dimensionless
parameter velue of .01 because of the logarithmic axis.

The threshold pressure in the halite was varied from a minimum of 2.1 MPa to a maximum
" of 22.9 MPa, with a best estimate of 1(1.3 MPa. An intermediate thresheld pressure of 4.7 MPa
was also simplated. The perfomance measures ware not sensitive to halite threshold prassure
even for fhe minimum value. A higher fhreshold pressure (corresponding to the minimum
permeability of 1 x 10 m?) would produce the same results as with 22,9 MPa because gas
cannot enter the halite i either case. Threshold pressure may be more sensitive at values low
enough to permit significant gas expulsion to the halite.
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The halite threshold pressure siennlation resulis appear contradictory to the results from the
variable-threshold-pressure haliie permeability simulations, where the performance measures
were sensitive to a threshold pressure of 2.1 MPa. The apparent contradiction emphasizes the
importance of the combination of permeability and threshold pressure to gas expulsion. In the
minimum halite threshold pressure simulation, the halite bad an intrinsic pernmeability of
1 x 10" m® and a threshold pressure of 2.1 MPa. Because the permeability was significantly
higher (1 x 10'"* m%) and the threshold pressuee was lower (0.3 MPa) in the interbeds than in
the halite, all gas expulsion was to the interbeds and was insensitive to the change in halite
threshold pressure from 10.3 MPa to 2.1 MPa. The variable-tireshold-pressure, maximum
halite permeability simulation had a halite permeability of 1 x 10" m” and a threshold pressure
of 2.1 MPa. Because the halite permeability was the same as the interbed permeability, the
system was much more sensitive to changes in halite threshold pressuge, particularly as i -
approached the interbed threshold pressure.

The insensitivity of the performance measures to the halite multiphase flow properties may
be migleading. Given the complete lack of WIPP-specific data, it is uncertain whether the
modified Brocks and Corey (1964) model is appeopriate, let 2lone whether the assumed
paramester ranges are reasonable, To further examine the sensitivity of the systzm to changes
in the mmltiphase flow properties, alternative capillary pressure amd relative permeability
relationships were tested, as suggested by Webb (1992b). The van Genuchten (1980) model,
modified for a non-zero residual gas saturation, was used to define the capillary pressure and
brine phase relative permeability relationships. The gas phase relative permeability relationship
was taken from Parker et al. (1987). A comparison of these alternetive reletionships with the
modified Brooks and Corey (1964) reletionships are shown in Figure 5-13a for relative
permeability and Figure 5-13b for capillary pressure. Simulation results are shown in Figure
- 314, The use of the van Genuchten (1980) and Parker et al. (1987) relationships in the halite
resulted in a reduction in the mass of gas expelled from the room and 2 decrease in gas
migration distance. These resvlts wers caused by a reduction in the relatrve permeability to
brine in the halite (Figure 5-131), making it more difficult for brine to be expelled by gas from
the interbeds to the halite. A second factor was the decrease in the capillary pressure at high
brine samrations (Figure 5-13b) which allowed some gas to flow from the interbeds to the halite.
(as saturations in the imerbeds were comespondingly lower, resulting in a lower relative
permeability to gas in the interbeds, These sensitivity results are not shown in Figure 5-9
because the parameter change (difference in methods} cannot be quantified. However,
importance coefficients of 0.80 for gas migration distance and 0.09 for gas expulsion wetre
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calcolated wsing Equation 2-15. The large importance coefficient fox pas migration distance
suggests that the uncertainty in the halite multiphase flow properties produces significant
. uncertainty in gas migration distance.

5.1.3 Salado Formation Interbeds

Parameter ranges for the hydrologic parametets of the Salado Formation anhydrit: interbeds
are listed in Table 3.3. Sensitivity and importance cocfficients for each performance measure
are presented in Tables 5-5 and 5-6, respectively, for the specified 2/1 gas-generation rage
history. Dimensionless parameter sensitivity and importance plots are presented in Figure 5-15
for the physical properties and initial conditions and in Figure 5-16 for the mltiphase flow
properties. Note that minimum residual satvrations of 0.0 are ploted as 0.01 m Figure 5-16
because of the logarithmic axis.

5.1.3.1 INTERBED PHYSICAL PROPERTIES AND INITIAL COMMTIONS

Physical property sensitivity sitrnulations were performed for interbed intrinsic permeability,
porosity, and compressibility. Sensitivity to the initial brine pressare in the interbeds was
examined in conjunction with the halite initial pressure and is discussed in Section 5.1.2.1.
Sensitivity to inferbed thickness was also examined.

The interbed intrinsic permeability, k, was varied from a minitom of t x 102 m* t0 a
maximum of 1 x 1(F'® m?, with a best estimate of 1 x 10" m*. An infermediate value of
1 x 10 m? was also simuidated as was an alternative maxmmum of 1 x 107 m®, The alternative
maximum permeability was assumed to represent an excavation-dismrbed value (Beauheim et
al., 1993a) and was ot included in sensitivity and importance calculations. A comparisen of
imterbed permeability simwlation results nnder the specified 2/1 rate history is shown in
Figure 5-17.

The volume of brine inflow amd expalsion were increased by high interbed permeabilicy and
decreased by low interbed permeability. The peak inflow mmnged from 15 m® (for
k=1x10"m* to 93m* (for ¥ = 1 x 10* m?%. At early time, the distance of
depressurization within the interbed increased with increasing interbed permeability. As a result,
more interbed contact area with the halite was available and brine inflow was increased. The
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Table 5-5.  Sensitivity Coefficients for Interbed Parameters Under Specified 2/1 Gas-
Generation Fate History

Performance Measure

Max. Room Max. Brine in Gas Expelled Gas Migration

_ Pressqpe  _ Room  _from Room Distance
Parameter S5 8 5 st 8 S S ST
Physical _
Intringic Perm. =010 0.1 {3.35 0.11 .83 0.01 0.9 0.07
(constant p,) - .

Infrinsic Perm. 011 <001 035 011 1,00 001 101  0.07
{varizble p)

Porosity -0.05 0.02 (.01 0.1 043 002 515 -0.27
{constant o)

Porosity -0.05 0.62 0.61 (.00 042 002 -515 .27
{constant o} :

Rock 000 0.00 000 0.00 0.00 0.00 0.00 0.00
Compressibility

Interbed 0.03 0.03 000 000 -0.02 0 111 0.51
Thickness

Multiphase

Reskduoal Brioe 0.00 0.00 0,00 (.00 0,00 -0.01 0.17 0.00
Satration

Residual Gas 0.00 0.00 0.02 0.00 0.00 0.01 0.00 ~0.17
Sataration

Pore-Size -0.05 0.00 0.00 0.00 0.36 0.00 0.19 0.02
Lambda (A)

Threshold 0.01 0.01 0.01 000 -0.03 006 0.00 -0.06
Pressure
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Table 5-6.
2/1 Gas-Generation Rate History

Importance Coeificients for Interbed Parameters Under Specified

Performatice Measure

Max. Room Max. Brine in = Gas Expulsion
. Pressure Room _from Room _
Parameter r I r 1»r I I
Physical
Intrinsic Perm. 010 0010 035 097 0.3 0.09
(constant p,}
Intrinsic Perm. 011 HDO06 035 097 099 0.05
(variable p)
Porasity 005 003 0.0 0.01 041 -0.03
(constant o)
Porosity 05 003 000 001 0.39 .0.03
{copstant ¢}
Rock 0,00 o000 000 Q00 000 000
Compressibility
Interbed 0.01 0.01 000 000 001 Q.00
Thickness
Multiphase
Residual Brine 000 000 000 000 000 001
Saturation
Residual Gas 000 000 002 000 000 .01
Saturation
Pore-Size .04 000 000 000 026 0.02
Lambda (\)
Threshold 000 009 000 000 001 -092
Pressure

Gas Migration
Distance
I
0.90 (.61
1.00 0.61
-4.84 -0.53
-4.84 -0.53
0.00 0.00
-0.61 Q.20
0.17 Q.00
(.00 -0.17
0.13 0.20
0.00 -0.80
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duration of brine inflow and expulsion was not affected by changes in interbed permeability.
The mass of gas expelled from the room was increased by high imterbed permeability and
decreased by low interbed permeability. Gas migration distance ir the interbeds also increased
with higher interbed permeability. The increase in gas expulsion and migration with increasing
imerbed pertneability was at least partially due to an increased distance of interbed pressurization
&t late time, which made inore interbed contact area available for the displacement of brine from
the interbeds into the surrounding halite. Disposal rooin void volume and pressure behavior was
consistent with bribe apd gas flow. With increased gas expulsion, room pressures were lower
and room closure was greater.

The performance measures maximom brine volume in the rcom (Figure 5-135b), gas
expulsion (Figure 3-15¢), and gas migration distance (Figure 5-15d) were quite sensitive to
changes in interbed intringic petmeability. The large sensitivity and importance cocfficients were
similar ‘to those for halite intrinsic permeability. The maximum room pressare performance
measurs was not a8 gensitive to interbed permeability (Figurs 5-15a).

T sensitivity and importance coefficients of the performance measures to interbed intrinsic
permeability using the specified 0.2/0.1 gas-genzration rate history were similar to the sensitivity
and impdrtanm coefficients with the specified 2/1 rate history. The intetbed intrinsic
permeability sensitivity simoulations discussed here were all run using the boundary backstress
method. Similar sensitivity and importance coefficients were ohtained with both specified gas-
generation raies using the pressure lines method.

These stmulations all nsed the best-estimate hreshold pressure of 0.3 MPa, which
correspondds to she threshold pressure for the interbed amalogue material. To examine the
correlation between intrinsic permeability and threshold pressure, p,, the interbed intrinsic
permeability simulations were also run with the following gas-brine threshold pressures in the
interbeds, calculated from Equation 3-8: 103 MPafork = 1 x 10¥m%; 3.7 MPafork = 1x
10°° m?% 2.1 MPa for k = 1 X 10°%m?; 1.0 MPa for k = 1 x 10"* m?;, and 0.2 MPa for
k=1x10"%m?. These permeability-correlated threshold pressures are larger than the best-
estimate analogue-based value (0.3 MPa) in all cases excepi for k = 1 x 10¢ m?,

In the uncorrelated simulations, the 0.3 MPa threshold pressurs was low enough to produce

gas expulsion io the mterbeds for all permeabilities. The increased permeability-correlated
threshold pressures resulted in a significant veduction in ges expulsion and gas migration
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distance. The penmeability-correlaied threshold pressure simulations are not inchided in
Figure 5-15.

Interbed porosity, ¢, was varied from a minimom of 0.0006 to a maximum of 0.03, with
a best estimate of 0.01. An intermediate porosity of (.005 was also simulated. It was assumed
that pore volume compressibility, o, was equivalent to the best-estimate value of 8.3 x 1012 Pat
and did not change with porosity. A comparison of interbed porosity simulation results is shown
in Figure 5-18 for the specified 2/1 rate history.

Because the interbeds do not contain a significant brine storage volume relative to the halite,
brine inflow and expulsion were not sensitive to changes m interbed porosity (Figure 5-15b).
The brine source is the halite while the interbeds act as a conduit. Changing the porosity of the
interbeds did not change the volume of brine available, it only changed the distance from which
brinz was collected by the interbeds. In the case of minfivam poroesity, brine was collected from
a preater distance and at a greater velocity than with the best-estimnate porosiey. However, less
brine was collected per unit length of inferbed because of the lower porosity, rsulting in the
same total volume of brine collection (inflow). '

(as migration distance increased as interbed porosity decreased (Figure 3-13d). However,
some anomalous gas expulsion behavior occurred at low porosities (Figure 5-15¢). With the
maximum porosity, both gas migration distance and the mass of gas expelled were less than for
the baseline case. With porosities less than the best estimate, gas migration distance was
increased and early-time gas expulsion was increased relative to the baseline case. However,
the rate of gas expulsion dropped wnexpectedly at about 500 years for ¢ = (.0006 and at
1,000 years for ¢ = 0.005. Because of the drop in gas expulsion, the total {12,000 year) mass
of gas expelled was actually lower in both reduced porosity cases than with ¢he best-estimate
porosity, 'This anomalous gas expulsion behavior is not fully understood. One possible
explanation is that, due to gas satsration in the interbeds being highest in low porosity cases
(Figures 5-18e and 5-18f), the corresponding low relative permeability to brine makes brine
displacement from the interbeds to the halite increasingly difficult, impeding gas expulsion.

The gas migration performance measoee was very sensitive to changes in interbed porosity,
with a maximum sensitivity cosfficient of 5.15 and a total importance of 5.37. Gas expulsion
had a maximum sensitivity coefficient of 0.43 and a total importance coefficient of 0.41. System
behavior, including the sharp drop in gas expulsion for the low interbed porosities, was similar
with the specified 0.2/0.1 rate history and with the pressure lines method,
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Figure 5-18 (¢-h),  Sensitivity to interbed porosity (constant pore volume compressibility): e - Upper Interbed Gas Profile;

f - Lower Interbed Gas Profile; g - Room (Gas Mass; h - Gas Generation.




As an alternative to the constant pore volume compressibility assaumption, simulations were
also performed with a constant rock compressibility, c, equivalent to the best-estimate value of
2.3 x 102 Pa', The corresponding range of specific storage was much smaller than for the
constant pore volime compressibility simalations. Simulation results were nearly identical to
the constant pore volume compressibility simulations, suggesting that the unexpected gas
expulsion behavior at low interbed porosity was not doe to interbed gas storage considerations
or to changes in the compressibility.

The interbed rock compressibility was varied from a miniowm of 5.7 x 107 Pa’ to 2
maxitim of 1.9 x 107" Po', with a best-estimate value of 8.3 x 10" Pzl. Interbed
compressibility directly inflnences storage in the interbeds. The parformance measures were not
sensitive to interbed compressibility (Figure 5-15). These results are consistent with the interbed
porosity siotlations, which showed no sensitivity to interbed storage volume. The imterbed
compressibility simuplations used the pressure lines method.

The thickness of the lower composite interbad was varied from 0.40 m to 1.25 m, with a
best estimate of 0.90 m. This rangz corresponds to the assumed range in Marker Bed 139
thickness (Krieg, 1984). Siomlation results showed that only the gas migration distance in the
lower interbed was affected significantly by changes in the lower interbed thickness. Gas
migration distance increased with a thinner interbed and decreased with a thicker interbed.

5.1.3.2 INTERBED MULTIPHASE FLOW PROPERTIES

As with the disposal reom and the halite, there are no WIPP-specific data for interbed
mutltiphase flow properties. The parmneter ranges used in the zensitivity simmlations were
selected somewhat arbitrarily based on estimates from Webb {1592b). Both the residual brine
saturation and residual pas saturation were varied from a minimwwn of 0.00 to a4 magimum of
(.40, with best estimates of 0,20. The pore-gize A was varied from a ininimun of 0.2 to a
maxitmum of 10, with a best estimate of 0.7. The effects of these variations on the relative
permeability and capillary pressure relationships in the room are shown in Figige 5-19 for
residuval brine saturation, Figure 520 for residual gas saturation, and Figure 5-21 for pore-size
A
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Figore 5-19. Effects of variations in residoal brine saturation on interbed relative
permeability and capillary pressure relationships.
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The interbed residual brire saturation sensitivity simulations were run using the pressure
lines method. An increase in the residual brine saturation resulted in an increase in the relative
permeability to gas in the interbed and a decrease in the gas-accessible volume. As a result, gas
migration distance was increased with increasing residual brine saturation. For the gas migration
distance performance measure, the maximom sensitivity coefficient was .17 and the tofal
importance coefficient was 0.17. The other performance meagures were not sensitive to changes
in sesidual brins sataration.

The increase in relative penneability to gas with increasing regidual brine saturation resulted
from two offsetting effects. As residnal brine saturation is increased, the relativepermeability
0 gas Bt a given samration is increased {Figure 5-19a), but the gas sataration in the interbeds
is decreased in response to increased capillary pressure (Figure 5-19b). Drespite the low interbed
gas saturation (S, = 0.5} with the maximum residual brine saturation, the corresponding relative
permeability to gas {k,; = 0.55) was still greater than for the baseline case (k;, = 0.40), which
had an interbed gas saturation of 0.6,

The interbed residual gas saturation sensitivity simulations were also run using the pressure
lines method. A decrease m the residual gas saturation increased the relative permeability to gas
in the interbed and reduced the satoration at which gas becomes mobile (Figure 5-20a). Because
of these effects, gas migration distance was increased with decreasing residual gas saturation.

-Por the gas migration distance performance measure, the maximum sensitivity coefficient was
0.17 and the total importance coefficient was 0.17. The other performance measures were not
sensitive to changes in residual gas saturation.

The increase in relative permeability to gas with decreasing residual gas saturation resulted
from the same two counteractive effects that were described for the residual brine saturation
sensitivity. At the minitmam residual gas samration, the low interbed gas satwration (8, = 0.55)
still corresponded to a relative permeability to gas (k, = 0.45) that was greater than for the
baseline case (k, = 0.40).

Despite the fact that the relative permesbility to pas at a given saturation increased with
decreasing pore-size h (Figure 5-21a), the gas saturation in the interbeds decreased with
decreasing A and the relative permeability to gas in the interbeds sctually imereased with
increasing A. At the maximom A, the high interbed gas samration (8, = 0.8) corresponded to
a relative permeability to gas (k, = 1.00) that was greater than for the baseline case (&, =
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0.40). Because of this combination of factors, gas migration distance was increased with
increasing pore-size A. For the gas migration distance performance measure, the maximum
sensitivity coefficient was 0.19 and the total importance coefficient was (0.33,

For the minimuem X case, the relative permeability to gas was low epough (k, = (.2) and
the capiflary pressure was high enough (5 MPa) that gas expilsion was actually raduced relative
te the other cases. For the gas expulsion performance measure, the maximum sensitivity
cocfficient was 0.36 and the total imporiance coefficient was 0.28. The other two performance
measures were not sensitive to changes in pore-size A. .

The threshold pressure was varied from a mininim of 0.2 MPa to a maximum of 4.7 MPa,
with a best estimate of (.3 MPa. Intermediate threshold pressures of 1.0 MPa and 2.1 MPa
were also simulated. A comparison of interbed threshold pressure sensitrvity simuelations s
shown in Figure 5-22. An increase in inferbed threshold pressure resuited in an increase the
capillary resistance to be overcome to force gas into the interbeds. As a result, simnlations with
increagzed threshold pressure exhibited (1) decreased gas expulsion, (2) decreased gas migration
distance, (3) increased room pressure, and (4) increased room expansion and miniraal re-closure.,
System behavior did not change significantly in response to decreased threshold pressure because
the baseline value (0.3 MPa) was already small. The maxinnun sensitivity and fotal importance
coefficienrs were 0.06 and 0.90, respectively, for the gas migration distance performance
measure and 0,06 and 093, respectively, for the gas expuision performance measure, Interbed
threshold pressure was one of the most important parameters for these two performance
measures, despite its small range. The oiber two performance measures were insensitive fo
changes in mnterbed threshold pressure.

Given the complete lack of WIPP-specific data, it is uncertain whether the modifisd Brooks
and Corey (1964) model is appropriate, let alone whether the assumed parameter ranges are
reasonable. To further examine the sensitivity of the system to changes in the multiphase flow
properties, alternative capillary pressure and relative penneability relationships were tested, as
suggested by Webb (1992h). The van Genachten {(1980) model, modified for a non-zero residual
gas saturation, was used to define the capillary pressure and brine phase relative permeability
relationships. The gas phase relative permeability relationship was taken from Parker et al.
(1987). A comparison of these alternative relationships with the modified Brooks and Corey
{1964) relationships are shown in Figure 5-23a for relative permeability and Figure 5-23b for
capillary pressure. Simulation rasults are shown in Figure B-27 (Appendix B). Use of the
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modified van Gennehten (1980) and Parker et al, (1987} relationships increased the gas expulsion
to the interbeds and increased the gas migration distance relative to the modified Brooks ard
Corey (1964) model. In tom, the oom pressure was decreased and room closure was more
rapid once gas telease commenced. Thess rasults are commensurate with the difference between
the Brooks and Corey and the van Genuchten/Parker relationships. At low gas satueation,
relative permesbility to gas is higher and capillary pressure is lower for the van
Genuchten/Parker relationships. Gas can enter the interbeds under less driving pressure and
move more rapidly once there. Tmportance coefficients, calculated from Equation 2-15, were
0.20 for the gas migration distance pexformance measure and 0.03 for the pas expulsion
performance measure. Variations in the van Genuchten/Parker parameters were not examined.
The sensitivity results ars not shown in Pigure 3-16 because the parametsr change {difference
in method) cannot be quantified.

5.2 Gas-Generation Parameters

Sensitivity to the rate and duration of gas generation was examined by varying specified rate
histories (Section 5.2.1), constant rates (Section 5.2.2), and gas-generation potentials (Secticn
5.2.3). Sensitivity to the brine-dependent rate methods and parameters is examined in Section
5.2.4, Sensitivity and importance coefficients for each performance measure were calculated
for the range of constant rates and the range of gas potentials simmlated. Dimensionless
parameter sensitivity and importance plois of these two quantifiable gas-generation parameters
are presented in Figore 5-24.

5.2.1 Specified Gas-Generation Rate Historles

Four specified gas-generation rate histories were identified in Section 2.4.1, based on
experiment results from Brash (1991). These rate histories, listed in Table 2-1, are: 7/2; 2/1;
0.2/0.1; and 0/0. The rate histories are desigeated by two stages of gas generation. The first
stage corresponds to the time period when gas is geperated from both anoxic corrosion and
microbial activity. The second stage, with a lower pas-peneration rate, corresponds o ihe time
period when pas is generated mﬂ:!r by anoxic corrosion because the potential for microbial
degradation has been depleted. During the course of this investigation, revised gas-generation
rate estimates became available (Brush, 1993). Three revised rate histories resulted: 105/5;
1.6/0.6; and 0.1/0,
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These saven specified gas-generation rate histories were simulated with best-estimate gystem
parameters using the boundary backstress method. The specified 2/1 and (0.2/0.1 mate histories
were used in baseline sitnnlations (Figure 4-1). Simulation resules for the other five rate
histories are shown in Figore 5-25. All seven specified rate histories assumed the same total
potantial for gas generation, 1,050 moles per drom from corrosion and 550 moles per drum froin
microbial activity. The total mass of gas generated was neacly 22,000 kg of H;. A comparison
of the different gas-geperation rate histories is shown in Figures 4-1h and 5-25h. Nose that for
the 0.1/0 rate history the total gas potential was not exhausted, as only about 7,500 kg of H,
were generated.

There was a wide range in room closure behavior (Figure 5-254), room pressure (Figure 5-
25b}, brine inflow and expulsion {Figure 3-25¢), and rate of gas expulsion {Figme 5-25d)
depending nwpon the gas-generation rate history. However, with the exception of the 0.1/ case,
there was little variation in the tofal mass of gas expelled (Figure 5-25d} and gas migration
distance (Pigures 5-23e and 5-25f) for the differeni rate histories. These results suggest that
while the gas-peneration rate affects the closure and prassurization history of the room and host
rock, it has little effect on the long-term distribution of gas and brine between the room, halite,
and interbeds. The 0.1/0 simmlation, which had less gas generation than with the other rate
histories, bad less gas expelled and less gas migration. This result suggests that gas expulsion
and gas migration may be more sensitive to the total mass of gas generated than to the gas-
gencration rate {see Seciion 5.2.3)

Room closuee behavior for the specified 7/2, 1.6/0.6, and 0.1/0 rate histories
(Fipure 5-25a) was similar to the room closure behavior in baseline simatiations (Section 4.1).
Initial room closure was followed by a period of room expansion in response to high gas
pressures in the room. A combination of gas expvlsion and the end of gas generation resulied
in subsequent re-closure of the room. The maximum room pressures (Figore 5-25b) always
occurred when the mass of gas in the room increased so rapidly that the room expanded in
response, ‘The mass of gas in the roone #5 distinct from gas-generation rate, because if a rate of
gas expuision can be maintained that is greater than or equal to the gas-generation rate, the mass
of gas in the room will not increase and gas pressure will not rise.

With the 103/5 rate history, gas was generated so rapidly that most of the gas-generation

potential was realized in the first 10 years and there was relatively little zoom closure (Figure
5-253). Gas generation was complete by 110 years, Because a large room void volume was
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maziptained, extreme room pressures were never attained (Figure 5-25b) and room expansion did
not occur. There was very little brine inflow because of the rapid room pressurization. The rete
of gas expulsion was actually lower with the 105/5 raies than with lower gas-generation rate
historiez because of the lower room prassure.

The (/Q rate history (no gas generation) tounds the lower limit of gas generation. While
the 0/0 rate was not imporiant relative to gas expulsion and migration, it did produce several
mteresting results. Brine inflow was significantly greater than for the 0.1/0 case (Figure 5-25¢),
even thongh the 0.1/0 rate was very low (0.1 moles per drum per year for 5,500 yearsy. By
2,000 vears in the 0/0 case the room void volumne (342 m®) was almost entirely filled with brine
{brine inflow was abowt 340 m®), at which time room pressures started to rise (Figure 5-25b)
due 1o compression of the gas by inflowing brine and room closure. The gas pressure in the
room rose to about 11 MPa over 12,000 years. It is presumed that the room gas pressure would
eventually approach 12 MPa, the far-field brine pressure, because the gas-brine capillary
pressure in the room is zero.

Some of these specified rate simulations were also run using the pressure lines method,
However, for the 7/2 rate history there was an obvious discrepancy in early-time room closure
behavior between the boundary backsteess resnits and the pressure lines resulis. The pressure
lines resulis showed two distinct room expansion and re-closure sequences in the first 1,000
years. These pressure line results appeared to be skewed towards the SANCHO f-series results
{see discossion in Freeze et al. (1993)) amd were considered to be less accurate than the
boundary backstress results for this rate history that differed significantly from the SANCHO
f-series,

5.2.2 Constant Gas-Generation Rate

System behavior was compared for five different fixed gas-generation rates. Each constant
rate was assumed to have a total gas potential of 1,600 meles per deum (1,050 moles per drum
anoxic corrosion, 550 moles per dmum microbial activity) or about 22,000 kg per room.
Therefore, each simmlation had a different ducation of gas generation. The five constant gas-
generation raes were 1.5 moles per drum per year (for 1,067 years), 1.0 moles per drum per
year {for 1,600 years}, 0.5 moles per dnumn per year (for 3,200 years), 0.2 moles per drum per
year {for 8,000 years), and:0.1 moles per drum per year {for 16,000 yea:si Because the
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simulations only extended to 12,000 years, the total gas potential was not exhausted at the rate
of (.1 moles per doum per year. For comparison, the spacified 2/1 rate was 2.0 moles per dmum
per year {from O to 550 years) and 1.0 moles per drum per year (from 550 to 1,050 years) and
the specified 0.2/0.1 rate was 0.2 meles per drom per year (from 0 to 5,500 years} and
0.1 moles per drum per year (from 5,500 to 10,500 years).

Simulation results are shown in Figure 5-26. As expected, room pressurization was fastest
and peak pressure was greatest with the highest gas-generation rate (Figure 5-26b). However,
room prassures approached similar values following the end of gas generation regardiess of rate
and duaration. Room void volume behavior was consistent with room pressuse; room eXpansion
accurred sooner with higher pas-generation rates (Figure 5-26a). Gas expulsion (Figure 5-26d)
and migration (Figuras 5-26e and 5—26f} were similar for all constant rate simulations i which
the total gas potential was exhausted. Brine inflow and expulsion (Fignie 5-26c) increased with
an decreased gas-generation rate because the lower rates produced slower room pressiwization,

Performance measuie sensitivities to constant gas-generation rale are shown in Figure 5-24,
The results suggest that while brine inflow and room pressure are sensitive to the gas-generation
rate, the total mass of gas expelled and the gas migration distance are sensitive to gas potential
rather than to gas rate.

b.2.3 Gas-Generation Potential

Systemn behavior was compared for a constant 0.5 moles-per-drum-per-year gas-generation
rate under five gas potentials, The five gas potentials coreesponded to five different durations
of pas generation. Simmlaied gas potentials were 600 moles per dmm {(in 1,200 years),
900 moles per dram {in 1,800 years}, 1,600 moles per dmum (in 3,200 years), 2,500 moles per
dromn (in 5,000 years), and 3,700 moles per drum (in 7,400 years). For comparison, the
baseline total potential was 1,600 moles per drum, The simmlated gas potentials are
tepresemtative of waste-limited gas potentials. These potentials can only be realized if sufficient
brine is available to drive the gas-peneration reactions. The mass of gas generated wounld be
Iower if brine availability or brine consumption limited the gas potentials.

Simulation results are shown in Figure 5-27. Results were identical for all potentials for
the first 1,200 years because the gas-generation rates were the same. Since all brine flow
ocenmrred within the first 1,200 years (Fipwre 5-27¢) brine flow was not sensitive to changes in
gas potential. After gas potentials were exhausted, room pressures (Figure 5-27b) and the
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Figure 5-26 (a-d). Sensitivity to constant gas-generation rate: a -~ Void Volume; b - Gas Pressure; ¢ - Brine Flow; d - Gas
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rate of gas expulsion (Figure 5-27d) declined. Cotregpondingly, the mass of gas pencrated
(Figure 5-27h) and gas expelled (Figure 5-27d) were greatest for the largest gas potential,

Performance measure sensitivities to total gas potential are shown in Figure 5-24, Total
importance coefficients were 1.59 for the gas expulsion perforrnance measure and 1,14 for the
gas migration distance performance measure, All performance measures {except brine volume
in room) were more sensitive to the mass of gas gensrated than to gas-gensration tate. This is
becanse every increase in the mass of gas generated increases the amount of brine that must be
displaced i0 make way for storage of gas at equilibrinm pore pressurs. The rate of gas
generation makes litdle difference: if rates are low, brine is displaced at near equiltbriem
pregsure, if rates are rapid, gas is stored initially at higher pressure in the room until, as time
passes, it is released more slowly ko the interbeds. The long-term saturation state and pressure
of gas is similar for similar masses of gas generated, with only minor dependence on rate. An
important caveat to this conclusion is that if fracturing of the interbeds is sensitive to peak room
pressure, then the final conditions might become very dependant on the pressure history of the
1000,

B.2.4 Brine-Depandent Gas-Generation Rats

In brine-dependent gas generation simulations, the simulated gas-generation rate was
determined as a funciion of the brine saturation in the room. In regions with brine-dominated
conditions a specified brine-ipundated rate (assumed to be the 2/1 rate) was used, while regions
with gas-dominated conditions used a specified vapor-limited rate {assumed to be the 0.2/0.1
rate). Two different methods of coupling gas generation with brine availability were utilized,
the eapillary fringe method (Section 2.4.2.1) and the linear correlation method (Section 2.4.2.2).
The two methods are differentiated by the way in which brine-dominated and gas-dominated
conditions are determined. Results from baseline simulations, which used best estimnates of
brine-inundated and vapor-limited rates, are discussed in Section 4.2 and presented graphically
in Figure 4-4. As noted i Section 2.4.2.2, the linear cotrelation method predicts gas-generation
rates that are equivalent to brine pooting on the floor of the room (no capillary fringe), where
the brine pool produces gas at the brine-inundated rate and the overlying portion of the room
produces gas at the vapor-limited rate.

The captllary fiinge method approximates gravity-driven phase segregation in the room.
It was developed o0 minimize the need for simwvlations with finely discyetized rooms and
gravitational effects. This method usss the simulated volume of brine im the room and the waste
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and backfill properties to calculate the thearetical extent of a capillary fringe. A threshold brine
saturation was defined such that room segments where the theoretical brine saturation was above
the threshold were assumed to generate gas at the specified brins-imundated rate and room
segments where the theoretical brins saturation was below the threshold were assumed to
generate gas at the slower, vapor-linited rate. For the baselins capillary fringe simulation, the
threshold brine sataration was (.3, corresponding approximately to the xesidnal brins sahwation,
With this implementation, vapor-limited conditions correspond to room segments where brine
is immobile because relative permeability to brine is a¢ or near zero. Under baseline conditions,
the volume of brine in the room was small enough that theorctical brine saturations were below
the threshold saturation in the entire room, and gas was generated at the specified vapor-limited
rate, Sipmlation results were therefore ideptical to the specified 0,2/0.1 rate history.

To examine the eifect of brine-imindated conditions in the room, a capillary fringe
sensitivity simulation was performed with the threshold brine saturation set to 0.1 (the residual
brine satoration was not changed). The sensitivity simulation results are compared with the
baseline capillary fiinge resulis i Figmre 5-28. Conditions were idemtical to the baseline
capillacy fringe simuidation until 60 years. At that time, the simulated brine volume in the room
produced a theoretical brine saturation {calcilated from Equation 2-8) above 0.1 in at least part
of the capillary fringe. The resulting gas-generation rate in the room, influsnced by the
theoretical brine-inundated conditions in part of the room, increased. The room remained at
least partly brine-inundeted for about 200 years, at which time theoretical brine saturations
dropped below 0.1 everywhere in the room due to brine expulsion. Gas generation progressed
at vapor-limited rates from 260 years until the gas potential was exhausted.

The 200-year interval of high gas-peneration rate affected resulis significantly. Room
pressure (Figure 5-280) increased rapidly, driving owt brine until parily brine-inundated
conditions no longer existed and the high tate decreased, Thereafier, room pressure rose slowly
to about 16 MPa, where it remained for the rest of the simulation, similar to the baseline case.
Room closure (Figure 5-28a) was briefly reversed during the high rate interval, after which it
declined slowly toward a final state. Brine mflow (Figure 5-282) was much less than for the
baseline case becanse of the higher room pressure. Gas expulsion (Figure 5-28d) began earlier
than the in the baseline case, but at a similar rate of expulsion. Finally, gas migration distance
(Figures 5-28¢ and 5-281) was similar to the baseline case.

The sensitivity siomolation for the capillary fringe method demonstrates how gas gensration
may be limited by brine avaflability. Initially, the nearly-dry room generates gas at vapor-
limited rates. Due to brine inflow, gas generation increases to pear brins-inpndated raies,
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which pressurizes the room, reverses the bring pressure gradient, and expels brine back to the
balite and inferbeds. In response to brine expulsion, gas generation drops to vapor-limited vates,
Pressures remain relatively low and approach lithostatic gradoally, and gas expulsion generally
procesds at the same rate as gas generation except during the high generation rate stage.

Similar behavior would be expected from a capillary fringe simmlation with a threshold
saturation of Q.3 and a higher inirial brine samration in the room. As the brine volume in the
room increases dee ¢o brine inflow, theoretical brine saturations in the capillary fringe would
exceed 0.3 and pas generation ratss would increase.

The brine-dependent rate simulations are sensitive to brine samration in the room. The
baseline and sensitivity simulations shown in Figures 4-4 and 5-28, respectively, show that the
sinamlations are also highly sensitive to {1) the brine-dependent rate method: capillary fringe or
linear correlation (or puddle on the floor), and (2) the parameters used to define the method.
However, all the brine-dependent rate simulations presented here are bounded by the 2/1 and
0.2/0.1 specified rate simulations. Thus, while the uncertaintics in the brine-dependent rate
methods may be important, the bounding specified tate histories were sufficient to determine the
TOUGHZ/EQSS parameter sensitivities presented in this report.

51 3 Model Conceptualization

5.3.7 Flow and Closure Coupling Methods

Eight alternative methods for coupling multiphase flow and room closure were evalated
by Freeze et al. (1995). Only two methods were found to be accurate and robust esough to
approximate the effects of room closure nnder most conditions, the boundary backstress method
amdl pressore-time-porosity line interpolation (pressure lines method). The boundary backstress
method i thought {0 be a more reliable indicator of system behavior due to a theorztical basis
for modeling salt deformation as a viscous process. It is a complex methed and a detailed
calibration process is required. The pressure lines method is thought to be less reliable becanse
ihe results were skewed towards SANCHO feseaies results for gas-generation xate histories that
differed from the SANCHO f-series histories that were used for calibration. Due to its relative
simplicity, the pressure lines methed is easier to implement in multiphase flow codes snd
sinmlations have a shorter execution time (10 to 20 times faster than boundary backstress),
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Baseline and sensitivity simulation results, described in the previous sections, were similar
with both methods. Differences between resulis were small and were primarily due to
differences between the calibration processes of the two methods, The importance coefficients,
¢aleulated using Bquation 2-15, for the comparison of the two closure conpling methods were
less tham 0,10 for all performance measures. These importance coefficients are small relative
to the differences caused by most parameter variations.

As discussed previousky in Section 5, the sensitivity of performance measures to parameter
value changes is similar regardless of whethier the simulations used the boundary backsiress
method or the pressure lines method (see Figure 5-1 for an example), farther indicating thet the
behavior of flow and closure process coupling is relatively Insensitive to the choice of coupling
method.

5.3.2 Alternative Conceptual Models

5.3.2.1 INTERBED FRACTLURE

The implementation of a concepiual model to simulate the ¢ffects of fracture dilatation was
discussed in Section 2.5.1, This model is based on a preliminary medel developed by WIPP PA
and used in preliminary PA caleculations (Stoelzel ef al., 1995). The baseline interbed fracture
simmlation wsed the same parameter valnes and pas-geperation rate history as the baseline
specified 2/1 rate simulation, except that the interbed fracture madel (Equations 2-8 to 2-10) was
implemented with the following parameter values:

Bo = 12.0 MPa

Py = 12.6 MPa

e =  15.0MPa

Ty = 8.3 x 10°° pa?!
&, = 0.01

$e = 010

ko P I X 1{)‘[’5‘ ml
k. = 1x 10" m?

n = 3

These values were selected, somewhat arhitrarily, as best estimates for the anhydrite interbeds.
No development of actwal parameter values was undertaken. For example, the maxiomwim
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fracture porosity of 0.10 may be quite high for the comesponding maximum fracture
permeebitity of 1 x 10 m?. The intention was to corrcborate with the preliminary WIPP PA
implementation, however, Stoelzel et zl, {(1995) used an wpdated set of interbed fracture
parameters that were not availabie at the time the TOUGH/EQSS siudy was performed.
Hydrofractoring test results (Besuheim et al., 1993b) andjor planned pressure-dependent
parmeability testing (including fractore difatation measurement) inay provide additional parameter
information. '

Results from the baseline interbed fracture sicnulation are compared ta the baseline specified
2/1 rate xesults in Figare 5-29. The baseline imterbed fracture affected all performance measares
except for the maximum brine volume in the room, which was unaffected only because brine
inflow ceases before pressures rise enough to initizte changes to interbed properties. The rates
of pas flow to the interbeds incteased, the total mass of gas expelled increased, maximum
pressores were diminished, but gas migratiunldistance was decreased. The somewhat counter-
intuitive decrease in gas migration distance under ephanced fracture conditions is discussed in
the folowing paragraph.

The interbed fracture model alters both porosity and permeability, which impacts both the
storage and transmissive propexties of interbeds. Becanse the permeability changes ave
dependent on the porosity change (Figure 2-5), the madel will be referred (o as the porosicy
model. The maxisoum pressure attained during the baseline fraciure simnlation was
approximately 16 MPa, about 1 MPa higher than necessary to increase interbed porosity and
permeability to their maximum attzinable values, ¢, and k... The maximum interbed
penneability is determined from Equation 2-10, with ¢ set equal to ¢, Mear the room, the
porosity of the interbeds was increased fvom 0.01 o 0,10, while the permeability was increased
abont three orders of magnitude to about L X 10* m?, With the selected baseline interbed
fracture parameters, the increased interbed storativity had a greaier effect than the increased
transmissivity and gas migration distance was actually less than in the comparative unfractured
simulation. If a different set of fiacture parameters wers used (i.e,, smaller ¢, o7 larger k.. ),
gas migration distance might increase upder interbed fracture conditions.

Sirnilar relative effects of changing interbed porosity and penmeability were ohserved in
the faterbed sensitivity simulations (Section 5.1.3.1). A factor-of-three increase in porosity from
0.01 to 0.0% decreased gas migration distance by about a factor of three (Figures 5-18¢ and 5-
189), while a factor-of~ten increase in permeability from 1 x 107° m? to 1 x 10 m’® increased
gas migration distance by only aboug a factor of two (Figures 5-17e and §-171).
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The sensitivity of systemn behavior to changes in interbed fracture storativity was examined
by varying the maxiowm interbed fracture porosity, é,,,, from 0.05 to 0.20. The baseline value
waz 0.10. With decreasing ¢, g25 expulsion decreased, the maximum room pressute
increased, and migration distance increased. In 21l cases the maximum room pressure attained
was high enongh that the interbed porosity and permeability reached hejir maximum attainable
valnes. In no case did gas migration distance exceed that observed for the baseline unfractured
(specified 2/1 rate) simulation. However, it is possible that even a ¢, of 0.05 is not low
enough to be representative of a k,, of 1 x 107" m? (ses discussion is following paragraphs).
The maxioum sensitivity coefficient for the gas migration distance performance measure was
3.16, which is comparable to the high sensitivity (maximum coefficient of 5.15) to interbed -
porosity in the baseline specified 2/1 rate simplations. Although these simulation resnlts suggest
that gas migration distance may decrease vnder interbed fracture conditions, they are not
rigaronsly defensible because of the absence of WIPP-specific experimental data. Rather, these
simulation results underscore the criticality of umierstanding interbed porosity and porosity
changes if predictions of gas migration distance are desired.

The connker-intuitive decrease in gas migration distance with fracuires may also be caused
in part by inaccuracy within-the permeability correlation of the interbed fracture model. To
examine this effect, the permeability exponent, n, was varied between 2 and 4. The baseline
value was 3. With the baseline interbed fracture parameters, the resulting variation in k,,, was
1x 10U m? to 1 x 10" m2 'With increasing n, gas expulsion increased, room pressore declined,
and gas mnigration distances showed a slight increase. In all cases the maximmm allowable
changes to porosity and permeability were applied to the interbeds. Senshtivity coefficients to
changes in n were lower than the corresponding sensitivities to interbed permeability.

With the conceptral model impilemented in this stedy, the permeability in the fractured
element is dependent on porosity (Equation 2-10). However, theoretical evalation of the
permeability of fractures suggests that permeabitity should vary as a function of fracture
apertore. [i is likely that the relative magnitude of aperture chapge is much greater than
correspoitding porosity changes i a fracmred element. The fracture perineability might be
latger if the correlation were based on changes in fracture apertore rather tham changes in
porosity due to fracture dilation. A simple way to evaluate the effects of 2 more rapidly
changing fracture permeability would be fo increase the permeability exXponent, n, in the
permeability-porosity correlation to a much larger valne which would produce a larger
permeability increase for a given increase in porosity, resulting in increased gas migration
distance.
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A more rigorous relationship between porosity and permeability considers changes in the
fracture apermare dne to fracture difatation. The Navier-Stokes equations, applied to a paraliel
plate model of viscous flow, suggests that intrinsic permeability in a fracture, k;, varies as a
fanction of the fracture aperture, b, squared (Bear, 1972):

*
Kk = % (5-1)

This aperture mode! could be applied in TOUGH2/EQSS by calculating thickness-averaged
values for permeability, k,, and porosity, ¢,. that apply to the model grid blocks representing
the total thickoess of the intexbed. The thickness-averaged values inclade coniributions from
both fracturs (assnme a number of fractures, N, having a tosal thickness of Nb) and matrix
(assume a total matrix thickness of h}. Asseming horizontal fractures, horizontal flow, and the
sane potential gradient across the fractures and the matrix, the thickness-averaged permeability
is:

ke - {Nb}-Ef + {h)km (5.2)
(Nb +h)
and the thickness-averaged porosity is:
o = Do+ W4, (5-3)
(Nb +h)

where subscripts § and m represent fracture and matrix, respectively.

The permeability-porosity relationship for the aperiure model is comparad with the porosity
mode]l in Figure 5-30. The aperture medel pradicts a rapid increase in permeability once
fracture dilatation begins, regardless of the number of fractures, whereas the porosity model
predicts a more gradual increase in permeability. Because the behavior of the two models is
inherently different, there is no petrneability exponent value, n, that can make the porosity
model bebave similarly to the aperture model. Beceuse of higher predicted permeabilities, ‘the
aperture mode] will propagate fraciure-altered properties further away from the repository, and
will likely increase gas migration distance.

In sunumiary, the current porosity model implementation, of interbed fracture, which relates

permesbility changes to porosity changes, may underestimate the effects of increased
permeability on gas migration distance. To overcome this deficiency, a new fracture model,
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relating permeability changes to changes in fractare apetiure, has been proposed. The new
aperturz model can be impletnented in a foture version of TOUGH2/EOSS for comparative
simnlations.

5.3.2.2 DISTUREBED ROCK ZOME

The baseline model assumed that fracture connections, characteristic of a DRZ, existed
between the disposal room and the imerbeds. However, no oiher adjustments were made to the
rock properties to reflect the presence of a DRZ. Section 2.5.2 describes a concepiual model
for the DRZ in which the intrinsic permeability, rock compressibility, and initial pressure are
altered from baseline values in a 10 m thick section of the Salade Formation sarrourding a
room. These alfered properties are representative of the enhanced permeability and storativity
expected near the excavation.

Permeabilities were increased thres orders of magnitude, from 1 x 10% m? to 1 x 10% m?
for halite and from 1 x 10 m* to 1 x 10 n? for the interbeds. Compressibilities were
mcreased about an order of magnimde, from 2.7 x 10" Pa 1o 1.2 x 10" Pa! for halite and
from 8.3 x 102 Pa t0 8.2 x 10" Pa' for the imterbeds. The initial brine pressure was reduced
from 12.0 MPa o 7.5 MPa in the DRZ, whille the initial brine saturation was unchanged at 1.0.
High permeabilities and compressibilities were maintained for 200 years, ai which time they
were restored to undisturbed (baseline) values, representative of DRZ healing. Porosity and
multiphase flow properties in the DRZ were not altered from baseline values.

Sinmmlation results are presented in Figure 5-31. The ipcreased transmissivity of the
dismrbed near-field Salado Formation resulted in increased brine inflow for 200 years relative
to the baseline specified 2/] rate simulation (Figure 5-31b). After 200 years, brine flow trends
were similar to those of the baseline simunlation. The additional brine inflow (about 30 m*) was
due to increased flow rates in and to the near-field interbeds. Only about 8 m* of brine, or four
titnes the baseline simulation amount, flowed into the room directly from the halite. Because
of the short duration of the DRZ, the other performance measures and system behavior were
similar to0 baseline results. With a Urine-deperdent gas-generation rate, the increased brine
inflow may result in a larger impact on other perfonmance measures.

The conceptual model set up for the disturbed rock zome tests the importance of near-field
brine mobility in the years immediately after the operational phase, but ignores the effects of
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possible non-zero gas mobility in halite due to decreasing gas-brine threshold pressure, the
uncertain initial condition for brine satoration, and the effects of post-closure deformation on
DRZ pressures and volumes, The effects of these additiona] processes could be important. For
example, during excavation and the operational phase, pote pressures and porosity m the DRZ
are expected to chanpe, This will alier the saturation of brine and gas in a0 as-yet undetermined
manner. An incorrect assumption aboutt efther the initial porosity or brine saturation in the
digturbed rock zone could lead to misteading inferences about the brine availability in the room.
Conceptualizing and implementing a hydrologically meaningful dishbed rock zeme process
model remains for future work.

$.3.2.3 EFFECTS OF GRAVITY

The effects of gravity, implemented as described in Section 2.5.3, had only 2 small effect
on the system performance measures relative to the baseline specified 2/1 1ate simulation (Figure
3-32). Gravity did produce phase segregation within the room, which resulted in pearly all brine
expulsion going to the lower interbed. However, the total volume of brine expelled was similar
to the baseline case, Gravity also resulted in earlier gas expulsion to the uwpper mterbed and
delayed gas expulsion to the lower interbed, but the total mass of gas expelled was unaffected.
Gas migration distance was slightly increased in the upper interbed (Fignre 5-32¢) and slightly
decreased in the lower interbed (Figure 5-32f) with gravitational effects.

If the natoral dip of the Salado Formation were incorporated, flow of brine and gas in
opposite directions in the interbads could occur due to density-driven flow (Webb, 1995), Brine
could flow towards the room in response to gravity while gas flowed away under & pressure
gradient. Under these conditions, rising gas pressure would not necessarily prevent brine flow
to the room. As the conceptual representation of hydrolegic coupling of the room and the
Salado Formation becomes more complex, it will be increasingly important to determine and
maodel how gravity affects flow in the systern. Numerical shmnlations incorporating stratigraphic
dip are the subject of follow-on studies to this report.

5.3.2.4 GAS EXSOLUTION FROM THE SALADO FORMATION

Gag exsolution from brine in the Salado Formation is expecied in response to excavation-
related depressurization. To approxvimate the effects of pgas exsolution, TOUGH2/EOSS
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simulations were performed with elevated initial gas saturations throughout the Salado Formation
as described in Section 2.5.4. Initial gas saturations of 0.10 and 0.20 were simulated. The
baseline simulations had zero initial gas satoration.

Sensitivity simulation results are shown in Figure 5-33. The increase in the initial gas
satatation produced a comesponding increase m the relative permeability to gas.  As 2 result,
both gas expulsion (Figure 5-33d) and gas migration distance (Figures 5-33e and 5-33f) mereased
with inczeasing imitial gas saturation. Sensitivity and importance coefficicats were sitnilar to
those obtained with residual gas saturation (Section 5.1.3.2). These resulis emphasize the
importance of interbed relative permeability 10 gas on gas migeation distance,

As poted in Section 2.5.4, simulating increased gas saturations everywhere in the Salado
Formation produces the maximom effects of gas exsolution, For example, based on gas
solubility values for air in brine {(Appendix A), depressurization from 12 MPa to 0.1 MPa
would produce a gas saturation due to exsolution of about 0.30. However, Figure 2-6 suggests
that a pressare of 0.1 MPa will only be present within a faw mefers of a disposal room.
Depressurization to 1 MPa and 5 MPa would produce gas satwrations of (.02 and 0.002,
respectively. Pressures of 1 MPa may ¢Xist as far as 5 m a toom, while pressures of 5 MPa2
may exist as far as 10 m from a room (Figure 2-6). The simnlated gas sanwrations of .10 and
(.20 are reasonshle within a few. meters of the room, but are too high at a distances of greater
than 5 m from the room, As a result, relstive permeability to gas is overestimated at distances
of greater than 3 m from the room in these gas exsolution simulations.

5.3.2.5 INSTANTANECQUS ROOM DEPRESSURIZATION

The instantansous room depressurization altermative conceptual model was deseribed in
Section 2.5.5. A rapid room depressurization, as would occur dwe to 2 borshole penetration,
was simulated at 1,000 years for both the specified 2/1 and specified (.2/0.1 gas-generation rate
histories. Inboth cases, the room was depressurized instantaneously to 7.7 MPa by the removal
of a mass of pas, and was immediately sealed afterwards. There was no instantapeous change
in brine or gas saturation in the room coincident with the depressurization, which is similar to
the effect of a breach horehole venting gas. Subsequent to the depressurization, gas and brine
flow is between the room and the Salado Formation.
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Simulation results are shown in Fipure 5-34, The effect on sysiem behavior was highly
dependent upon the mass of gas removed to produce the instantanecus depressurization to 7.7
MPa. For the specified 2/1 rates, depressurization at 1,000 years is late in the generation
history and the room has pressurized and expanded considerably. The pezk room pregsure
occtered at the moment of depressurization. Because a large mass of gas was released up the
borehole to drop the pressure to 7.7 MFPa, the expanded room void volume could not be
maintained and rapid room closure occurred. Gas expulsion to the imterbeds slowed
dramatically, and the pgas migration distance was decreased relative to the baseline sirnulation.

For the specified 0.2/0.1 rate history, resulis from the nstantaneons depressurization at
1,000 years under were quite similar to the baseline (non-intruded) specified 0.2/0.1 sivawlation
except for some slight differences immediately following depressurization. Becauvss gas
pressores were low at the time of the depressurization, very little ras was removed from the
room to drop the pressure to 7.7 MPa. Interestingly, the depressurization event took place soon
after brine expulsion had started. The instantaneous drop In pressure reversed the brine pressire
gradient and caused a brief period of renewed brine inflow to the room. There was litle change
in subsequent room pressurization, gas expulsion, and gas migration distance.
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6.0 SUMMARY OF RESULTS AND CONCLUSIONS

A numerical model, TOUGH2/EOSS, was utilized to simulate the coupled processes of gas
generation, room closure and expansion, and multiphase fluid flow. System response to gas
generation was sinmlated with a two-dimensional vertical cross-section of a single, isolated
disposal room. The disposal room was serrounded by homogeneouns hzlite containing two
anhydrite interbeds, one above and one below the room. The interbeds were assumed to have
flow connections o the room through high-peimeability, excavation-induced fractares.

TOUGH2/EQS8 was used to simulate systern behavior under best-estitnate (bascling) system
parameters (Section ¢.1) and 0 examine the sensitivity of sysiem behavior to variations in gas-
generation rate history and potential (Sections 4.2 and 5.2) and hydrologic parameters
(Section 5.1). This model analysis vsed a deterministic approach, in which a single best-estimate
value was selected for cach parameter through an evalnation of available data. The best-estimate
parameter values represent most likely values, but were not determined statistically (i.e., they
were not mean, median, average, or expected values). Parameter uncertainty was characterized
by selecting a minimom and maximum value for each parametsr, representative of the extreme
expected values. The selection of best- estimate parameter values and expected ranges was
based on data available ag of June, 1993,

Baseline sipmlations used two different specified gas-generation rate histories, 2/1 and
0.2/0.1. The 2/1 specified rate history (2 moles per drum per year to 550 years followed by
1 mole per denm per year io 1,050 years) assumed that gas generation was at rates estimated for
brine-immdated conditions, while the 0.2/0.1 specified rate history (0.2 moles per drum per year
to 3500 yeazs followed by 0.1 moles per drum per year to 10,500 years) was consistent with
estimated vapor-limited rates. These specified rates were not dependent on brine availability.
A total pas potential of 1600 moles per drum was assemed for both cases.

Because these TOUGHZ/EOSS simulations were performed to examine system behavior and
the sensitivity of system performance to variations in system parameters, and not to provide a
comparison with regulatory standards, the TOUGHZ2/EOSE simulations were extended beyond
the 10,000-year regulatory time frame to 12,000 years. By 12,000 years, gas expuision from
the room had nearly ceased, room pressures had stabilized, and gas generation was complete,
System behavior was evaluated by tracking four performance measures: (1) peak room pressure;
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(2) maximum brine velume in the room; (3) total mass of gas expelled from the room over
12,000 years; and (4) the maxinmm gas migration distance in ap interbed.

Serngitivity simulations were performed in which a single parameter vilue was varied to its
mininwm and maximum values with all other parameters held at best-estimate values. The
effects of parameier ubcertainty on simulation resulis were quantified by evaluating the change
in ihe perfonmance measures in respomse to parameter variations. Conceptual models for
fractare formation and/or dilatation in the interbeds, a disturbed rock zope, density-driven phase
segregation in the room, gas exsolution due to depaessurization of the pear-room brine, and
instantaneous room depressurization representative of human intrusion, were also examined with
TOUGH2/EQSS.

Simulation results provided conclusions about system behavior (Section 6.1), parameter
sensitivity and importance rankings (Section 6.2), and modeling process coupling (Section 6.3).
Conclusions were also drawn about how these simnlation resulis can support the efforts to
include these processes in WIPP performance assessment models and guide future experimental
work (Section 6.4).

6.1 Systemn Behavior

The baseline sipmlation resulis estimated system pesformance under best-estimate conditions
{Section 4). TOUGH2/BEQOSE results for the 2/1 and 0.2/0.1 specified gas-generation rate
histories were presented in Figure 4-1. These specified rate histories produced a range of
system behavior that was sufficient to qualitatively describe the performance of the WIPP
repository under the expected range conditions. Simulations with brine-Jependent gas-generation
rates did not produce systern behavior under best-estimate conditions that was significantly
different from the specified 0.2/0.1 rate history.

In ¢he first few hmndred years subsequent to the backfiiling and sealing of a disposal room,
brine pressure gradients were inward, room closure was rapid, and brine flow was from the
Salado Formatjon into the room, During this time, rising room pressures, which resulted from
the combined effects of gas generation and room closure, eventually produced both a reversal
of room closure and a reversal of the brine pressure gradient. The higher 2/1 gas-generation
tate accelerated room pressurization, resulting in less toom closure and an earlier onset of room
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expansion and brine expulsion relative to the lower 0.2/0.1 rate case. The minimum early time
void volimne was 844 m? for the 2/1 rate history and 415 m® for the 0.2/0.1 mie history.

Brine inflow was also moderated somewhat by the higher 2/1 gas-gensrationrate. The peak
cumulative brine inflow was 35 m® with the 2/1 rate as compared with 92 m® for the 0.2/0.1
raie. Brine inflow was grezter into the bottom of the rocom becanse the lower composiie interbed
was three times thicker than the upper compoesite interbed. This brine inflow behavior produced
brine sataration conditions in the room that were similar to what would be expecied with gravity-
driven phase segregation, even though gravitational effects were not simidated. Under gravity-
driven phase segregation conditons, brine would migrate to the bottom of the room and gas
would rise to the top of the room. With an initial brine volume of 24 m®, the corresponding
maximum brine volumes in the room were 59 m° and 116 m® for the 2/1 and 0.2/0.1 rates,
respectively. Although the source rock for brine was the halite, brine inflow was predominantly
through the interbeds. Brine in the helite near the interbeds flowed into the depressurized
intarbeds, which responded more quickly than the halite to near-atmospheric room pressare, and
then into the room through the high-trapseissivity room-interbed connections.

Immediately following the reversal of the brine pressure gradient, brine expulgion occurred
to both the interbeds and the near-field halite. Gas expulsion was delayed until the capillary
resistance in the interbeds was overcome. Brine expulsion was limited to about 50% of the brine
inflow volume because brine saturations in the room were reduced to the residual brine
saturation before all of the brine was expelled (at satrations below residual, brine is not
mobile). Beyond 4,000 years there was no brine expulsion becanse all brine in the room was
at or below residual brine saturation.

Gas expulsion did not start until brine expulsion was completed. In TOUGH2/EQSS
simulations, gas movement through the interbeds required the displacement of brine into the
halite sarrounding the interbeds. Gas expulsion occurred first to {he upper interbed because of
the lower brine saturations at the top of room that resulted from brine inflow. However,
approximately 70% of the total gas mass expelled was to the lower interbed becavse of its
greater thickness. The total mass of gas expelled ranged from approximately 15,000 kg (for the
2/1 rate} to 17,000 kg (for the 0.2/0.1 rate) of H,, which was 70 to 80% of the approximately
22,000 kg of gas generated.




Room expansion was most rapid prior to gas expulsion, although the rate of expansion was
always slower than the initial rate of room closure, Room pressurization and reeom expamsion
slowed at the onset of gas expulsion from the room. As the rate of gas expulsion exceeded the
specified gas-gencration rate, expansion ceased and the room started to close again. Re-Closure -
of the room was proportional to the degree of previous expansion. 'With the 2/1 rate there was
much mere room expansion and re-closure than with e (,2/0.] rate,

The highest peak room pressure (19 MPa} was reached with the specified 2/1 rate history.
However, at times beyond 5,000 years, room pressures were higher for the specified 0.2/0.1
rate because of the slow, long-duration gas generation. The total mass of gas expelled was
actually greater for the lower 0.2/(0.] rates, because a high room pressure was maintained for
a relatively long duration. A high early-time pressure does not necessarily result in maximom
gas release if the high pressure is not maintained. '

In TOUGH?2/EQSS baseline simulations, the effects of interbed fracture were not included
aml pore pressures above lithostatic were not mitigated by fracturing. With both the 2/1 and
0.2/0.1 specified rate histories, room pressures above lithostatic were maintained for several
thousand years. Actual repository pressuires will likely be limited to near-lithostatic due to
interbed fracturing. The greater than lthostatic simulated pressures indicate that there is the
possibility that existing fractures will dilate or new fractures will form if a significant portion
of the 1,600 moles per drum gas-generation potential is realized,

Despite the differences in gas-generation rate history, room closure and expansion, brine
inflow, and room pressure history between the specified 2/1 and 0.2/0.1 cases, the simnlations
achieved a relatively common final state. The final (12,000 year) mass of gas expelled released
and gas migration distances in the interbeds were gquite similar. In both cases, the gas phase
migrated approximately 150 room widths in the upper composite interbed and 115 room widths
in the lower composite interbed. The difference between the two interbeds is due differences
in the thickness and in the mass of gas expelled to each interbed. These simulated gas migration
distances compare favorably with estimates from mass-balance calculations made in Seciion 1.2.2
for the fully-consolidated room geomeiry (83 to 130 room widths). Gas migration was
nepligible between 10,000 and 12,000 years. This corresponds to the time at which the rate of
gas expulsion declined to near zero. The gas migration distance was not sensitive 1o differences
in either the magnitude or duration of gas generation, as long as the total mass of gas generated
was constast,
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In brine-dependent rate simmlations using best-estimate properties, there was not enough
brine inflow to prodece brine-inundated conditions in the yoom {i.e., brine saturation pever
reached the threshold samration of 0.3). The maximum average room brine saturation of (.28
was barely larper than the residval brine saturation of 0.276. Consequently, brine-dependent
pas generation proceeded at near the vapor-limited rates and results were very similar to the
specified 0.2/0.1 results.

The hypothesis that gas generation may be a self-limiting or at least a self-regulating process
(Section 1.2.3) is supported by these results. Approximately 100 m® to 200 m® of brine is
required to generate the anoxic corrosion potential of 1,050 mwoles per drum in a disposal room.
Under best-estimate conditions, the maximum bripe volume in the room was only 59 m* with
the specified 2/1 rate, not enough to drive gas generation te the compiete exhaustion of potential,
With the specified 0.2/0.1 rate history, the maximum brive in the room was 116 m®. Even
without considering the effects of brine consumption by the corrosion reactions, the volame of
brine inflow reguired to assure potential-linvited ratber thap brive-limited pas peneration requires
very low (less than the .2/0.1 rates) gas-generation rates in the room. Under this scenatdo, a
large gas-generation rate is only likely for a short period of time, after which the brine supply
15 exhausted and cannot be replenishied by inflow due to high room pressures.

The difference in brine inflow between very low gas-generstion rates (i.e., specified
0.2/0.1) aned no gas generation is significant. Only in the case of no gas generation does the
brine volume in the room exceed 200 m’. However, many factors that could impact these brine
volume estimates (amxl the brine-dependent rate predictions) were not included in the
TOUGH2/EOSS model. It ig likely that rooms 2t the ends of panels will have more brine inflow
than gther rooms due to their increased captre zone, There conld be brive samration gradients
across the repository, causing local differences in gas-generation rate. This in turn would cause
local pressure gradients and flow within the repository. Brine may accumulate in the downdip
portion of the repository, resulting in higher brine saturations in downdip rooms. Finally, there
is 2 large uncertainty in the multiphase flow characteristics in the room and in the Salado
Formation.

The baseline simulation resulis indicated that: (1} the two specified rate histories, 2/1 and

0.2/0.1, tested system behavior over a range of conditions that could be considersd
representative of most brine-dependent conditions; and (2) urder best-estimate conditions, limited
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brine availability resulted in litfle mobile brine in the room, and the corresponding brine-
dependent gas-pencration rate history was very similar to the specified 0,2/0.1 rate history.

6.2 Parameter Sensitivity and Importance Rankings

Sensitivity and imporiance coefficients for sach system parameter were calculated for each,
of the four system performance measures (Section 5). Parameter sensitivity and importance
coefficients for the specified 2/1 rate hisiory for all hydrologic parameters were presented in
Tabies 5-1 through 5-6. Discussion in this Section focuses on the 2/1 rate history results.
Sensitivity and importance coefficients were similar for the 0.2/0.1 rate simulations; significant
differences are noted. Importance coefficients were also calculated for gas-penetation
patameiers and altzrmative model conceptualizations. A total importance coefficient quantifies
the change in 2 performance measure selative to its baseline value over the expected range of
a system parameter. The total importence coefficient can be vsed to rank which system
patameters have the greatest effect on a given perfommance measnre. Total imporiance
coefficients and the associated parametsr rankings are infloeoced by the parameter ranges amd
the baseline values of the performance measures.

Parpmeter rankings by importance coefficient are presemied for each of the
four performance measnres: maximum room pressuore {Table 6-1); maximum bring volume in
the room {Table 6-2); mass of gas expelled (Table 6-3); and maximum gas migration distance
{Table 6-4). Note that the importance coefficients are normalized to the basclive value of the
performance measure {Equation 2-15). For the baseline specified 2/1 rate histories, these
values are: maximum room pressure = 19.1 MPa; maximum brine volume in the room = 59
or; mass of gas expelled = 14,900 kg; and maxinwn gas migration distance = 150 room
widths (120 room widths is maximum extent of gas saturation above residual). Tables 6-1
thwough 6-4 also include maximum sensitivity coefficients.
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Table §-1. Importance Rankings for Maximnm Room Pressure

E

PR SN N g

Maximnm Total
Parameter Sensitivity Importance

Coefficient Cosfficient
Gas-Generation Potential Q.15 (.20
Interbed Permeability 0.10 0.20
Interbed Fractare - 0,19
Halitz Permeability 0.09 .14
Gas-Generation Rate 0.08 0.14
Halite Porosity i 0.09 0.10
Interbed Threshold Pressure 0.01 0.09
Initial Salado Brine Pressure .20 0.07
Closure Coupling Method - 0.06
Halite Rock Compressibility Q.05 0.05
Interbed Porosity .05 0.05
Interbed Pore-Size A 0.5 0.04
Gas Exsolution - 0.04
Halite van Genuchien/Parker - 0.04
Interbed van Geruchten/Parke: — 0.03
Inierbed Thickness .03 0.02
Initial Brine in Room (.00 0.01
Disturbed Rock Zone - 0.00
Interbed Rock Compressibility (.00 0.00
Interbed Residual Brine Samration 0,00 .00
Interbed Residual Gas Saturation .00 0.00
Halit= Residuat Brine Saturation 0.00 0,00
Halite Residual Gas Saturation 0.00 Q.00
Halite Pore-Size h 0.00 .00
Halite Thresheld Pressure 0.00 0.00
Room Permeability (.00 0.00
Room RBgeidual Brine Samration 0.00 0.00
Room Residual Gas Samuration 0.00 0.00
Room Pore-Size A .00 0.00
Chravitational Effects - 0.00
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Table 6-2. Importance Rankings for Maximum Brine Volume in Room

:

Woos ) O e e L ka

o
=

Maximum Total
Parameter Sensitivity Importance
Cosfficient Coefficicnt

Halite Permeability 0.50 6.78
Initial Brine in Room (.40 2.64
Interbed Permeability 0.35 1.32
Gas-Generation Rate 0.68 0.65
Halite Porosity 0.31 0.54
Initiz] Salado Brine Pressure 0.92 0.30
Disturbed Rock Zone - 0.28
Haliie Rock Compressibility .19 0.21
Closure Coupling Method - 0.06
Gas Exsolotion -- 0.04
Halite van Genuchien/Parker - 0.04
Interbed Residual Gas Sataration 0.02 0.02
Interbed Porosity (.01 0.02
Halite Regidual Gas Saturation 0.01 .01
Halite Pore-Size A 0.01 .01
Room Residual Brine Saturation 0.01 .01
Gravitational Bffects -- 0.01
Gas-Generation Potential 0.00 0.00
Imierbed Fracture - 0.00
Intesbed van Genuchten/Parker - 0.00
Interbed Threshold Pressure 0.01 0.00
Interbed Thickness 0.00 0.00
Intexbed Rock Compressibility 0.00 0,00
Interbed Residual Brine Saturation .00 0.00
Interbed Pore-Size M 0.00 0.00
Halite Residual Brine Ssturation 0.00 0.00
Halite Threshold Pressure 0.00 0.00
Room Permeability 0.00 0.00
Room Residual Gas Saturation 0,00 0.00
Room Pore-Size A 0.00 0.00




Table 6-3. Importance Rankings for Mass of Gas Expelied from Room

E

e =l on b B e

rd b b B3 b o - P
aammﬁmEmEEmGEE:'q:

Maxitnn Total
Parameter Sensitivity Importance

Coefficient Coefficient
Gas-Genergtion Potential 1.16 1.58
Halite Fermeability 0.89 1.03
Interbed Threshold Pressure .06 0.93
Interbed Permeability 0.83 0.91
Interbed Porosity (.43 0.41
Initial Saiado Brine Pressure 1.41 0.38
Interbed Pore-Size A 0.36 0.23
Halite Porosity 0,24 0.25
Gas-Generation Rate 0.17 0.15
Interbed Fractore - .13
Room Residual Gas Saturation 0.02 0.11
Closure Coupling Meth:od - 0.10
Halite van Gemichten/Parker — 0.09
Room Pore-Size A 0.01 0,09
Halite Rock Compressibility 0.08 0.07
Room Residua] Brine Satoration Q.00 0.07
Gas Exsolution - 0.04
Interbed van Gemachien/Parker - 0.03
Gravitational Effects - 0.02
Disturbed Rock Zone - 0.01
Interbed Thickness 0.02 0.01
Interbed Residual Brine Saturation 0.01 0.01
Inierbed Residual Gas Saturation 0,01 0.01
Initial Brine in Room 0.00 0.01
Halite Pore-Size A (.01 0.00
Halite Threshold Pressure 0.01 0,00
Interbed Rock Compressibility .00 0.00
Halite Residuat Brine Saturation (0. (%) 0.00
Halite Rasidual Gas Satration 3.00 0.00
Room Permeability 0.00 0.00




Table 6-4. Importance Rankings for Maximmm Gas Migration Distance

Maximem Total
_Rapk Parageter Sensitivity Tmportance
Coefficient Coefficient
1 Interbed Porosity 5.15 5.37
2 Interbed Permeability 0.91 1.51
3 Gas~Generation Potential 0.85 1.14
4 Halite Permeability .90 .90
4 Interbad Threshold Pressure (.06 (.90
6 Halite van Genuchten/Parker - 0.80
7 Interbed Fracture - 0.66
8 Tnterbed Thickness 1.11 0,61
9 Initial Salado Brine Pressure 2.3% 0.60
10 Interbed Pore-Size X 0.19 0.23
13 Intetbed van Genuchten/Parker - (.20
11 (Gas Exsolution - 0.20
I3 Interbed Residual Brine Saturation 0,17 0.17
13 Interbed Residual Gas Saturation 0.17 0.17
15 Halite Porosity .15 0.13
16 Closars Coupling Method - 0.10
17 Disturbed Rock Zone - 0.00
Gas-Generation Rate 0.00 0.00
Tnitial Brine in Room .00 0.00
Interbed Rock Compressibility 0.00 0.00
Halite Rock Compressibilicy .00 0.00
Halite Residual Brine Saturation 0.00 (.00
Halite Residual Gas Satration 0.00 (.00
Halite Pore-Size A 0.00 0.00
Halite Threshold Pressure 0.00 0.00
Room Permeability 0.00 0,00
Room Residual Brime Saturation (.00 0.00
Room Residnal Gas Satucation 0,00 0.00
Room Pore-Size M 0.00 (.00
Gravitational Fifects - .00
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While a large sensftivity coefficient is indicative that the system is sensitive to a certain
parameter, a sall sensitivity coefficient is not necessarily indicative of ap insensitive parameter.
A small sensitivity coefficient can also be caused by a parameter value (P) that is much lower
than the baseline valse (P,), because sensitivity is proportional to P/(P,-P) as indicated by
Equation 2-13. This effect can produce contradictorily low §* sensitivity coefficients in certain
cases where the system is aciually quite sensitive to variations in a parameter at less than the
baseline value. This effect is not present in importance coefficients because the importance
coefficient is based on changes in performance measures {Equation 2-15), pot on changes in
parameter values. Therefore, a parameter ranking by sensitivity coefficient may be misisading
if the corresponding importance cocfficients are not also considered. A high importance
coefficient with a small sensitivity coefficient may indicate a parameter that is important only
due to an extended range, but it may also indicate 2 parametér that is sensitive to variations at
legs thap the baselipe vahue,

A total of 30 parameters are ranked in Tables 6-1 through 6-4. These inciude: 5 disposal
toom parameters (see Table 3-1); & halite parameters (see Table 3-2), 8 anhydrite interbed
parameters (see Table 3-3); 2 alternative nmritiphase relationships (van Genuchten/Parier in both
the halite and the interbeds); 2 gas-peneration parameters (rate and potential); 4 alternative
conceptaal models (interbed fracture, distwbed rock zone, gravitational effects, amd gas
exsolation); and the selection of closure coupling method (boundary backstress or pressure
lines). '

Maxinmun room pressure is dependent on the coupled effects of gas generston, room
closure and expansion, and brine and gas flow between the room and the Salado Pormation.
Total importance coefficients for the maximum room pressurs peiformance measure (Table 6-1)
were much smaller than for the other performance measures, indicating that maximimn room
pressure does not change very significantly from the baseline value of 19.1 MPa. In most
simulations maximum rcom pressutes were above lithostatic, & condition expected to initiate
fracturing in the interbeds and alter interbed properties. The low importance coefficients snggest
that, with the TOUGH2/EOS8 conceptualization, less-than-lithostatic maxinmum pressures are
not likely to occnr in iesponse to variations of parameters over the expected range of
uncertainty. This conclusion is supported by the fact that the interbed fracture conceptnal model,
which does limit pressures to pear-lithostatic, was one of the most important parameters o
maximum room pressure.  Other impottapt parameters wers: gas-gensmtion rate, which
influences early-time pressures; gas-generation potential, which influences late-time pressures;
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and hatite and interbed permeability, which contiol the rate of gas and brine flow into and out
of the room.

Maximmm brine volume in the room is depemdent on the initial brine in the waste and
backfill, and on the brine inflow, which is driven by the Salado physical properties and the brine
pressuse gradient. By far the most important parameter influencing maxintun brine volame in
the room (Table 6-2) was halite permeability {I=6.78). Ewven though bribe inflow occurs
predominantly throwgh the interbeds, the halite provides the gource for the brine, and halite
perimeability, halite porosity (I=0.54), and halite rock compressibility (I=0.21) were important
parameters. The importance of the near-field halite was also shown by the large importance
coefficient for ¢he disturbed rock zone model (I1=0.28). The initial brine in the room was very
important (I=2.64) due to the direct correlation between maximum brine in the room and initial
brine in the room. The interbed permeability (1=1,32) was important because interbeds are a
condait for brine inflow, while the gas-generation rate (1=0.565} and initial Salado brine pressure
{1=0.30) were important because they influenced the brine pressure gradient.

Both the maxisnum room pressire and maxismum brine in the room performance measures
were influenced by how gas-generation was implemented in TOUGH2/EOQSS and by the room
concepmalization. Becawse the sensitivity and importancs coefficients were calcolated from
specified gas-generation rate results, the importance of parameters controlling brine availability
in the raom may have been underestimated. For example, the initial brine vehume in the raom
influences brine availshility and brine-dependent gas generation rates, which would likely have
an effect on xoom pressurization. However, in the specified rafe simulations, maxinnm, room
pressure was not sensitive to initial brine.

The: mass of gas expelled from the room performance measure {Table 6-3) identifies several
processes that are important to system behavior. The most important parameter was the gas-
generation potential (I=1.58). Its importance is based on the assumption that all of the gas
potentizl is exhausted and is noi limited by brine availability. The high mnportance of gas
potential supports the obsarvation in Section 6.1 that the total mass of gas expelled is strongly
infloenced by the mass of gas gensrated (potential), bat is noi overly dependent on the gas-
eenetation rate (I=0.15). Gas expulsion was also sensitive to several interbed parameters
(threshold pressure (1=0.93), permeability (1=0.91), porosity (I=0.41), and pore-size A
{1=0.28)} and to initial Salado brine pressure (I=~0.38). An interesting result 15 the high
importance of halite permeability (1=1.03) and, to a lesser extent, halite porosity (1=0.25). The
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high importance coetficients of these halite parameters emphasizes that the dispiacement of brine
from the interbeds into the surronnding halite is a contrclling process for gas expulsion and gas
migration.

For the gas migration distance performance measure (Table 6-4), the most imporfant
parameter was interbed porasity (I=5.37). The interbed porosicy is important because it contrals
the gas storage volume. A low porosity results in a lacge gas migration distance. Other
important interbeds parameters were: interbed permeability (T=1.51), interbed threshold pressurs
(I=0.90), the interbed (raciure model (I=0.66), anxl interbed thickness (I=0.61). The gas-
generation poiential (I=1.14) was in impnrtaﬁl parameter because a greater mass of gas
generated results in greater gas expidsion and further gas migration.  Halite permecability
{I=0.90) and halite van Genuchten/Parker mudtiphase relationships (I=0.80) were important
because, as with gas expulsion, a limiting condition on gas movement in the mterbeds was the
displacement of brine into the halite. The initial Salado brine pressure (I=0.60) and the other
interbed mwultiphase parameters (residual brine and gas saturation, pore-size A, van
Gemchten/Parker relationships) were of moderate importance,

The total importance coefficients Iisted in Tables 6-1 throngh 6-4 are also presented in
graphical form. Importance coefficients for each performance measure are shown in Figure 6-1
for the disposal room parameters, Figure 6-2 for the halite physical parameters, Figure 6-3 for
the halite multiphase parameters, Fipure 6-4 for the imerbed physical parameters, and Figure
6-5 for the halite multiphase parameters. Fioure 6-6 shows importance coefficiems for gas-
generation parameters and closure conpling method, while Figure 6-7 shows importance
coefficients for the alternative conceptual models. These Figures are useful to identify the
relative importance of each parameter to all parformance measnpies.

The importance coefficients for the gas expulsion and gas migration distance performance
measures provide the most guidance to system sensitivity with respect to regulatory standards
(particularly 40 CFR 268.6). With respect to gas migration distance the most iroportant
parameters were: interbed porosity; interbed permesbility; gas-peneration potential; halite
permeability; and interbed threshold pressura, These same five parameters were most important
to gas expulsion. The following parameters were of moderate importance to these two
performance measures; initial Salado brine pressure; interbed fracture model; interbed thickness;
arx halite van Gemichizn/Parker relationships. The moderate importance of the interbed fracture
and haiite van Genuehten/Parker models are noteworthy because neither model is supported by
WIPP-specific data.

6-13 -




Disposal Room Parameters

Total Importance Coefficient
1

Penmaabilily  Initial brine  Residual bine  Rasidual gas Poyo-5ize

gaturation satiirafiot saturation fambda

Parformance Maasures
Il Maximum Room Pressurg

Maximum Bring in Room

Mass of Gas Expelled
EB& Gas Migration Distance

Figure 6-1. Total importance coefficients for each performance measure for disposal
To0in parameters.
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Halite Physical Parameters

6.78

—r
[- ]
|
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Total Importance Coefitcient
m =~
| |

FPemeabilty Porosity | Rock niflal Salado

compressibility prasstre
Performance Measures

Bl Maximum Raom Pressure
Maximum Brine in Room

F~7] Mass of Gas Expelled
B Gas Migration Distance

Figure 6-2. Total importance coefficients for each performance measure for halite
physical parameters,
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Halite Multiphase Parameters

o
[

o
&
1

Total Importance Coafiicient
n

von Genuchtary  Threshold  Residual bvine  Residual gas Pora-giza
Parker pressure aaturation saluation lambda

Performmance Maasures

B Maximuem Aoom Pressure
= Maximuwm Brine in Room

Mass of Gas Expalled
BE Gas Migration Distance

Figure 6-3. Total importance coefficients for each performance measure for halite
multiphase flow parameters. :
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Interbed Physical Parameters

8.37
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o
1

[=]
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Total importance Coefficient
I

Parmeatility Porosity Fack Thickness
compressibliity

Parformance Measures

[ Maxirr!,lm Room Pressure
Maximien Bring in Room
Mass of Gas Expallad
B Gas Migratlon Distance

Figure 64, Total importance coefficients for each performance measure for interbed
physical parameters.
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Interbed Multiphase Parameters

Total Importance Coefficient
n

van Genuchian  Threshold  Residual brine  Residual gas Pore-size
Perker Dressune saturalion saturation [ambda

Performance Measures

B Meximum Room Pressure
Maximurn Bﬂ]’llﬂ in Room
Mass of Gas Expelisd
EBER Gas Migration Distance

Figure 6-5. Total importance coefficients for each performance measure for interbed
multiphase flow parameters,
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Gas-Generation Parameters and
Closure Coupling Method

Total Importance Coefficient
n

!

Gas-ganeration ate Gas-genaration polamisl Coupling mathed

Perormance Measures

Bl Maximum Room Pressure
Maximum Brine in Room
£ Mass of Gas Expstled
E& Gas Migration Distance

Figure 6-6, Total importance coefficients for each performance measure for gas-
generation parameters and closure conpling method.
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Alternative Conceptual Models

Total Importance Coefficient

Indarbed fractune DRZ Giravity Gas axaciutian

Perfarmance Measures

B Maximum Room Prassure
Maxdimum Bring in Aoom
Mass of Gas Expelled
B Gas Migratlon Distance

Figure 6-7. Total importance coefficients for each performance measure for alternative
conceptual madels.
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Alzo of interest axe the following parameters, which were completely insensitive for all of
the performance measnres: gravitatonal effects; room permeability; interbed compressibility;
and halite multiphase parameters (reésidual brine and gas saturation, pore-size A, and threshold
pressure),  These parameters with zero importance may identify limitations of the
TOUGH2/EOS8 model. For example, the distribution of brine and pas within the room is
dependent on room permeability and on the heterogencons natere of the waste and backfill, In
TOUGH2/EOSS, a homogensons room is simulated and gravitational effects are ignored,
effectively eliminating the importance of room permeability 1o system response.,

The zero importance of the halite multiphage parsmeters may also be misleading. Given
the complete lack of WIPP-specific measurements of mmltiphase parameters, there is some
concern as to whether the uncertainty in these paremeters is adequately captured in the
TOUGH2/EOS8 importance coefficients. The current parameters ars based solely upon analogue
materials and theoretical considerations. Tt is not kpown if the sensitivity evaluation
encompassed the range of uncertainty that is present in the two-phase characteristic curves. As
an example, halite threshold pressure is expected to be high (10.3 MPa) based on theoretical
considerations, but it has never been messured.  Simulations which combined a lower 2.1 MPa)
threshold pressure with an increased halite permeability resulted in significant gas expulsion to
the halite and a significant decrease in gas migration distance in the interbeds (Section 5.1.2.1).
¥ the measured halite threshold pressure toins oui to be low, and there are zones (i.e., a DRZ)
of higher permeability present, then enbanced gas storage in the halite could have a significant
beneficial impact on gas migration. This uncertainty was not captured in the TOUGH2/EOS8
importance coefficients.

Similarly, the use of the van Gemachien/Parker multiphase model in the halite had moderate
importance and resulted in a decrease in the mass of gas expelled from the room and a decrease
in gas migration distance (Section 5.1.2.2), while the use of the van Genuchten/Parker mode]
in the interbeds had low importance and itcreased gas expulsion snd gas migration distance
(Section 5.1.3.2). Given the complete lack of WIPP-specific van Genuchten/Parker parameters,
its importance for the gas migration performance measares is somewhat uncertain snd may be
vnderestimated.

WIPP PA simulations using the BRAGFLO code (WIPP PA Department, 1993b) identified

the following parameters as being very imporiant to gas and brine migration for undistarbed
performance: initial brine sataration in the waste; interbed permeabiity; gas-generation rate
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controls; and shaft seal permeability (> 200 years). They also identified the following
important parameters: interbed porosity; halite permeability; shaft seal permeability (0-200
years); Brooks-Corey/van Gemnuchten-Parker pointer (described below); amd DRZ porosity.
There are some conceptual differences between the WIPP PA Department (1992b) mode] and
the TOUGHZ/EOSS model. The WIPP PA mode! caleuiaies a brine-dependent pas-generation’
rate arwd comsiders a repository scale including shafts. Despite these conceptual differences,
there is agreement between the important parameiers in the two models.

Both models identified interbed permeability, interbed porosity, and halits permeability as
the most irnportant physical parameters. The TOUGHZ2/EOSS gas-peneration potential and the
WIPP PA gas-gensiation controls were both important because they influence the mass of gas
generated. The WIPP PA Brooks-Corey/van Gerucliten-Parker pointer, which identifies the
relative permeability and capillary pressure relationships to be used, influences multiphase flow
as does the TOUGH2/E()SE interbed threshold pressure. The high importance of the imitial
brine saturation in the room was not reproduced with TOUGH2/EOSE because the imporiance
cosfficients were caloulated from specified gas-generation rate simulations. However, the initial
brine saturation in the room does have a large TOUGHZ2/EOSS importance coefficient for the
maximum brine volume in the room performance measure. If brine-intndated conditions were
present in the room, brine-dependent rate simulations might produce simifarly large onportance
coefficients for other performance measures.

6.2 Conclusions

TOUGH2/EDSS was used in a deternimistic framework to simulate the interdependent
processes of gas generation, room closure and expansion, and multiphase brine and gas flow.
Repository simulations were performed at a disposal room scale. TOUGH2/EOSS simulation
and sensiiivity results were similar io the WIPP PA Department (1993b) stochastic results using
BRAGFLO, suggesting that the TOUGH2/EOS8 detenministic approach can be used to evaluate
system performance and alternative conceptual models in support of WIPP PA, and in addision
can provide useful physical insight as to why certain parameters are important to various
repositary performance measures.



The methodology allows conceptosl models to be quantitatively evaleated at a sub-system
level using specific mechanistically-based performance measures, rather than at the level of
overall repository performance, as is required of the WIPTF PA model.

TOUGH2/EQSS baseline simulations identified the following important processes:

(0

(2)

(3

)

3

(6)

two specified gas-generation rate histories, 2/1 (representative of rates under brine-
inundated conditions) and 0.2/0.1 (representative of rates under vapor-limited
conditions) tested system behavior over a range of conditions considered to bound
the range of expected brine~dependent conditions;

the linear correlation brine-dependent method {analogous to the method used by
WIPP PA) predicts brine-dependent rates that are similar to what would be expected
from a puddle of brine on the floor bt are greater than the rates predicted if brine
forms 2 capillary fringe in the room;

limited brine availability under best-estimate conditions resulted in brine-dependent
gas-gencration rate histories, predicted assuming a capillary fringe, that were very
similar to the specified 0.2/0.1 rate history;

under best-estimate conditions, room pressures fn excess of lithostatic could
thepretically be maintained for thonsands of years, providing there is no alteration
of the interhed properties (however, alteration is likely to occur under such high
PIESSures);

very low gas-generation rates {less than 0.1 moles per drum per vear) are required
to keep room pressures below lithostatic if there is no alteration of the interbed
properties in response to interbed fracturing.

both the total mass of gas expelled from the room and the long-term gas migration
distance are very 'dependant on the total mass of gas generated but are not
particularly sensitive to the rate or duration of gas-generation; and

an important limitation to gas movement in the interbeds is the displacement of
brine by gas into the surrounding halite.
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The TOUGH2/BOSR sensitivity simulations identified the following parameters as important
to gas expulsion and migration away from a disposal room: interbed porosity; interbed
permeability; gas-generation potential; halite permeability; and interbed threshold pressure. In
addition, there is some concern as to whether the uncertainty in multipbase flow parameters is
adequately captured in the TOUGH2/EOSE importance coefiicients, given the lack of WIPP-
specific data. Simulations also showed that the inclusion of an haterbad fracrure model and a
disturbed rack zone model would influence system performance. '

A comparisont of the importamee coefficients for hydrologic and gas-genetation parameters

with the importance coefficients for the altemative conceptual models and closure coupling

 methodology provides an indication of the direction for future work, In these simulations, the
physical parameters bad a high importance relative to the conceptual models, suggesting that

uncerfainty can be reduced by refining parameter best estimates and ranges. A high relative

importance for the conceptual medels would suggest that uncertainty can be reduced by

improving the conceptual models. The low importance for the conceptaal models in this study

(except for the interbed fracture and DRZ models) suggests that the conceptual models in

TOUGH2/EOSS adequately capture the important dynamies of system behavior,

The following conclusions, with implications for future work, are drawn from the
TOUGH2/ECS8 simulation resulis:

(1) The deterministic approach used with TOUGH2/EOSS can be used to support WIFP
PA sensitivity and uncertainty simmlations, to maks choices between altermative
concepzl models, and to provide insight to controlling physical processes in a
completely coupled system, However, it can not be used io address regulatory
compliance.

(2) The fluid flow and closure coupling methodologies curremtly implemented in
TOUGH2/EQS8 and BRAGFLO are important (see Freeze et al., 1995) and
adequately model the coupled processes.

(3) A fundamental difference between the TOUUGH2/EQS8 and WIPP PA conceptual
models is the weatment of gas gensration. TOUGH2/EOSS uses a simplified
approach with bounding specified gas-generation rates. Given that the mass of gas
geperated is one of the most important model parametsis, further study of gas-
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generation and multiphase flow proceases must be performed to determine whether
this simplified approach would be defensible in the WIPP PA model.

Refinement of parameter estimates for the other important parameters: interbed
porosity and permeability; halit= permeability; and interbed threshold pressure;
should continue. In-sita permeability testing is ongoing (see Beauhaim et al., 1991
and Beauheim et al., 1993a). Threshold pressure testing is also being initiated.

A conceptual model for formation and propagation of fractures in the interbeds must
be developed, piven the TOUGH2/EOSS simulated pressures that were greater than
lithostatic. Due to the high importance of interbed permeabilty and porosity to gas
migration, a defensible model for fracture permeability and porosity must be
developed. In addition to the simplified porosity model used in TOUGH2/EOSS,
a model similar to the aperture model (Section 5.3.2.1) and a dual-porosity-based
model should be considered.

The WIPP-specific two-phase characteristic relationships must be investigated.
Lzhoratory studies (Howarth, 1993) have already been planned to address this issue.
Alterations to the interbed two-phase properties may be particularly important with
interbed fracturing,

Additional concepiual models may be needed o simulate the effects of detailed
heterogensous halite stratigraphy, 1epository scale behavior, a stratigraphically
dipping repository, and interbed heterogeneity. These conceptual models as well
ag interbed fracture and DRZ models, could be tested deterministically at a sub-
system level with TOUGH2/EOSS (or a conceptually equivalent BRAGFLO setup)
to evaluate whether or not these additional conceptwal complexities shm;tld be
implemented into overall repository performance model.
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PREFACE

This Appendix documents the status of the parameter data base as of January 1994, The
data contained herein was used in the simulations of brine flow and gas migration to and
from a WIPP waste disposal room ‘with gas generation that are discussed In this report.
This data base has evolved using thea following approach to updating data and information
for each parameter. At the time any change Is made to a parameter antry, the date is
updated. Any editorial change to a parameter rationale, comment, and/or reference is
indicated by incrementing the rationale number by a leiter. Any value changs to a
parameter is indicated by & numeric increment in the rationale number. This data base
may continue to evolve in future simulations are warranted,
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DATE : | 08/31/93 RATIONALE NUMBER : 00GZA

FPARAMETER : | Vertical Model Dimension

VALUE : | 262.5 m

RATIOMALE :  In order 10 minimize houndary effects from the upper and lower
madel boundaries, it is desirable to have a relatively thick salt
section ahove and below the waste disposal roam. Because the
focus of the simulations is the room and immediately adjacent
portions of the Salado, it is not essential that the upper and lowaer
madal boundaries correspond pracisely with formation boundaries,
Therafora, the total vertical dimension of the mode! is specified at

| 262.5 m, with 130.0 m of salt above the room and 128.5 m of
| galt balow the room.

| COMMENTS : In certain sensitivity simulations (i.e. high halite permeabiliy}, 8
larger vertical dimension is requirad to minimize boundary effects.

i Because of the integral finite difference methad used for
discretizetion, it is possible to maintain a constant total vertical
dimension for all three fixed roam geomatries (initial, intarmediate,
and fully consolidated) despite the different room heights.

Since the repository excavations follow gently dipping stratigraphic |
units, repository depth varies somewhat with Jocation, The generall
repository depth is specified as 655.0 m below ground surface
iLappin et al., 1988; p. 1-1). This depth corresponds to tha

vartical mid-point of the room in all three fixed room geometries.

REFERENCES : Lappin, A.R., R.L. Hunter, D.P. Garber, and P.B, Davies, ads. |
1989, Systems Analysis, Long-Term Radipnuciids Transport, and |
Dose Assegsments, Waste Isolation Pilat Plant (WIPP), |
| Southeastern New Mexico; March 1989. SANDB2-0462.
Albuquerque, NM: Sandia National Laboratories.




; DATE ; | 08/31/93

PARAMETER :

RATIOMALE NUMEER : CO3A

Horizontal Madel Dimension

=

WALUE

KEYWORD
RATIOMALE :

COMMENTS :

REFERENCES :

2285 m
ELEME, CONME

For simulations that examine an isolated room in an infinite sakt, it
is desirable to have a relatively thick horizontal salt section in
order to minimize boundery effects, particularly in the interbeds.
Therefore, the total horizontal model dimension is spacified at 1
2285 m, with 2280 m of salt outside the room.

[n certain sensitivity simulations {i.e. high permeabilty), a larger
horizantal dimension is required to minimize boundary effects.

Because of the integral finite diffarence mathed used for
discretization, it is posaible to maintain a constant total horizontal
dimension for all three fixed room gaomatries {initial, intermediate,
and fully consolidated) despite the different room half-widths.

For simulations that examine a room in a panel, it is assumed that
the digtance from the room centerline to the centerline of tha
adjacent salt pillar iz a constant. Thergfore, as horizontal room
clasure occurs, the half room width decreases and the half salt
pillar width increases., A total horizontal dimansion of 20.3 mis
based on the design dimensions of 10.06 m (33 1} wide rooms
and 30.48 m (100 ft} wide saht pillars {L.5. Department of Energy,
1986; p.12-2).

U.5. Department of Enargy. 1986. Dasign Validation Finsl Roport.
DOEANVIPF B6-010. San Francisco, CA: Bechtal Metional Inc.
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DATE: [08/31/63 | RATIONALEwumBeR:|  ooD

PARAMETER :

Room Gaomatry

VALUE :

Room Height4.0 m
Room 1/2 Width 50 m

KEYWORD : | ELEME, CONNE

RATIONALE :

COMMENTS :

the madel are rounded to two significant figures.

rata of 2 moles/dumiyr (f=1.0]. The simulation

The initial roorn dimensions ara taken from the original design
document {U.5. Department of Energy, 19886; p. 12-8) and are
3986 m (13 ft) by 10.06 m (33 ft} by 91.44 m {200 ft}). Those
dirmansions correspond to an initial room volume of 3644 m?,

Given the variability in room dimensions at any given time due to
variations in actual excavation dimensions, room dimensions for

The modal room dimensions imply an injtial room volume of
(Z45.01{4.0491.44)= 3658 m3.

The actual excavation dimensions for Panel 1 are larger than the
original design dimensions {4.06 m (13'4") by 10.16 m {(33°4") by
91.44 m (300"] (U.S. Department of Energy, 1989; p. 2-299).
These largar dimensions were used to provide additional closura |
leeway for ratrievability [Fabruary 9, 1990 personal commumication
with §. Pickering (Division $240} and €. Franke (Westinghousel]. |
Howaver, it is not clear that all future waste disposal rooms will be
excavated to these larger dimensians. Therefore, all calculations |
use the original reom dimeansions given in U.S. Dapartmant of
Enargy {1986].

|
The following rationale was used to determine the three fixed room
geometries. i
The initial fixed roomn dimensions and volumea is assumed to ha |
equivalant to the room geometry described above: _

|

initial fixed room height =4.0m
Initial fixed room half-width =50m ‘
tnitizl fixed room volume = 3658 m?

The intarmediate room volume is taken from the minimum void
volume state reached in the baseline {f = 1.0} reorn closure
simulation conductad by Stone {1995). Tha minimum void volume
of 766 m? was reached at about 185 years for a gas gengration

A-l-3
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PARAMETER
{cont'd) :

COMMENTS
icont'd):

Room Geamatry

assumed a constant solids volume of 432 m® for waste and 797

m? for backfill, for a total constant solids volume of 1229 m* for a
rcom. These volumes are calculated from the initial volurmnes and
perosities for waste and backfilf {Berazun and Davies, 1992; p. 1-2L
The sum of void and solids volumes yields an intermediate room
volume of 1995 m°.

The vertical and horizonial closures presented by Stone (18325, p.
12-13} are for the room wall mid-pointe and tharafore represent
maximum cloesura. At the time of minimum void voiume {T1EB
yoars), maximum vertical clgsure was 1.64 m and maximurn
horizontal closure was 1.80 m. -To estimate the intermeadiate room
dimensions, vertical and horizontal closure distances were selected
to praduce approximately the estimated intermediate room volums
(1995 m? while maintaining the 1.64./1.860 ratio of vertical to
horizontal closure. The closura distances presanted by Stone
{19956) are for room walls that have maximum closure {sag) at the
wall mid-point. The fixed roormn geometries assume raems to have
flat walls. The sslected closure distances are:

vertical closure = 1.44 m
horizontal closure = 1.41 m

This gives:

Intermed. fixed room height = 396-144 =252m

Interrned. fixed reom half-width = 5.03-0.71 = 4.32m

Intermed. fixed room volume = (2}4.32)(2.521{91.44)
=1991 m?

Although room dimensions should be rounded to two significant
figures, a third significant figure is retained tg maintain an
intermediate room volume that is close to the estimated volume of
1995 m’.

The fully consolidated room volume is taken from the final void
volume state reached in the no gas gensration (f=0.0) room
closure simulation conducted by Stone (1995). Tha final void
volume was 343 m? {at 2000 years) for zero gas generation rate
{f=0.0). The simulation assumed a constant solids volume of of
1229 m® for a rcom. The sum of void and sofids volumas yieids an
intermediate room volume of 1572 m®.
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PARAMETER Rocom Geometry
(cont’d] :

COMMENTS At the time of minimum void volume {2000 years), maximum

| {cont'dl: vertical closure was 2,17 m and maximum horizontal closure was
2.09 m (Stone, 1895; p. 12-13). To estimate the fully

conzolidated room dimensiens, vertical and horizontsl clasure
distances were selectad to produce approximately the estimated

I fully consolidated room volume {1572 m? while maintaining the
2.1712.08 ratio of vertical 1o horizontal closure.

The selected closure distances are: ‘

vertical closure =1,88m
horizontal closure = 1.81m |

This gives:

3.96-1.88 =2.08m |

503-0.91 =412m

{21{4.12){2.08H21.44)
=1567 m*

Fully Cons, fixed room height
" Fuily Cons. fixed room half-width
Fully Cons. fixed room volume

To maintain an intermediate room volume that is closa to the
estimatad volume of 1672 m® a third significant figure is retained.

REFERENCES: Beraun, R., and P.B. Davies. 1992 "Baseline Design Input Data
Base to be Uszed During Caleulations Effort to be Performed by
Division 1514 in Determining tha Mechanica! Creep Closure
Behavior of Waste Disposal Rooms in Bedded Salt,” Preliminary
Perfarmance Assessment for tha Wasts fsefation Piiot Plant,
December 1882 - Volume 3: Model Parameters. SANDS2-0700/3.
Albuguerque, NM: Sandia National Labaratoties. A-5 through A-13.

Stona, C.M. 1995, "Creep Closure Behavior of Waste Disposal
Raoms in Bedded Salt Due to Gas Generation Produged by Several
Alternatives of the Engineered Alternatives Task Force,” A
Summary of Methods for Approximating Salt Cresp and Disposal
Aoom (losure in Numerical Methods of Muitiphase Flow. G.A.
Freeze, K.W. Larson, and P.B. Davies. SAND94-0251,
Alouquarque, NM: Sandia MNational Laboratories. C-85 through C-
106,

LLS. Department of Energy. 1986. Design Velldation Final Report.
DOEAWIPF B86-010. San Francisco, CA: Bechtel National, Inc.

U.S. Department of Energy. 1989. Geotechpical Feld Data and

Analysis Report, July 1987 - June 71988. DOE/WIPF 89-003, Vol.
Il. Carlsbad, NM: Woestinghousa Electric Corporation.
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DATE : | 08/31/93 RATIONALE NUMBER : 003A
PARAMETER : | Stratigraphic Thicknasssas
VALUE : | Stratigraphic Unit Thickness {m)
With Individual Interbeds
Halite 127.5
tMarker Bed 138 0.2
Halite i 6.7
Anhydrite “a" 0.2
Halite 2.0
Anhydrite "b" 0.1
Halite 2.1
Room
Halite 1.6
Marker Bed 139 0.9
Halite F.7
Anhydrite "¢" 0.1
Halite 127.7
With Composite Intarbeds

Halite 127.6
Uppar Composite Interhed (Anhydrite 2 + h) 0.3
Halite 2.1 |
Room |
Halite ; 1.6
Lower Composite Interbad (Marker Bed 139) 0.9
Halite 126.0

RATIONALE: | Stratigraphic thicknessas with individual interbeds are based on the
rafarence stratigraphy prasented in U.S. Department of Enargy
(198%; p. 2-2 {0 2-5). With the exception of a minor {4 ¢m)
difference in the thickness of Marker Bed 132, this reference
stratigraphy is identical over the pertinent interval to the reference
stratigraphy presented in .S, Department of Energy (1986;
p. 5-26 1o 6-28). Given the somewhat variable nature of the
individual stratigraphic units, steatigraphic thicknasses are specified
to the nearest 0.1 m.




PARAMETER Stratigraphic Thicknesses
{cont'd) :

—_—

RATIONALE  The thickness of the upper composite interbed is equal to the sum
fcont’d) ;  of the thicknesses of anhydrite "a"” and anhydrite "b", The
thickness of the lower composite interbed is equal to the thickness
of Marker Bad 139, Compeslte interbeds are considered to
simplify the problern for computational efficiancy.

The room position within the stratigraphic section is based on the
specification that the tops of tha rooms are 10 be located
approximately 7 ft (2.1 m) below "clay seam G" at the base of
*anhydrite b® (U8, Department of Energy, 1986; p. 3-6}. The
reference stratigraphic thickness from the base of "clay seam G™ to
the top of Marker Bed 139 s 7.7 m, Given the 2.1 m thickness |
above the room and an initial room keight of 4.0 m, this leaves a
thickness of 1.6 m between the floor of the room and the top of
Markar Bed 139,

COMMENTS : The thickness of Marker Bed 132 varies from C.4 mto 1.26 m
{Krieg, 1984).

flow from the interbeds into the intact salt. This flow is important

The use of composite interbeds reduces the surface area for brine I
because gas that flows into the interbeds must displace brine.

The creep closura process may cause a small increase in the
thickness of the halite between the top of the room and anhydrite
"b" and bhetween the floor and Marker Bed 139. However, this
change in thickness is expacted 1o be very small compared to room|
closure. Therefore, these halite thicknesses are held constant for
all fixed room geometries.

REFEREMCES : Krieg, R.[}. 1984, Reference Stratigraphy and Rock Propertles for
the Waste Isoiation Pilet Planmt (WIPP) Project. SANDB3-1908,
Albuquerque, NM: Sandia Mational Laboratories.

.5, Depariment of Energy. 1988, Design Validation Final Report.
DOEMVIPP 286-010. San Francisco, CA: Bechtel National, Inc.

LS. Departmeant of Energy. 1989. Geotechnical Field Data and

Analysis Report, July 1987 - June 7988. DOE/MWIPP 89-009,
Carlsbad, NM: Woestinghouse Flectric Corpotration,
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DATE : | 08/31/93 RATIONALE NUMBER : 003B

PARAMETER :

Salado Fermeaability

VALUE :

1.0E-21 m? - Salado halite
1.0E-19 m? - Marker 8ed 138
1.0E-19 m? - Anhydrite “a"
1.0E-19 m? - Anhydrite "b"
1.0E-189 m? - Marker Bed 139

1.0B-19 m? - Anhydeite "c"

1.0E-19 m?

Compasita Intarbads

RATIONALE :

COMMENTS :

The permeabilities reported here are undisturbed values (i.e., they
do not reflect excavation effects). These values are based on
analyses of tha in-situ permeability tests (Beauheim at al., 1991).

units. The permeability distribution given hera is highly simplified. '

The reported range of Salado halite permeabilitias is 6E-20 m? to
9E-22 m® (Beauheim et al., 1291). McTigue (1992} reported a
range of 36-21 m? to 1E-22 m?. All of these permeability values
wera measured closa (3-6 m) to axcavations. A single value of 3E-
18 m? was reported at ~ 2 m from an excavation and a test of

pure halita further (9 m! from the excavation showed no
measurahle {—~zaro) permeability (Beauheim et al., 1991). Howarth
et al. {1991) reported far-field (> 20 m frem room) Salado halite
permeabilities ranging from 2E-21 m? ta —zero.

For most Salado halite, 1.0E-21 m? is considered to ba a
reasonable undisturbed value for simplified calculations. A range
of 1.0E-12 m? to 1.0E-25 m? lapprexirnately zero) has been
selectad for sensitivity analysis.

A=
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COMMENTS  The reported range of anhydrite pem‘teahllltlas is 6E-18 m? 1o 3E-
{cont’d} : 20 m® {Beavheim et al., 1981). These measurements are taken
from MB138, MB139, and anhydrite "c" et distances of about 10
m fromm an excavation. For all Marker Elads and anhydrite
interbeds, 1.0E-19 m? is considered a reprasentative permeability.
A range of 1,0E-21 m? to 1.0E-18 m? has been selected for
sensitivity analysis.

The composite interbeds are assigned a permeability which is
consistent with the permeahbilities used for the individual interbeds,

There are indications of a high degree of lateral varisbility in
permaability in 2aome unite which will not be captured in the
gimulations. ParticWarly important may be [ateral variability within
the interbeds.

REFEREMCES : Beauheim, B.L., G.J. Saulnier, Jr., and J.D. Avis. 1291,
Interpretation of Brine-Parmaability Tests of the Salado Formation
at the Waste lsofation Pifot Flant Site: First Interim Report.
SANDS0-0083. Albuquergue, NMM: Sandia National Laboratories.

Howarth, S.M., EW. Peterson, P.L. Lagus, K.H. Lie, $.J. Finley,
and E.J. Nowak. 1991. "Interpretation of In-Situ Pressura and
Flow Measurements of the Saledo Formation at the Waste |salation
Pilot Plant,” Aocky Mountaln Regional Msating and Low-
Permeability Beservairs Symposium, Denver, CO, Aprif 15-17,
7997, SANDO0D-2334C; SPE 21840. Richardson, TX: Society of
Fetroloum Engineers. 355-3649.

McTigue, D.F. 1982, Permeability and Hydraulic Diffusivity of
Waste Isolation Filot Flant Repository 5Salt inferred from Small-
Scale Brine Inflow Experiments. SANDS2-1211. Albugquergue,
NM: Sandia MNationai Laboratories.
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I DATE : | 08/31/93 | RATIONALE NUMBER _[

I PARAMETER :

Room Permeability

WALLIE :

1.0E-17 m?

KEYWORD :

RATIONALE :

ROCKS

— — —
The permeabilty in a WIFP disposal room is expected to vary |
gpatially due to the heterogeneous naturg of the waste and backfill,
and temporally doe to creep closure, The permeability is axpected
to range from a maximum of 1E-11 m? for initially wnconsclidatad
backfill and waste, to a minimum of 1E-17 m? for fl.lll\f

consolidatad sludge waste.

In simulations, a room permeability of 1E-17 m? was used to
minimize exgoution tima,

COMMENTS .

The initial roem containg unconsolidated backfill and waste, Both
of these materials are expected to be characterized by high void
volumes. The permeability is likely to be high and difficult to
quantify. Holcomb and Shields {(1987; Figure 4) presant a
relationship betweaan permeability and fractional densgity of intact
Salado halite. For a fractional dsnsity of 0.6 for crushead salt
backfill (Nowek et al., 1990}, the extrapolated backfill permeability
is 1E-11 m? This permeability is considered representative of the
initial room filled with backfill and wasts. As an upper bound, the
initial room permeahility may be assumed to he approximastely
equivalent to that of gravel. Freaze and Chemry {1979; p. 24)
report a permeability of 1.0E-09 m? for gravel.

Butcher et al. {1991) estimate the fallowing’ permeabilities from
flow axpariments at 14 MPa:

4E-14 m? to 1E-12 m?for metallic/glass waste,
2E-15 m? to 26-12 m? for combustible {cellulosicl waste,
1E-17 m? t¢ 2E-16 m? for sludge waste,

These experiments are rapresentative of near fully consolidated
canditions for the waste. There is uncertsinty in whether the flow
paths in the room are governad by the high {parallel flow paths) or
low (series flow paths) permeability materials,

A-l-3




PARAMETER
fcont’d) :

COMMENTS
{cont'd):

Room Permeability

Lappin et al. {1989; p. 4-56) select a value of 1E-13 m? for a {ully
consolidated room, This value assumes that the fully consolidated
backfill, which has a fow permeability similar to that of Salado
halite {1.0E-21 m?, does not form a continuous phase, and
therefore, does not cantrol the fully consolidated room permeability
[personal communication between P, Davies (Bivision §344}) and B.
Butcher {Division 6345) on January 28, 1990].

REFERENCES :

Butcher, B.M.. T.W. Thompson. R.G. VanBuskirk, and M.C. Patti.
19891, Mechanical Compaction of \Waste Isnfation Pifor Piant
Simwizted Waste. BANDS0-1208. Albuguerque, NM: Sandia
National Laboratories.

Freeze, R.A., and J.A. Cherry. 1979. Groundwater. Englawood
Cliffs, NJ: Prentice-Hall, Ing.

Holcomb, D.J., and M. Shields. 1987. Hydrastatic Creep
Consolidation of Crushed Salt with Added Water. SANDE7-1990.
Albuguerqua, NM: Sandia National Laboratories,

Lappin, A.R., R.L. Hunter, B.P, Garber, and P.B, Davias, eds.
1989, Systems Analysis, Long-Term Radionuclide Transport, and
Dose Assessmants, Waste fsolation Filot Plant (WIPF),
Southeastern New Mexico: March 1989, SANDE2-0462.
Albuquerque, NM: Sandia National Laboratories.

Nowak, E.J., J.R. Tillerson, and T.M. Torres, 1990, Initial
Reference Seal System Dasign: Waste fsolation Pilot Plamt.
S5AND90-0355. Albuquerque, NM: Sandia National Laboratories.
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DATE :

PARAMETER :

08f31/83 RATIONALE NUMBER : 002

Salado Porasity

VALUE :

RATIONALE :

0.01
ROCKS
Salado Halite

The value of 0.01 for the porosity of Salade halite is estimnated
from alectro-tnagnetic and DC resistivity measurements made
underground at the WIFP site (Skokan et al., 19889; p. 15). To
place this value in comext, the low end of the Salado halite
porosity is astimated to be on the order of 0.001, basad on drying
axpariments {Powers et al., 1978; p. 7-30); the high end of tha
Salado halite porosity is estimated to be approximatsly .03, based
on the low end {10 chm} of the DC resistivity measuwremeants made
underground (Skokan et al., 1989; p.6,13).

Salado Intarbeds

The interbads are assumed to have tha same estimated {0.01) and
maxirmnumn {0.03) porosity as the Salado halite. Fracturing,
diagenetic changes, and dual porosity hehavior may impact the
effective porosity of the anhydrite interbsds. A local porosity of
0.0006 was estimated based on observed tracer migration
between two boraholes during in-situ testing [personal
communication between R. Roberts (INTERA} and G. Freeze]. This
porosity was assumed to be minimum for simulation.

| REFERENCES :

Fowaers, D.W., S.J. Lambert, 5.E. Shaffer, L.R. Hill, and W.D.
Waart, ads. 1978. Geological Characierization Report for the

Waste Isolation Pifot Plant {WIPP! Sita, Scutheastern New Mexjco.
SAND78-1698, Vol. JI. Albuquarque, NM: Sandia National |
Labgratorias.

Skokan, C.K., M.C. Pfeifer, G.V. Keller, and H.T. Andersen. 1984,
Studfies of Flactrical and Electromagnetic Methods for
Characterizing Saft Properties at the \WIPP Site, New Maxico.
SANDBT-7174. Aibuquerque, NM: Sandia National Laboratorigs.

Je——— [— [r— — —_— — . . o— "
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PARAMETER :

Room Porosity

VALUE :
KEYWORD :

RATIONALE :

COMMENTS :

0.66
ROCKS

Tha initiel roorm poresity is based on a volume everage of the
porosities of the room contents. The volumes and porosities of the
contents arg taken from Baraun and Davies {19392). The porosity
is calculated using:

¢ruom = U:Ium 'wdrlm +Vhl::ﬂ ‘phunb‘.ﬁl + ant. ¢\I'-'It {1 ].

The initial room volume is calculated to be 3644 m? based on the
initial room dimensions [3.96 m {13 ft) by 10.06 m (33 ft) by
91.44 m {300 ft}] from tha original design document (U.5.
Dapartment of Energy, 1986; p. 12-8). Thare are 68C4 drums in
sach waste disposal room (Lappin et al., 1989; p. 4-50) which
yvields a total drum volume of 1663 m? {Beraun and Davies, 1982;
p. 1. In each room there are 2722 drums of solid erganic waste
{cellulosics) having an initial porasity of 0.8, 2722 drums of solid
inorganic waste (metals and glass) having an initial porosity of 0.8,
and 1360 drums of sludges hawving an initial porosity of 0.5
{Beraun and Daviss, 1992; p. 2). Tha average nitial porosity of all
waste drums is 0.74 . The initial room has 1328 m?® of backfill
with an initial porosity of 0.4 {Beraun and Daviez, 1992; p. 1-2].
The ventilation gap is 0.71 m {28 inches} high for a total volume of
654 m* (Beraun and Davies, 1932; p. 1).

Using equation (1), the initial roem porosity is:

o (1663m?+ 0.74)+{1328m?+ 0.40} +{B54m?*. 1.0}
InlH o 3544“_‘3

Q.88

a

The initigl room porosity corresponds to an initial void voluma of
2416 m® and an initial solids volume of 1229 m3,
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PARAMETER | Room Porosity :
{cont'd} :

COMMENTS
{cont’d);

The model initial rgom has a total volume of 3658 m? (see room E
geometry rationalel. To model an initial void volume of 2415 m?,
gonsistent with Beraun and Davies {1921}, an initial room porosity |
of Q.6603 is usad in simulations. Tha modsl initial room porosity
corresponds to 2 void volume of 2415 m® and a initial solids

volumea of 1243 m°.

The following rationale was used to determine porosities for fixed |
intermediate and fixed fully consolidated room geometries. The ‘
intarmediate reom porasity is derived from the minimum void
volume state reached in the baseline (f =1.0) room closure |
simulation conducted by Stone {1998} Parosity is calculated from
total room volumne and room wvoid volume at this intermediate staie. ]
Based on the Stone (1998} calculations, this yields: |
|
|

v 766m?
= y__ = = 0.38
¢ V. +V, 766m® + 1229m?

The model intermediate reom has a total volume of 1291 m? (see
room geometry rationale). To model an intarmadiate void volums

of 766 m® and solids volume of 1229 m?, consistent with Stone
(1995), an intermediate room porosity of 0.3840 is used in _
gsimulations. The model intermediate room porosity corregponds to |
a void volume of 768 m? and a solids volume of 1226 m®,

The fully consalidated room porosity is derived from the final void
volume state reached in the no gas generation {f=0.0) room
closura simulation conductad by Stona {1995): |

R 343m?® _
NN T I e

Tha model fully consolidated room has a total voluma of 1567 m? |
(see room geometry rationala). To modal a fully consolidated veoid
volume of 343 m? and solids volume of 1229 m?, consistent with
Stone {1995), a fully consdlidated rgom porosity of 0.2180 is used
in simulations. The maodel fully consolidated room porosity
corrasponds to a void volume of 342 m® and a solids volume of |
1228 m?, J
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PARAMETER
{ocont'd) ¢

Hoom Forosity

COMMENTS
focont’d):

REFERENCES :

Beraun and Davies {1292; Figure 2) estlmata a fully consaolidated

{i.e., at 15 MPa stress} waste porosity of about 0.2, which jg cloge
1o the fully consolidated raem parosity.

Beraun, R., and P.B. Davies. 19392, "Baseline Besign Input Data
Base to be Used Buring Calcutations Effort to be Performed by
Division 1514 in Determining the Mechanical Cresp Closure
Behavior of Wasts Disposal Roomns in Bedded Salt," Prefirminary
Parformance Assessment for the Waste Isafation Pifot Flant,
Decembar 1992 - Vohine 3: Modal Parameters. SAND92-
Q700/3, Albuquerque, NM: Sandia National Laboratories. A-5
through 4-13.

Lappin, A.R., R.L. Hunter, D.P, Garkber, and P.B. Davies, ads.

1988, Systems Analysis, Long-Term Radionuclide Transport, and
Dose Assessments, Waste fsolation Pilot Flant (WIPF),
Southeastern Naw Mexico: March 1988, SANDS2-0462,
Albvgquerque, NM: Sandia Mational Laboraterias,

Stona, C.M. 1995. "Creep Closure Behavior of Waste Disposal !
Rooms n Bedded Salt Due to Gas Generation Produced by Several
Alterpatives of the Engineered Alternatives Task Force," A
Summary of Methods for Approxirnating Saft Creep and Disposal
Room Closure in Numerica!l Methods of Multiphasa Flow. G.A,
Freaze, K.W. Larson, and P.B. Davies. SAND94-0251,
Albuquerque, NM: Sandia Natianal Laboratories. C-856 through
C-105.

U.S. Department of Enarqy. 1986. Design Validation Firal Report.
DOE/MWIFP 88-010. San Francisco, CA: Bechtel Maticnal, Inc.
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DATE : | 08/31/93 RATIONALE NUMBER :
PARAMETER : | Salado Compressibility

VALUE : Compreszsibility
a (buk) a, {pore volumel
Pa’ Pa?! ‘
Halite 2.7E-11 2.7E-09
Interbads B.3E-12 8.3E-10
ROCKS

RATIONALE : Compressibility of the porous matrix for both the Salado halite and
the anhydrite interbeds can ba computed directly from elastic
properties (Green and Wang, 1990; p. 1632):

-1 1
4= E+aGr3 m

where:
a = rock compressibility [Pa’],
K = drained bulk modulus of rock [Pa],
& = drained shear modulus of rock [Pal,

The pore volume compressibility, o, which is required in most
multiphase flow cades, can be calculated using a and thea pumslt*,f.
@, fram (de Marsily, 1986; pp. 103-105)k

a =9 {2}

Saladn Halita

Beauheim et al. {1891; p. 37} gives the following ranges for halita
elastic properties:

i, RBase Max.

Poisson’s Ratio (v} 017 0.25 0.3

Bulk Modulus {K} iGPa) 15.0 20.7 21.7

i Shear Modulus {5} [GPa} 8.1 12.4 15.6

I
Young's Madulus (E) [SPal 20.7 31.0 36.9 I

—_— e
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| PARAMETER | Salado Compressibility
{cont’d) : ,

COMMENTS :

The halite rock compressibility, &, is calculated from equation (1}
using the base values for K and G: |

= L - =11 Pg-!
‘ {20.7x109Fa) + {4H12.4%x10%Pa)/3) 2.7x107" Pa

Using tha specified Salado porosity, ¢, of 0.01 (see porosity
rationale}, ¢, is calculatad from equation (2}

a =2 =27 x10% pa”
tit] I

Eal Interbe

Beauheim et al. {1881; p. 37) gives the following ranges for
anhydrite elastic properties:

Min. Base Mazx.
Young’s Modulus {E} [GPa] £59.C 75.1 78.9
Poisson’s Ratia (v} 0.3 0.35 0.42
Bulk Modulus (K) [GPal G681 53.4 55.0
Shear Modulus (G) [GPal 21.4 27.8 30.4

Thase anhydrite properties are assumed representativa of the
interbeds. The anhydrite interbed rock comprassibility, a, is
calculated from equation {1) using the base values for K and &:

= L - -12 -1
o EEaxioPe s @ ETRaE oo e

Using an interhed porosity, @, of 0.0 {ses porosity rationale) the
interbed pore volume compressibility is calculated from equation
{2} as;

J =

a . .
A E-E.Sxm‘“Fa‘ ‘

.
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PARAMETER
{contd) ;

COMMENTS :

Salado Compressibility

The compressibility of the rock pores is proportional to 1/K. The
compressibility of the solids or rock graing is proportional to 1/K,,
wharg K, is defined as the unjacketad bulk modulus of the rock or
the grain modulus. The rock compressibility, «, defined by
aquation (1) assurmes that the rock pores are much mora
compressibie than the solids or rock grains {i.e. K/K,= 0}, In this
case, the specific storage, S,, can be calculated as follows (Freeze
and Cherry, 1979; p. 59):

s, = palo+op) (&

where (baged on Beauheim et al., 1991):
gy = fluid dansity [1200 kg/m’],
g = acceleration of gravity [9.81 Nfkgl,
¢ = porosity [0.01],
£ = fluid {brine) compressibility [2.5E-10 Pa],

Specific storage caleulated from rack compressibilitias uging ||
squation (3) is 3.5E-7 m" for halite and 1.3E-7 m™ for the
interbads.

A parameter range is determined by substituting the maximum and "
rminimum K and G values into equation {1). For halite, the range of
rock compressibility is 2.4E-11 Pa” ta 3.9E-11 Pa™® with a

::urrasponding specific storage rangs of 3.2E67 m't0  4.9E-7 mv

Green and Wang {1921; p. 1632} give the following relationship
for specific storage when the compressibility of the rock grains is
not negligible {i.e. K/, = O): h

- i1 _ 460 -K/KH3) | 1 _1 {(4)
5*"’*9“E ?][‘ W] "[k‘f K]]

where;
ks = bulk modulus of fluid [Pal,

Besuheim et al. {1991; p. 32) suggest that, for halite, K, = 23.4
GPa and that specific storage, calculated from equation {(4)
because K/K, is not zerg, is 9.5E-8 m™. A corresponding effective
halite rock compressibility of 5.6E-12 Pa' can be backed aut using
gquation {3). This value is used as an alternative minimum value,

A-ll-11




PARAMETER Salado Compressibility
{cont'd} ;
L

COMMENTS  For the anhydrite interbeds, substituting the maximum and
{cont’'d} : minimum K and G values into equation {11 vields a range for rock |
compressibility of 8.0E-12 Pa™ to 1.0E-11 Pa™ with a
nn{respanding range for specitic storage of 1.2E-7 m™ to¢ 1.6E-7
. )

Beauheim et al. {1321} reported a range of 9.7E-8 m™ to 2.5E-7 m’
'imterbed specific storage. blsing equation {32), an ahernative
range for anhydrite interbed rock compressibility of 5,7E-12 m™ to
1.9E-11 m! is calpulated.

Beauheim et al. {1891; p. 100} also suggest that fracturing might
result in a fourfold increass in interbed rock compressibility, a.

REFERENCES : Beauheim, R.L., G.J. Saulnier, Jr., and J.D. Avis. 1991.
Interpretation of Brine-Permeability Tests of the Salado Formation
af the Waste [sofation Pilot Plant Site; First imterim Report.
SAND20-0083. Albuguerqua, NM: Sandia National Eaborataries.

de Marsily. G. 1986. Quantitative Hydrogeviogy. Orlando, FL:
Academic Prass.

Freaze, R.A., and J.A. Cherry. 1979, Groundwater. Englewood
Cliffs, NJ: Prentice-Hall, Inc. .

Green, D.H., and H.F. Wang. 1290, "Specific Storage as a
Poroslastic Cosfficient," Wster Resources Research. Val. 26, no.
7. 16311837,
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DATE :

PARAMETER :

08/31/93 RATIONALE NUMBER : 003A

Room Compressibility

KEYWORD : | ROCKS

VALUE :

RATIONALE :

0.0 Pa

The waste-backfill mixture within the waste dispasal rooms is
heterogencous and has physical characteristics that will change as
the room closes. Thus, quantifying the compressibility of the
waste-backfill mixture that fills a room is a difficult task.

In coupled flow and closure simulations, the effects of reom pore
volume compressibility are incorporated indirectly through the
coupling mathads, and the simulated reom (waste and backfill}
compressibility is zaro.

COMMENTS :

For the fixed room geometry simulations, room compressiblity
considars only backfill compressibility. Estimates of backfill
compressibility are based on laboratory tests of crushed saht
backfill at varying states of consolidation {Holcomb and Mannum,
1982; Sjaardema and Kreig, 19871 The laboratory test consists of
consolidating crushed salt under hydrostatic pressure up to

21 MPa, interrupted by several depressurization-repressurization
cycles. Elastic properties have been determined for e2ch
depressurization-reprassurization cycle, which correspond ta a
specific consolidation state and density.

Based on these tests, empirically derived expressions for elastic

bulk modutus and glastic shear madulues were davatoped by f
Sjaardema and Krieg (1987; p. 59):
Ka1.76 x 10* - g"™5%€-3): {1}
|
G = 1.06 x 10% » p!e53E-3ita 2
where:

& = bulk modulus [Pa],
G = shear modulus [Pa],
£ = hackfill density [ka/m?.
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PARAMETER Room Cornpressibility
{cont'd) :

COMMENTS
tcont'd) :

Tha bulk comprassibility of the backfill, 0,,.a. which has units of
Pa™, can be computed directly from the slastic propertias (Grean
and Wang, 1990; p. 1632):

_ i 3
s = ¥ 2G5 &

Most multiphase flow codes use gore volume compressibility, a,
which can ba calculated from the bulk compressihility, a, and the
room porasity, @, using {de Marsily, 198&; pp. 103-105)k

o = (4)

=1 -

Initial Room

Under initial room conditions mast of the compaction will be in the
backdill surrounding the waste. The initial emplacsement density of
the backfill is assumed to be 1280 kg/m® (Mowak et al., 1290).
Equation {1) yields:

K = 1.76x10% « gl855E-3MBkaimt o 7 651 x10? Pa

Equation: {2) vields:
G o= 1,08x10% - gB0E-ND200INT o 4 K523 107 Pa

The bullk compressibility, a, 18 calculated from equation {3);

a = 1 ~ 7.4%10° Pa
[7.51x107Fal + (#3.52x 10" Pa}/i3)

The initial room porosity is 0.66 (see porasity rationale). From
aquation [4):

i = 1.1 % 10°% Pa~?

h-]
aln
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‘ FARAMETER Room Comnressibility
[cont'd} :
COMMENTS  Intarmadiate Room
{cont'd) :
| Under intermediate room conditions the backfill is assumed to be
= compacted to its final density and the waste is assumed to ba
undergaing some compaction. The final fractional density of

‘ backfill is 0.95 {Lappin et al., 1989 p. 4-69) and the density of

intact WIPP salt is 2140 kg/m?® {Sjaarderna and Krieg, 1987;
p. 11). Therafors:

= {0.95){2140 kg/m?)

Fremediste hacidi = {0.951 P aa) '
= 2.03x10? kg/m? ‘

Substituting this density into equations (1Y and {2} vields: ‘

K = 1.76x10¢ - giesE-au0mmam? . 1,01x710' Pa

G = 1.06x10% + e®BSE M0 = §.06x10° Pa |

The bulk compressibility, ¢, is calculated from equation {3):

= 552101 Pa-!

) 1
@ = OTx10%Pal = (6.06% 10°Pai3]

The intermadiate room porcsity is assumed to be 0.38 (see ||
porosity rationale). From equation (4}

a, = .% = 1,4 x 10-'° Pa-!

Fully Consolidated Room

Under fully conzolidated raom conditions both the backfill and
waste are assumed to be compacted to their final density. The
backfill density (2030 kg/m? and bulk compressibility {5.5E-11 Pa
'} are the same as in the intermediate room state. The fully
consolidated raom porosity is assutned 1o be 0.22 {zee porosity |
rationale), From equation {4):

g = = 2.5 x 10~ pg

il
e

PARAMETER Room Compressibility
{cont’d) :
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COMMENTS  The bulk comprassibility of the wasta can be estimated from tha
(cont'd} : relationship between waste porosity, ¢, and stress {assemed
gquivalent to affective stress, g} presented by Beraun and Davies
{1982, p. 4) using the relationship (Freeze and Cherry, 1879; p.
54): '

. _do
do. (6}

am

At early time (stress < 4 MPa, initial room state} the bulk
compressibility of the waste is:

o (0.44-0.78)  _ g .10+ pa-
Duwsie ™ " A OX TP D ARTON | o <10 e

At late time {sirass > 8 MPa, fully consclidated room stata):

_ {0.19 -0,31) = 1.7% 1040 pg=
evete (15.0x10%-8.0x 109 X

These results suggast that the waste is much more compressible
than tha backfill.

Thegse room comprassibility valuss are ragarded as having a very
large uncertainty, Sources of uncartainty include:

i) Assumption of using backfill to approximate what will in
reality be a mixture of backfill and waste.

i} Unesrtainty in the estimate of baclkfill density at any given
paint in & room’s clesure history.

it Salection of appropriate room perosity for converting to

pore volume compressibility from the bulk compressibility.
For these calculations, the estimated porosity for a waste-
backfill mixture is used.
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PARAMETER
fcont’d) :

. . S . —— —

Room Compressibility

REFERENCES :

Beraun, R., and P.B, Davies. 1992. "Baseline Design Input Data
Base to be Used During Calculations Effort to be Performed by
Division 1514 in Determinlng the Mechanical Craep Closure
Bahavior of Waste Disposal Roomes in Bedded Salt,” Prafiminary
Parformance Assessment for the Waste Isolstion Pllot Plant,
December 1992 - Volume 3: Mode! Parameters. SANDS2-
270043, Albuguerque, NM: Sandia National Laboratories. A-5
through A-13.

de Margily, G. 1988. Quamtitative Hydrogeology. Orlanda, FL:
Academic Press.

Freeze, R.A., and J.A. Cherry. 1979. Groundwater. Englewood
Cliffs, NJ: Prentice-Hall, Inc.

Green, D.H., and H.F, Wang. 1880. "Spscific Storaga as a
Pareelastic Coafficient," Water Resources Research. Vol. 26, no.
7, 1631-1637.

Holcomb, D.J., and D.W. Hanmum. 1882, Consolidation of
Crushed Sait Backiilf Under Conditions Appropriate ta the YWIFF
Facility, SANDRB2-0530, Albuguarque, NM: Sandia National
Laboratories.

Lappin, A.R.. R.L. Hunter, D.P. Garber, and P.B. Davies, eds.
1988, Systems Analysis, Long-Term Radionuclide Transport, and
Dose Assaszments, Waste fzolation Pilot Plant (WIFF),
Southeastern New Mexico: March 1983, SANDBY-0462.
Albuguergue, NM: Sandia National Laboratories,

Nowak, E.J.. J.R. Tillerson, and T.M. Torres. 1990. [nitlaf
Reference Seal Systern Design: Waste fsolation Filot Flant.
SAND90-0355. Albuguerque, NM: Sandia National Laboratories,

Sjaardema, G.D., and R.D. Krieg., 1987, A Constitutive Mode! for
the Consolidation of WIPFP Crushed Salt and Hs Use in Analyses of
Backififled Shaft and Drift Configurations. SANDB7-1877.
Albuquergue, NM: Sandla National Lahoratories.
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HE. TWO-PHASE PROPERTIES
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08/31/93 HATILJEALE MUMBER !
PARAMETER : | Ralative Permeabitity and Capillary Pressure Curves for Halite
VALUE ; S, ks ' P,
H 0.200 0.000E+© | 1.000E+0
0.220 2,2308-9 | 9344E1 | 1332, | 13320
0.250 4.776E-7 | 8.402E1 | 359.6 | 3596
| : 0.300 2.769E-6 | 6.93ge-1 | 133.6 | 1336
0.350 2.976E-4 | 5.598E-1 74.86 | 748.6
0.400 1.605E-3 | 4.380E-1 | 49.64 | 496.4
| 0.450 5.930E-3 | 3.287€-1 36.09 | 260.9
0.500 - 1.7258-2 | 2.327e-1 27.81 | 278.1
0.525 2,757E-2 | 1.803E-1 24.81 | 248.1
0.550 4.255E-2 | 1.519E-1 22.31 | 223.1
0.575 6.3746-2 | 1.177E-1 | 20.22 | 202.2
0.600 9.303E-2 8.785E-2 18.44 184.4
0.650 1.554E-1 4 159E-2 15.58 155.8
0.675 2,545E-1 257862 | 14.43 | 144.3
g 0.700 3.437E-1 1.403E-2 | 13.41 | 1341
0.725 4,574E-1 6.290E-3 | 1250 | 125.0
0.750 6.007€-1 1.980E-3 | 1.70 | 117.0
0.770 7.40581 | 4.488E4 | 3142 | 1112
0.790 9.062E-1 1.74486 | 10.58 | 105.8
0.800 1.0C0E+0 0.000E+0O $10.33 103.3
.0.900 1.000E+0 | 0.000E+0 | 8.200 | 82.90
1.000 1.000E+0 | 0.000E+0 | 6.850 | 68.50
| kevwomo:{RocKs,RPCAP |

RATIONALE : There are no measured relative permeability or capillary pressure
curves for the Salado halite. A literature search failed to locate
gither measured or theoratically basad curves for the halite, In
the absence of site-specific or halite-speciic data, two-phase
properties are based on data from actual measuremsnts on
analogue materials. A "tight™ gas sand core (Sample MWX
67-35) from the multi-well experiment (Morraw et al., 1986} was
selected as an analogue to determine the relative permeahbility
characteristics of halite.
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PARAMETER

{cont'd} :

RATIONALE
{cont'd) :

Relativa Perrneability and Capillary Prassura Curves for Halite

The "tight" gas sand sample is from the Williams Fork Formation of §
the Mesa Verds Group. The snvironment of deposition is a lower
delta plain referred to as a paludal zone characterized by very fine :
sand interbedded with coals and shale. Sample 67-38 is a fine
sandstone with thin bedding. 12 parcent porosity, moderate
sorting, subangular quartz grains, and dolomitic cementation, The
dominant pare geometry cansists of intergranular cracks batween
abutting quartz graing and soluwtion pores partially filled with
dolomite (Morrow st al., 1986; Sceder and Randalph, 1884}, The
permsability of this sampls to bring is 43 pd {4.3E-17 m? at

3.4 MFa confining pressure and 24 pd {2.4E-17 m at 34.0 MPa
confining pressure.

The two-phase proparties are derivad from the relationships of
Brooks and Corey {1264):;

Waetting Phase (biine} Relative Permeability
ky =k, = §l2-3H (1}
Mon-Watting Phasa {gas) Relative Permeahility
Ky = Ko = (1 = SF (1 - 539 (2)

where the effective wetting phase (brine) saturation, S, is definad
as:

S, = — Se ~ Sw {3)
1- " Ehr
and
A = pora-gize distribution index,
5, = waetting phase (brine) saturation,
8., = residual brine saturation, and
8,. = critical gas saturation.

Equation {3) for aeffective watting phase saturation diffars slightly
frormn the form presented in Brooks and Corey {1964), however,
they do discuss this form briefly in Appendix | {p. 23}. This
formulation is similar to an equation prasented by Burdine {1853),
whaose work provides a basis for the Brooks and Coray

A-I1-20



Relative Parmeability and Capillary Pressura Curves for Halite

|  PARAMETER

{cant’d} :

RATIONALE  [1964) modsel. Equation (3) is selected bacause it satigfies the

{cont’d} : bounding conditions of the ralative parmneability relationships of

aguations {1) and {2). At the point of zere brine mobility, S,=S,.
equation (3} vields S,=0 and equation (1) yvields k,=0. At the
point of zero gas mobdlity, S,=1-5,,, equation (3] yields S,=1 and
equation (2} yields k,=0.

The Brooks and Coray {1964) modeal ig fit to the measurad data
from the "tight® gas sand. From this fit, the following parameter
values are estimated:

S, =020 $§,=0.20 A=07

The S, value was estimated from the observed non-wetting phase
relative permeability versus saturation data shown in Figures 1 and
2. The method used to datermine 5, is describad in Brooks and
Coray {1964; p. 24). Determining S, is a trial and arror procedure
that involves fitting calculated curves to the observed capillary
pressura versus saturation data shown in Figures 3 and 4.

The A value used in the Brooks and Coray {1964} model is obtained
by determining the slope of a line through the observed capillary
pressure for the "tight" gas sand plotted logrithmically as a
function of effective brine saturation, S,

(Figure 4). A threshold pressure for the sand (0.3 MPa) is also
determined from Figure 4. The run 2 and run 3 data points on
Figures 2 and 4 are taken from Morrow et al. {198€; Fig. 19).

l Becausa the "tight" gas sand permeability (4E-17 m? was about
four orders of magnitude higher than the halite parmeability {1E-
21 m?), the threshold pressure, P, for halits was estimated from a
permeability-threshold prassura correlation, The threshold pressurs
is defined as the capillary pressure at the point gas forms a
continuous phase (i.e., at S, = 5,).

Halite threshold pressures, P, (in MPa), are calculated from the
following permeability corralation (k in m3) for consolidated
lithologies {Davies, 1991; p. 25k

P, = {6.6x 107}k 0%8) (4}

and: P, = 10.3 MPa (for k = 1E-21 m?
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: PARAMETER
: fcont'd) :

RATIONALE  The capillary pressure, P, is caleulated from the threshold pressura
{cont’d) : {Brooks and Corey, 1964):

P

X (5}

s =

Figure 5 shows the caleulated capillary pressure curve for balite
witfy @ permeability of 1E-21 mé?,

The wetting (brine} and non-wetting (gas) phase ralstive
perm&ability curves, calculated from equations {1} and {2},
respectively, are indicated by solid lines in Figures 1 and 2. The
calculated sand capillary pressure curves, calculated from equation
{5], are indicated by solid lines in Figures 3 and 4. Tha calculatad
relative permeahkility and sand capillary pressure curves closely
appreximate the observed data in al! four figures. Therefore, the
Syee Sy @nd A values selected ara considered representative of the
“tight" gas sand and are assumed to provide an analogue for halite
relative permeatility. Measurements of relative parmaability for tha
wetting phase were not obtained by Morrow et al. (1986) for the
mutti-well borehole cores because of the length of time raguired
and the difficulty in obtaining accurate measurements. The
galeulated wetting phase curve using the Brooks and Corgy (1964) I
model provides the best available estimate for this parameter.

COMMENTS : To examina the sensitivity of system behavior to halite multiphase
flow properties, the residual brine and gas saturations wers varied
from 0.0 to 0.4 and the pore-size A was varied from 0.2 to 10.0,
as suggested by Wehbb {1992).

A ranga of thrashold pressures was calculated from equation {4):

P, 250, MPs ffor k = 1E-25 m?%
22.9 MPa (for k = 1E-22 m3
4.7 MPa (for k = 1E-20 m3
2.1 MPa (for ¥ = 1E-19 m?)
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PARAMETER
icont’d} -

COMMENTS
(cont'd) :

— .
Relative Parmaability and Capillary Prassure Curves for Halite

Z3as penetration into brine saturatad halite can ocour whan:
P, > P +P

where:

P, = gas pressure in the disposal room,
P, = threshold prassure in halits,
P, = brine pressure in halitg.

Given tha likelihood of high threshold pressuras in the halite .
(Davies, 1997: p. 28), gas penetratioh may not occur under i
repository conditions. ¥ gas pressures in the room reach
lithostatic pressure {15 MPa) and the far field bwvine pressure is

12 MPa, gas penetration into halite will not occur unlass

P, = 3 MPa or less. However, brine pressures are likely 10 be
significantly lowear within tha first few matars of an excavation.
Assuming that brine pressurs falls to near atmospheric

{~ 0.1 MPa) adfacent to an excavation, gas penetration into at
least the depressurized zone of halite is likely to occur for

F, = 15 MPa or less.

In summary, for thasa estimated thrashoid pressuras. gas
panetration may he restricted to a narrow zone of depressurized
rock directly adjacent to the excavation.

The gas sand sample has an intrinsic permeability of
approximately 4.0E-17 m? whereas the intrinsic permeabhility of
the Salado halite ranges from 1.0E-20 m?® to 1.0€-22 m?%,
However, the gas sand is the closest analogue found for the
Sslado hsalite. Damend and Roberts {(1987) suggest that relative
permeability curves are insensitive to intrinsic parmeahility, in
which case tha difference in the permeabilities may not be a
major issue. However, the degres to which this gas sand sample
represents the pore size distribution and pore stucture likely to
axist in the Salada halite is of importance. The three to five order
of magnitude difference in permeabilitizs between the gas sand
and the Salado halite may suggest a diffarent pora structure,
Monetheless, until a more representative sample can be identified,
the raelative permeability and capillary pressure curves for the gas
sand arg assumed suitable for the Salado halite.
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PARAMETER
fcant’d) :

REFERENCES

Relative Permeability and Capillary Prassurs Curves for Halite
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Figure 1. Observed relative permeabilities for the "tight"” gas sand and calculated
relative permeabilitias.
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08731793 RATIONALE NUMBER :
PARAMETER : | Relative Permneability and Capillary Pressure Curves for the Salado
Interbeds
VALLUE : = ke ke P,
MPa bars
0.200 0.000E+0 | 1.000E+0
0.220 2.230E-9 9.344E-1 3B.66 386.6
0.250 4.776E-7 8.402E-1 1C.44 104.4
0.200 2.769E-b 6.938E-1 3.879 38.79
0.350 2.976E-4 5.598E1 2174 21.74
0.400 1.605E-3 4 _380E-1 1.441 14.41
0.450 5.930E-3 3.287E-1 1.048 10.48
0.500 1.725E.2 2.327E-1 L0075 8.075
0.62% 2.757E-2 1.8903E-1 L7203 7.203
0.5650 4.265E-2 1.519E-1 6479 6.479
0.575 6.374E-2 1.177E-1 5871 5.871
0.600 9.303E-2 B8.78BE-2 53564 5.354
0.650 1.864E-1 4,189E-2 A525 4,525
0.675 2.BASE-] 2.578E-2 4189 4188
0.700 3.437E-1 1.403E-2 3883 3.893
0.725 4. 574E-1 6.290E-3 S631 3.631
0.750 6.007E-1 1.980E-3 3397 3.397
0.770 7.405E-1 4 4838E-4 .3228 3.228
0.780 9.062E-1 1.744E-5 3073 3.073
0.800 1.000E+0 | 0.D00E+D L3000 3.000
0.900 1.000E+0 | O.000E+©D 2407 2.407
1.000 1.000E+0 | 0.000E+0Q .1989 1 58_9“"
KEYWORD : | ROCKS, RPCAP —
RATICNALE : There are nc measured relativa permeability or capiflary pressure
gurves for the Salado interbeds. A literature search failed to
locate either measured or theoretically based curves for the
Salado interbads. In the absence of site-specific data, two-phasa

properties are based on data from sctual measurerments on
analogue materials. A “tight" gas sand corg {Sample MWX
67-35) from the multi-well experimant {Morrow at al., i986) was
selected as an analogue to determine the -
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{cont'd) :

interbeds

RATIONALE
jcont'd) :

" delta plain referred to as a paludal zone characterized by very fine

Relative Permeability and Capillary Pressure Curves for the Salado

relative permeability characteristics and threshold pressure of the
anhydrite interbads. |

The "tight” gas sand sample is from the Williams Fork Formatian of
the Mesa Verde Group. The environment of deposition is a lower

sand interbeddsd with coals and shale. Sample 67-356 is a fing
sandstone with thin bedding, 12 parcent porosity, moderate
sorting, subangular quartz grains, and dolomitic cementation. The
dominant pore geometry consists of intergranular cracks betwesen
abutting quartz grains and solution pores partially filled with
dalamite {Morrow et al., 1986; Soeder and Randolph, 1984), The
permeability of this sample to brine is 43 yd (4.3E-17 m* at

3.4 MPa confining pressure and 24 pd {2.4E-17 m?) at 34,0 MPa
confining pressure.

The two-phase properties are derived from the relationships of
Brooks and Corey (18984):

Woetting Phase {bring} Relative Permeabitlity
k, = k, = Sk (1)

Non-Wetting Phasa (gas) Relative Permeability
kg = Ko = {1 = 542 {1 = S0 (2}

whara tha effactive wetting phasa {brine} saturation, S,, is defined
as:

— 5h-shr 3 :
R r 3)

parg-gize distributicn index,
weatiing phase (rine) saturation,
residual bring saturation, and
critical gas saturation.

LT3
L-J
nmomn

Snn
Equation (3) for affective wetting phase saturation differs slightly

from the form presented in Brooks and Corgy [1364), however,
thay do discuss this form briefly in Appendix | {p. 23). This
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icont’ d :

RATIONALE
{cont’d) :

Intarhes

formulation is similar to an equation presented by Burdine (1953),
whose work provides a basis for the Brooks and Corey {(1964)
model. Equation {3) is selected because it satisfies tha bounding
conditions of the relative permeability relationships of equations (1)
and {2). At the point of zerp brine mobility, S, =S,,, aquation {3)
yiglds S,=0 and equation {1) yields k,=0. At tha point of zero pas
mobility, S, =1-S,, equation (3} vialds S5,=1 and aqustion {2) yields
%, =0.

The Brocks and Coray {1364) model is fit to the measured data
from the "tight" gas sand. From this fit, the following paramster
valuas are estimated:

S, =020 §,=020 A=07

The S, valus was astimated from the observed non-wetting phase
relative permeability versus saturation data shown in Figures 1 and
2. The method used to determine S,, is described in Brooks and
Corey (1984; p. 24). Datermining S, is a trial and error procedura
that involves fitting caloulated curves to the observed capillary
pressure versug saturation dats shown in Figures 2 and 4.

The A value used in the Brooks and Corey (1984 modal is obtained
by determining the slope of a line thraugh the ohserved capillary
pressure for the "tight” gas sand plotted logrithmically as a function |
of effective bring saturation, S,

{Figura 2). A threshold pressurs for the sand (0.30 MPa) is also
determined from Figure 4. The run 2 and run 3 data points on
Figuras 2 and 4 ars taken from Morrow et al. {1936; Fig. 18

Because the "tight™ gas sand permesbility (4E-17 m? was within
two orders of magnitude of the anhydrite interbed parmeability {1E-
18 m?), the thrasho!d pressure, P, for the sand (.20 MPa) was
assumed to be representative of the Salado interbeds. The
thresheld pressure is defined as the capillary pressure at the point
gas forms a continuous phase (i.e., at S, = 5.J). The capillary
pressura, P, is calculated from the threshold prassure {Brooks and
Coray, 1964):

P,

P, = (4)
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PARAMETER | Ralative Permeability and Capillary Pressure Curves for tha Salade
L (contd) : | Interbeds

RATIOMALE
{cont'd) :

COMMENTS :

The capillary pressure curve for the "tight" gas sand (Figure 3},
calculated from equation {4}, is representative of tha interbeds.

This threshold pressure is slightly lower than the valus {2.1 MPa) |
found by Davies (1991; p. 25) using a permeability correlation. A
lower threshold prassura is congistent with fracturing .

The weiting (bwine} and non-wetting (gas) phase relativa
permeability curves, calculated from equations {1) and (2),
respactively, are indicated by solid lines in Figures 1 and 2. Tha
calculated sand capillary pressure curves, caleulated from aquation
(4}, are indicatad by solid lines in Figures 3 and 4. The calculated
relative permeability snd sand capillasy pressurs curves closely
approximate the observed data in all four figures. Therefore, the
Seei S and A values selected are considered representative of the
"tight" gas sand and are assurmned 10 provide an analogue for halite
relativa permeability and capillary pressure. Measurements of
relative permeahbility for the wetting phase were not obtainad by §
Morrow et al. {1986} for the multi-well borehole cores because of
the length of time required and the difficulty in obtaining accurate
measuraments. The calculated wetting phase curve using the
Brooks and Carey (1964 madel pravides the best available
eztimate for this paramestar.

This core is selacted bacause it has parmeability close to the

range believed 1o exist in the interbeds. Although intrinsic
permeability does not have a direct effect upon the relative
permeability and capillary preszure curves, the pore structure and
pore size do. These glso directly affect intringic permeability.
Therefore, a sample with low permeability is used with the
assumption that at extremsly low permeahilities, the pore
chearacteristics would not be radically different from that which
gxists in the interbeds. This sample contains visible fractures but,
because of the naturs of dominant pore geometry (i.e. intargranular
cracks between quartz grains}, the data from this sample is still
considered to represant the characteristics which might ba found in
the Salado interbads. '

To examing the sensitivity of system behavior to the interbed
rnultiphase flow properties, the residual brine and gas saturations
were varied from 0.0 to 0.4 and the pore-size A was varied from
0.2 to 10.0, as suggested by Webb {1992}, ) ‘
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jecont'd] « | Interbads

COMMENTS A range of threshold pressures was caloulated from equation (44

feont’d) : .
4.7 MPa {for k = 1E-20 m?)
2.1 MPa for k = 1E-19 m¥
1.0 MPa {for k = 1E-18 m¥}
0.2 MPa ffor k = 1E-16 m?)

P,

The relative permeability and capillary pressure data abtained in
"tight" gas sands provides a reasonable first estimata of the
two-phase parametsrs needed to characterize tha relative
parmaability and capillary pressure curves for the WIPP interbeds.
The gas sands bhave intrinsic permeabifities ¢lose to the range
I believed characteristic of the interbeds. However, a question that
remains to be answered ariginates from the differences in pore
geometries batwaan tha gas samls and the interbeds and the effe
this difference would have on the relative permeability and caplllary
Pressura ourves,

REFERENCES : Brooks, B.H., and A.T. Corey. 1864. Hvdrsulic Froperties of Porous
Mediz. Hydrology Papers bo. 3. Fort Colling, CO: Colorado Staie
University.

Burdine, N.T. 1953, "Relative Permeability Calculationg From Pore-Size
DCigtribution Data,” Transactions of the American instiivie of Minig and
Mataliurgicsf Engineers. FPetrofeunt Branch. Yol 138, 71-78.

Davies, P.B. 1991. Evaluation of the Rofe of Threshold Fressura in
Controifing Flow of Wasta-Generated Gas into the Bedded Sait at the
Wasta Isoégtion Filot Flant. SANDS0-3245. Albuquerque, NM: Sandia
Matlonal Leboratories.

Morrow, M.R., 1.5 Ward, and K.R. Brower. 1986. Aock AMatrix and
Fracture Analysis of Flow in Westerr Tight Ges Sands. 1585 Annual
Report. DOEMC{21172-2032 (DEGSOO1065). Morgantown, W LS,
Dapartmert of Energy; Socormo, NM: New Mexico Insiitute of Mining and
Technology, NMew Mexico Petroleumn Recovery Center,

Sceder, 0.J., and P.L. Randolph. 1984. Specis! Dry Core Ansfysis of
the Mess Verda Formation U.5. DOE Multiwell Expeariment Garfisld
County, Coloradn. DOEMC{20342-4. Morgantown, Wy: U.S.
Department of Energy.

b
Webb, S.\W. 12982, "Uncertainty Estimates for Two-Phase Characteristic
Curves for 1992 40 CFR 191 Calculations," FPrefiminary Performence
Assassment for the Wasie fsolation Filot Plant. December 1982 - Vofume
3 Mool Parameters. Sardiz WIPF Froject. SANDS2-0700/3,
thuquercﬁe, NM: Sandia National Lahnratﬂes. A-147 through A-7165.
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Figure 1., Observed relative permeabilities for the "tight"” gas sand and calculated
| rafative permeakilities for the WIPP interbeds.
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AMETER [ Rslative Permeability and Capiliary Pressure Curves for the Salado
{contd) : | interbeds

w- 3
= E
X 5
| Ee R
: o 3
| D, i
ﬁ 10 E
< I
14 4
Wy
A E 10°*
5
i
o
-
0~ e T T ggl:eurﬂgd(nm —welting)
[/ I | T T T T T T [] T T |
0.00 0.20 0.40 Q.60 0.EO 1.08
WETTING PHASE (BRINE) SATURATION, Sb
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Relative Permeability and Capillary Pressure Curves for the Salado
Interbeds
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Relative Fermeabiliw and Capillary Pressure Curves for the Salado
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Figure 4. Observad and caleulatad effective saturation vs., capillary pressure used

to datermine the Brooks and Carey (1964) madel naramatars, A (slope)
and P, (intercapt at S,=1).
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RATIONALE NUMBER :

DATE : | 08/31/93 003
PARAMETER : | Relative Permeshbility and Capillary Pressure Curves for the Waste
Disposal Roomn
VALUE : Sy ks ke P.
{Pa} {bars)

0.276 0.000E+0 | 1.000E+0

0.290 5.228E-7 9.594E-1 6.5956-3 | 6.595E-2
0.300 3.823E-6 9.209E-1 5.473€-3 | 5.473E-2
0.325 5.3228-5 8.5681E1 4.270E-3 | 4.275E-2
0.350 2.443E-4 7.831E-1 3.707E-3 | 3.707E-2
0.400 1.643E-3 6.428E-1 3.100E-3 | 3.100E-2
0.4560 5.739E-3 5.136€E-1 2.767E-3 | 2.757E-2
0.500 1.458E-2 3.975E1 2.527E-3 | 2.627E-2
0.550 3.068E-2 2.975E1 2.356E-3 | 2.356E-2
0.600 5.697E-2 2.130E-1 2.224E-3 | 2.224E-2
0.650 9.678E-2 1.444E-1 2.116E-3 | 2.118E-2
0.700 1.538E-1 9. 111E-2 | 2.028E-3 | 2.028E-2
0.750 2.321E-1 5.208E-2 1.949€-3 | 1.248E-2
0.800 3.361E1 2.671E-2 1.883E-3 | 1.883E-2
0.850 4. 706E-1 9.960E-3 1.824E-3 | 1.824E-2
0.900 6.406E-1 | 2.384E-3 1.772E-3 | 1.772E-2
0.925 7.406E-1 7.848E-4 1.742E-3 | 1.749E-2
0.950 8.615E-1 1.290E-4 1.726E-3 | 1.726E-2
0.970 9.486E-1 4.826E-6 1.708BE-3 | 1.708E-2
0.950 1.000E+C | O000E+0C | 1.700E-3 | 1.7C0E-2
0.990 1.000E+0C | O.000E4+0 | 1.692E-3 | 1.692E-2
1.000 1.000E+0 | G.ODOE+O | 1.684E-3 | 1.684E-2

| KEYWORD : | ROCKS, RPCAP |

There are no measurad relativa permeability or capillary pressure
curvas for waste disposal rooms at the WIFP site. A literature
search failed to locate either measured or theorstically based
curves for the waste disposal raoms. In the absence of site-

RATIOMALE :

spacific or room-specific data, two-phase properties ara based on
data from actual measurements on analogue materials, A
heterogeneous mix of unconsolidated
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{cont'd} :

RATIONALE
{cont'd) ¢

Relative Permeability and Capillary Prassura Curves for the Waste
Disposal Reom

fragmented clay, sandstens, and volcanic sand (Brooks and Corey,
1964) was selectad as &n analogue to detarmine the relative
permeability characteristics and threshold pressure of the waste
disposal rooms.,

The analogue material was ¢reated to simulate a soil characterized
by a well aggregated structure with secondary as well as primary
porosity. Aggregates created by crushing oven-dried clay and
consolidated sandstone were combinad with volcanic sand to
obtain this mixture, The mixture had a porosity of 0.44 and an
intrinsic permeability of 1,8E-05 m®. This perosity is naar tha
middle of the ranga expectad for the various waste disposal room
states (spe room porosity rationala), The parmeability is higher
than expected in the room by at least six orders of magnitude (see
room parmeability raticnalel.

Tha two-phase properties are derived from the relationships of
Erooks and Coray {1964):

Wetting Phase (brine} Relative Permeability
kpp = Kpy = S84 (1

Mon-Watting Phase {gag) Relative Parmeability
Kg = K = (1 =8P (1 - 57" (2}

where the effective wetting phase {brine) saturation, S,, is defined
as;

S, = >t Sw_ (3)
1 = Bp — Sy
and
A = pore-size distribution index,
5, = wetting phase {hring) saturation,
S, = residual twine ssturation, and
S, = critical gas saturation.

Equation (3) for effective weiting phase saturation differs slightly
from the form presented in Brooks and Corey (1984}, however,
thay do discuss this form briefly in Appendix [ {p. 23). This
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PARAMETER Relative Permeability and Capillary Pressure Courves for the Waste
icont'd) : | Digposat Room

BRATIOMNALE
jcont'd) :

formulation ig similar o an equation presented by Burdine {$1953),
whosga work provides a basis for the Brooks and Corey (1964)
model, Equation (3} is selected because it satisfies the bounding
conditions of the relative permeability relationships of aquations (1)
and {2). At the point of zero brine mobility, S,=S5,.. equation (3)
yields S,=0 and equation {1} yields k,=0. At the point of zero
gas mobility, 8, =1-8,,, equation (3} yields S, =1 and equation {2}
yields k,,=0.

The Broaks and Corey {1964) model is fit to the measured data
from the fragmentad mixture. From this fit, the following
parametar values sre estimated:

Sy = 0.276 S, =002 A =289

The 5, value of .02 was estimated from the observed non-
watting phasa relativa permeability versus saturation data shown in
Figures 1 and 2. The method used to determine S, is described in
Braoks and Corey (1964 p. 24). Thay datermined S, for tha
fragrnented mixture to be 0.276.

Brooks and Corgy {1964) obtained a A value of 2.83 by

determining the slope of a ling through the cbservad capillary l
pressure for the fragmented mixture plotted logrithmically as a
function of effective brine saturation, S, {Figura 3). A thrashold
- prassure, P,, far the fragmentad mixture was determined by Brooks
and Corey {1984} to be 1.7E-3 MPa based on Figure 3.

The threshold pressure is defined as the capillary pressure at the
point gaz forms a continuous phase {i.e., at 5, = 5,). The
capillary pressure, P, is calculated from the threshold pressura
iBrooks and Corey, 1964):

P, I

P = 5w (4)

The capillary pressure curve for the fragmented mixture, calculated |
from equation (4], is shown in Figure 4.

Howevear, because the heterogensous waste and backfill is not
expectad to have a consistent pora structure, zero capillary
pressure was assumed for the room.
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FARAMETER
cont'd) :

RATIOMNALE :
fcont'd) :

COMMENTS :

Relative Permeability and Capillary Pressure Curves for the Waste
Disposal Room

The wetting {brine} and non-wetting {gas) phase relative |
permaability curves, calculated from equations {1) and (2],
raspectively, are indicated by solid lines in Figures 1 and 2. The
calculated relative permeability curves claosely approximate the l
observed data in both figures. Tharefors, the 5,,, 8, and A values
selected are considered representative of the fragmanted mixturs
and are assumed to provide an analogue for the waste dizposal
room relativa permaability.

To examine the sensitivity of system behavior o disposal toom
multiphase flow properties, the residual brine saturation lowered o
0.01, the residual gas saturation was varied from 0.01 to (L1,
and the pare-size A was varied from 0.2 10 10.0.

Brooks and Carey (1264) usad a variation of equation (3) to
caleulate affective wetting phasa saturation, S,. They assumed
that S was equal to zero for their calculations. Thus, the values
of S, A, and P they present are slightly ditferent than if 8,,=0.02
had been used. These differencas are insignificant, given the
gverall uncertainty in tha parameters.

Tha digpozal rogms are axpecied to contain a heterogenous mix of
partislly crushed drums and backfill. The backfill will consist of
crushed salt or a mixtura of crushed salt and bentonite, The
fragmented mixture used gs an analogue for the digposzal raom
contents was selectad because of its high degrea of hetaroganeity.
YWhilg this representation of the disposal room contents may he
useful from the standpoint of capturing some of the heterogenous
charactar of a room, it may underestimate the capacity of the |
backfill to adsork and immmobilize a gignificant quantity of water.
Alternative enalogues for the rasm contents that focus on

inbibition behavior arg required to examine this aspect of room ||
behavior.

Demond and Roberts (1987) suggest that the ralative permeability
and capillary pressure curves are insensitive to intringic
permeabifity, in which case the difference in the permeability of the
analogue maierial and the permeability of the waste disposal room
may not be a major issue. However, the degrae to which the
fregmented sempls rapresents the pora size distribution and pores
structure likely to exist in the reom is of importance. The greater
than four order of magnitude difference in perrneabilities betwaan
the fragmented mixture and
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PARAMETER Relative Permeability and Capillary Pressure Curves for the Waste
[cont'd] ; | Disposal Room

COMMENTS the room may suagest a differant pora structure. Nonetheless,

[cont’d} : unti! a more representative sample can be identified,; the relative
permeability and capillary pressure curves for the fragmented
mixture are assumed suitahle for the waste disposal room.,

REFERENCES : Brooks, R.H., and AT, Corey. 1964. Hyvdraulic Properfies of
Porpus Media. Hydrology Paper No. 3. Fort Colling, CO: Colorado

State University.

Burdine, N.T. 1953. "Relative Permeability Calculations From
Pore-Size Distribution Data,” Transsctions of the American Instiute|
of Minimg and Metaliurgical Engineers. Petrofeum Branch. Vol.
198, 71-78,

Demond, AH., and P.V. Roberts. 1387. "An Examination of
Relative Permeability Relationg for Two-Phase Flow in Porous
Media,* Water Resources Bufletin., Vol. 23, no, 4, 617-628.
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Relativa Permeability and Capillary Praessure Curves for the Waste

Disposal Room
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Figure 1. QObserved relative permeabilities for the fragmented mixture and
calculated ralative permeabilitias for the waste disposal room.
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! FPARAMETER Relative Permeabhility and Capillary Pressure Curves for the Waste
{cont’d) : | Disposal Raom

10 ||
T
- 10 "
£
M 45«
o 3
= .
. ;
Led
a ip '
L .
> 1
|— -
3 1073
1 3

0= e Calcubated

bk Obsarved nnn—wﬁlﬁng)
oagoo Jhservad (watiing
10 7 T ] T | T ] T I 1 1
0.00 0.20 0.40 0.60 0.80 1.00

WETTING PHASE (BRINE) SATURATION, Sb

Figure 2. Observad relative parmeabilities for the fragmented mixture and
calculated relative permeahilities for the waste disposal room (log
scals).
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PARAMETER

{cont’d) : | Disposal Reom
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| PARAMETER Relative Permeabifity and Capillary Pressure Curves for the Waste
icont’d) : | Disposal Room
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Figure 4. QObservad capillary pressurs for the fragmented mixture and calculated
caplllary pressure for the waste disposal room.
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! DATE = | 06/09/93 RATIOMALE MUMBER: 002

PARAMETER : | Gas Density

WVALLUE : Pressure Air Density Hydrogen Deansity
iMPa) at 30°C (kg/m?) at 30°C (kg/m?)

Q.1 1.1%
11.5 0.8
57.4 4.0

114.9 8.0

172.3 12.0

229.8 16.0

40.0

KEYWORD : | {Airk; None. SUBROUTINE EOSS8
{Hydrogen): Nong. SUBROUTINE EOS8H

RATIONALE : The density of the gas componeni (either air or hydrogen} is
calculated intermnally by TOUGH28 as a function of tamperature
and pressure. Density calculations assume a temperature of
309C,

Gas density Is calculated assuming ideal gas bhehavior (Z2=1)
which is described by (Aziz and Setlari, 1979; p. 15}

PM (13

P SRT

where:
p = gas density (/L = kg/m?
P = gas pressura {Pa},
M = molecular weight of gas (o/mole),
Z = raal gas deviation factor,
R = pas constant (8314.56 Pa-L/K-mole},
T = absolute temperature (303.15 2K

The maolecuiar weight for air is 28.96 g/mole and for H, gas is
2.016 g/mole. |
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T————EE N
* PARAMETER | Gas Density
{cont'd) :

COMMENTS : Simulatiens assume that H; is the only gas in tha system and that
tha H, density is representative of the total gas component density
in and around the waste disposal rooms.

Calcutation of non-idea! gas behavior Dased on critical pressures
and temperatures from Mordstrom and Munoz (1986) and gas
compressibility refations from Reynolds (1988} indicate that waste-
generatad gas baging to deviata from ideal pressure, volume
behavior at approximately 20 MPa. Bacauss most realistic
repository pressure gstimates suggest pressures less than 20 MPa,
ideal pas behavior is azsumed. However, if important scenarios
emerge with gas pressure well in excess of 20 MPa, the non-idaal
gas behavior should be implemented.

REFERENCES : Aziz, K., and A. Settari. 1979, Pefrolewmr Reservolr Simufatiosn.
Mew Yark: Elsevier.

Nordstrom, D.K., and J.L. Munoz. 1986. Geochemical
Thermodynarnics. Palo Alto, CA: Blackwell Scientific Pubdications. |

Reynolds, W.C. 1968. Thermodvnamics. New York, NY:
MeGraw- Hill,
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PARAMETER :

3as Viscosity

WVALUE :

Prassure Air Viscosity Hydrogen Viscosity ‘
{MPa) at 30°C (Pa's} at 30°C (Pa-s)

0.1 18.6E-6 8.99E-6

1.0 18.6E-6 9.00E-6

5.0 18.6E-6 9.06E-6

10.0 18.68-6 9.14E-6

185.0 18.6E-5 9.27E-6

0.0 18.6E-6 9.40E-6

. BC.0 18.6E-6 9.72E-6

KEYWORD :

{Air); None. SLUBROUTINE VISCO (air)
(Hydrogenk: Mone, SUBROUTINE VISCO (H,)

AATIONALE :

COMMERNTS :

The viscosity of the gas companant {either air ar hydrogen) is
cdlculatad internally by TOUGH28 as a function of temparature and
pressure, Viscosity calculations assume a temperature of 30°C.

Sirmulations assuma that H;.is the only gas in the system and that
tha H, viscosity is representative of the total gas viscosity in and
around the waste disposal reoms.

A viscosity of 0.0089 cp for H, at 26°C (77°F) and 1 atm was
taken from Perry (1963; Fig, 3-42 and Table 3-263; p. 3-196,
2-197).

The varigtion of viscosity with pressure is presented by Katz et al.
{1259; Fig, 4-102, p. 173). This figure gives viscosity ratios {u/i,)
as a function of pseudoreduced pressure (Pg) and pseudoreduced |
temperatura {Ty where ¢ is the gas viscosity at T, and Py and p, is
the gas viscosity at T, and 1 atm. Using pseudocritical values for
hydrogen gas {H;) from Weast et al, (1989: p. F-70), viscosity
ratios are effectively equal to 1 for all pressures from 1 to

500 atm, indicating that gas viscosity does not vary significantly
over the range of pressures encounterad in and around the WIFP
waste disposal tooms.
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— —— ——

FARAMETER Gas Viscostty
{cont’d] :

REFERENCES : Katz, D.L., D. Comnell, R. Kcbayashi, F.H. Poettmann, J.A, Vary,
J.R. Elenbaas, and C.F. Weinaug. 1953, Aandbook of Natwal Gas
Enginggring. New York, NY: MoGraw-Hill.

Perry, R.H., C.H. Chilton, and §.0. Kirkpatrick, eds. 1963.
Chemical Engingers Handbook, New York, NY: McGraw-Hill.

Weast, R.C., D.C. Lide, M.J. Astle, and W.H. Beyer, ads. 1989.
CRC Handbook of Chemistry and Physics. 70th ed. Boca Raton,
FL: CRC Prass.
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|| DATE | 06/03/83 RATIOMALE NUMBER : 002
PARAMETER : | Gas Compressibility
| VALUE ; | Pressure Air Compressibility H. Compressibility ‘
MPs Pa! Pa!
0.1 1E-3 1E-3
1.0 1E-5 1E-% |
5.0 1E-6 1E-6
10.0 2E-7 2E-7
15.0 1E-7 tE-7
20.0 TE-8 . 7E-8
e PE— -u-::sﬂ.ﬂ — E-B — — EIE'_B =
| KEYWORD : | iAir): None. SUBROUTINE EQSS
{Hydrogen}: Mone. SUBRODUTINE EOS8H

[r—— [ —— [—— [y —— [p——

RATIONALE :  Gas comprassibility, 8, is calculated from (Freeze and Cherry, _
1979; p. 52} |

=- 1oV 1
% V dp n

whera:
V = gas voluma {m%)
p = gas pressure (Pa)

Recoqgnizing that V = 1/p, gas compressibility is computed
internally by TOUGH28 from equation {1) using the pressure-
density ralationships presented in the gas density rationala for gas
{atr and hydrogen) at 30°C.,

Simulations assume that H; is the only gas in the system and that
the H, comprassibility is representative of the total gas
compressibility in and around ths waste disposal rooms.

COMMENTS :

Calculation of non-ideal gas hehavior basad on critical pressures
and temperatures from Nordstrom and Munoz (1986} and gas
caompressibility relations from Reynolds (1968) indicate that wasta-
generated gas beging ta deviate from ideal pressure, volume
behavior at approximately 20 MPa. Because most realistic
repository pressure estimates suggest pressures lass than 20 MPa,
ideal gas hahavior is assumed. Howavar, if important scenarios
emerge with gas prassure well in excess of 20 MPa, the non-ideal
gss behavior should be implementad,
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PARAMETER Gas Compressibility
{cont’d) :

REFERENCES : Freeze, R.A., and J.A. Cherry, 1979, Groundwater. Englewood
Cliffs, NJ: Prentice-Hall, Inc.

Nordstrom, D.K., and JLL. Muncz., 1986. Geochemical
Thermodynarnics. Fslo Alto, CA: Blackwell Scientific Publications.

Reynolds, W.C. 1968. Thermodynamics. New York, NY:
McGraw- Hill.
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! DATE : | 08/09/93 RATIONALE NUMBER : “l

PARAMETER :

KEYWORD :

RATIOMALE :

Gas Solubility

Henry's Law Caonstant, K, (Pal

Air in Water 1.0E10
Air in Brina 4.0E10

{AirfWater]: NMone. SUBROUTINE EQSS
{Air/Brine}: None, SUBROUTINE EDSBB
{Hydrogen/Brine): None. SUBROUTINE EQSEH

The solubility of gas in the fluid phase can be expressad using
Henry's Law (Cygan, 1991; p. 10}:

{1}

whers;
Kg = Hanry's constant (Pa)
p, = Qas partial pressure (Pa)
X = mole fraction solubility

The molg fraction solubility, X, is defined as:

- maoles of gas (2}
moles solution

Henry's Law constants for air in water {1.0E10 Pa) and hydrogen

in water (1.372€-10) are calculated internally by TOUGH28.
Henry's Law constants for &ir in bring and hydrogen in brine are
specified in TOUGH28 based on tha

obsarvations of Cygan (1991} that solubilities of gases in brine are |
about four times lower than in water. The solubility constant used
by TOUGH28 is eqguivalent to 1/K,.

Simulations assume that H, is the only gas in the system and that
the H, solubility in brine is representative of tha total gas solubility
in and around the waste disposal rooms. Depending on waste
content and which gas ganaration processes arg active, waste-
ganerated gas is expected to rangs from 50-809% hwdrogen.

A-lI-7




PARAMETER Gas Solubility
icont’d) :

COMMENTS  Herry's Law constant shows some pressure and temperature
icont’d) : dependence, however, TOUGHZ8 uses a constant value for K.

Cygan (1891; p. 55-56) presents the following data for nitrogen
solubility (representativa of air) in pure water and in 4-5 N NaCl
bring solution.

Table 1. Nitrogen Solubilities
" Gas Pressure  Mole Fraction Henry’s Constant, K,
{hMiPa) Water Bring Water Brina
1.0 1.0E-4 3.0E-S 1.0E10  3.3E10
5.0 5.4E-4 1.GE-4 0.9810 3H1E1Q
10.0 8.0c-4 2.96-4 1.3E1C  3.BE10
15.0 1.1E-3 3.5E-4 1.4E10  4.3E10
20.0 1.4E-3 4.0F-4 1.4E10  S5.0E10
50.0 3.0E-3 8.0F-4 1.7E10  6.3E70
TOUGH28 Air 1.0E10  4.0E10

Cygan (1931; p. 72) detarmined the following relationship for
hydrogen solubility in pure water and in § N NaCl brina solution:

x - Du + D1 |I'I {p‘gi {3}

The valuas for D, and D, are:

in_pura water in 5 M NaCl bring
D, -3.8980 -10.0789
D, £.9638 0.8208

The hydrogen solubilities, calculatad using equation (3) are given in
Table 2.

I |
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FARAMETER | Gas Solubility

{cont'd) :
COMMENTS Table 2, Hydrogen Solubilitias

{cont'd} :

Gas Prassurs Mola Fraction Henry's Constant, K,

{MPa) Water Brine Water Brine

" 0.1 1.52E-5 6.34E-6 0.6BE10 1.8E10

1.0 1.376-4 4.20E-5 0.73E10 2.4E10

5.0 6.34E-4 1.57E-4 0.79E10 3.2E10

10.0 1.23E-3 2.78E4 0.871E10 3.6E10

15.0 1.81E-3 3.87E-4 0.83E10 3.9E10

20.0 2.38E-3 4.90E-4 0.84E10 4.£10

§0.0 5.70E-3 1.04E-3 0.88E10 4.8E10

TOUGH2B H, 0.73E10 2.7E10

REFERENCES : Cygan, R.T. 1991, The Solubifity of Gases in NaCl Brine and a
Critical Evaluation of Avaifable Data. SANDS0-2848,
Albuguergue, MM: Sandia Mational Laboratories.
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DATE : | 06/09/93 RATIONALE NUMBER . 003
PARAMETER : | Brine Density .
VALUE : Pressure Pure Water Density Brine Density
{MPa) at 30°C (kg/m?) at 30°C (kg/m?
0.1 985,75 1194.90
i 1.0 996.15 1195.38
5.0 997.92 1197.50
10,0 1000.10 1200.12 |
15.0 1002.26 1202.71 |
" 20.0 1004.40 1205,28
| _Slﬂ.ﬂ - 101 E.?El 1220.15
[{EYW_{_JH_D : | None. SUBROUTINE COWAT —

RATIONALE : Tha density of pura water is calculated internally by TOUGH28 |
as a2 function of tamperature and pressura. Fura water densities
are multipliad by 1.2 to reprasent brine. Density calculations
assuma a temperature of 30°C.

COMMENTS @ Salado brine densities raported by Desl et al. (1287) range from

1215 to 1224 kg/m®. A Salado brine density at the WIPP site
was estimated to bo 1222 kg/m? {specific gravity = 1.222) by
Beauheim et al. (1991; p. 38). Qther reporied valuas include
1200 kg/m® {Lappin et al., 1989; p. 3-20}, 1200 kg/m® [Stein
and Krumhanst, 1986; 1.2 g/cm?)., and 1200 kg/m® at 28°C
{Kaufmann, 1980; p. 612}). The range of TOUGHZ2E valuss is
consistent with these reported values.

The assumed brine danaity corresponds to a brine that is nearly
saturatad with NaCl. H a nearly saturatad brine is assumed tc
be 25% NaCl by weight (Perry, 1963: p. 3-77), then it will have
about 300,000 ppm NaCl based on the following calculation:

[ 1.2 g brine] [ 25 g NaC! ] [mnn om?® brinel

1 cm? brine | | 100 g brine 1 £ brine

Tbrns - 300,000 mg/t

= 300,000 ppm
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PARAMETER
{cont'd) :

REFERENCES :

Beauheim, R.L., G.J. Saulnier, Jr., and J.D. Avis. 1991.
Interpratation of Bring-Permeability Tests of the Salade Formation
at the Waste {sofation Pilot Plant Site: First Interim Report.
SAND90-0083. Albuguerque, NM: Sarxdia National Laboratories.

Daal, D.E., J.B. Case, R.M. Deshler, P.E. Drez, J. Myers, and J.R.
Tyburski. 1987, Brine Sampling and Evalustion Program Phase i
Report. DOE/WIPP 87-010, Carlsbad, NM: Westinghouse Elsctric
Corporation.

.

Kaufmann, D.W., ad. 1960. Sodium Chloride, The FProduction and
Propertics of Salt and Brine. American Chemical Society |
Monograph No. 145. MWew York, NY: Rzinhald Publishing Corp.

Lappin, A.R., R.L. Hunter, O.P. Garber, and P.B. Davies, sds.
1989, Systams Anafysis, Long-Term Radionuclide Transport, and
Dose Assessments, Waste lsolation Pilot Flant (WiPP),
Southeastsrn New Mexico; March 1983. SANDS9-0462, i
Albuquergue, NM: Sandia National Laboratories.

Perry. R.H., C.H. Chiltan, and £.D. Kirkpatrick, eds. 1963,
Chemical Engineers Handbook, New York, NY.: McGraw-Hill.

Stein, C.L., and J.L. Krumhansl. 1286. Chemistry of Brines in il
Saft from the Waste Isofation Filot Plant (WIPP), Southeastern Mew
Mexico: A Preliminary Investigation. SANDSS5-0897.

Albuguerque, NM: Sandia National Laboratorias., II
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PARAMETER :

06/09/93 RATIONALE NUMBER : 001B

Bring Viscosity

VALUE :

1.8E-3 Pa‘s (1.6 ¢pl

KEYWORD :

Mone. SUBROUTINE VISW

RATIONALE :

COMMENTS :

AREFERENCES :

The viscosity of pure water is calculated intarnally by TOUGSH23 as
a function of temperature and pressure. The viscosity of Salado
brina at 30°C at the WIPP site is taken to ba 1.6E-3 Pa's {1.6 cpl. |
This is based on the data of Kaufmann (1960; n. 822} and Ezrokhi
{1962) for a brine at 28°C, Pure water viscosities at 30°C are
0.8E-2 Pa-s {0.8 cpl.

Earlowugher {1977; p. 241} presents a figure showing a brine
visgosity correction factor as a function of pressure. The
correction factor ranges from 1.00 at O psi (O MPa) to 1,01 at
10,000 pei (68.9 MPa). Thesa gmall corraction factors produce a
negligible incresse in viscosity and, as a result, bring viscosity is
assumed constant with pressure.

Earlougher {1977; p. 241) indicates that for a 25% NaCl brine !
{approximatety WIPP brine} at 26°C (77 °F) the viscosity is ;
1.86 cp. Dorsey {19268; p. 183} shows that the viscosity of fresh
water at 25°C is about 7% higher than at 28°C. The viscosity of §
pure water at 20°C, as calculated by TOUGH23, is 1.0 ep. These
references indicate that brine viscosity has a small ternperature
dependence.

The prasence of dissclved gas generally resulls in a negligible
effect on water viscosity {Bradley, 1287; p. 24-16). "

Bradley, H.B. ed. 1987. FPetrofeum Engineering Handbook.
Richardson, TX: Society of Petroleun Engingers.

Dorsey, N.E. 1968. Properties of Ordinary Water-Substance in Aff
Its Phazes. American Chemical Saciety Monograph Series. New
York: Hafner Publishing Company.

Earlougher, R.C. 1977. Advances in Welf Test Analysis.

Moanograph Volume 5. Dallas, TX: Society of Petrolaum Engingars
of AIME.
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PARAMETER
{cont’d} :

REFERENCES
{cont’d} :

Bring Viscosity

Ezrohki, L.L. 1882, "Viscosity of Aqueous Sclutions of the
Individual Salts of Sea Water Systems,” The Journal of Applied
Chamistry of the USSR, Vol, 25, 917.826.

Kaufmann, D.W., ed. 1960. Sodlum Chloride, The Production and
Properties of Salt and Brine. American Chesnical Socisty
Monograph No. 145, New York, NY: Reinhold Publishing Corp.
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DATE: | 08/31/93 RATIONALE NUMBER 005
_ PARAMETER : | Brine Compressibility
| VALUE : Brine Prassure Pure Water Brine
Compressibility Compressibility
MPa Pa’ Pa?
0.1 4.5E-10 2.5E-10
1.0 4.5E-10 2.6E-10
5.0 4.4E-10 2.4E-10
10.0 A.4E-10 2.4E-10
15.0 4.3E-10 2.3E-10
20.0 4.3E-10 2. 3E-10
50.0 4.1E-10 2.1E-10
KEYWORD : | {Purga Water): Nona, SUBROUTINE COWAT
{Brine correcticn): ROCKS

RATIONALE : Fluid compressibility, 8, is caleulated from {Freeze ardd Cherry,
1979; p. B2):

Lo day &
B V dp
whara:
V = fluid volume (m?) |
p = fluid pressure (Pa) ;

Recognizing that V « 1/p, pure water compressibility, £,. is
compuad from equation (1) using the pressure-density
relationships presented in tha brine dansity rationale for brine at
209C, Brine comprassibility, 8, is caloulated from:

B, =B, - 20E-10 (2}

The brine correction in equation (2} is based on messured
comprassibilitias ranging from 2.40E-10 Pa"' to 2.54E-1¢ Pa" for
WIPP Room Q brine at atmospheric pressure and temperaturas
from 20 to 40°C {McTigue et al.,1991; p. 1}

Bacause corngressibility is determined inmtemally by TOUGHZ2E,
the hrine correction is achieved by adjusting the pore valume
{rock) compressibility for all domains contsining brine.
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Brine Comprassihiliey
{cont’d) :

COMMENTS : Beauhaim ot al, (1991; p, 36-37) assumed a compressibifity of
3.1E-10 Pa’ for in-situ Salado brine. Ezrlougher (1977; p. 231)
presents several plots of comprassihility for brine without sclution
gas as a function of temperature, pressure, and brine density. The
Salado bring at the WIPP gita is assumed to have a density of
1200 kgfm?® {equivalent to 300,000 ppm NaCl), as indicated in the
brine density rationale. Table 1 gives the compressibility versus
pressure for brine at a temperature of 25°C {77°F) using the
relationship developad using Earlougher {1977; Fig. D.19)

Table 1. Compressibility versus Pressure Relationship
For Gas-Free Brine

Compressibility of

Fluid Pressure Gas-Free Brine

{psi) {MPa} (psi) {Pa™")

14,5 Q.1 2.20E-6 3.2E-10
145.0 1.0 2.15E-6 3.1E-10
725.0 5.0 t.99E-6 2.9E-10

1450.0 10,0 1.90E-6 2. 8E-10
2900.0 200 1.B2E-6 2.6E-10

|| 8800.0 40.0 1.72E-6 2.6E-10

These brine compressibilities are similar to the values measured by
McTigue et al. {1991}

The speacific storagae, S,, can be calculated as follows (de Marsily,
198¢; p. 108):

5, = Pig'p(cn +,&‘) 131
where:
p, = fluid density,
g = acceleration of gravity,
@ = porasity,

Cp = pore volume {rock} compressibility,
f = fluid comprassibility,

Becausa specific storage is dependent only on the sum of C and
B, the correction for brine compressibility {equation {2)) is entered |
through the Cp term.
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PARAMETER
{cont’d) :

Brina Cormpressibility

REFERENCES :

Beauheim, R.L., G.J. Saulnier, Jr., and J.D. Avis. 1891,
Interpratation of Bring-Permeability Tests of the Saladc Formation
at the Wasta Isolation Pifot Plant Site: First Interim Report.
SANDSG-0083. Albuquerqus, NM: Sandia Mational Laboratorias.,

de Marsily, G, 1988. Quantitative Hydrogeology. Orlando, FL:
Academic Press,

Earlougher, R.C. 1977. Acvances in Welf Test Analysis.
Monograph Volume 5. Dallas, TX: Society of Petroleum Engineers
of AIME.

Fraeze, R.A., and JA. Cherry. 1979, Groundwaier. Englawood
Cliifs, NJ:  Prentice-Hall, Inc.

McTigus, D.F., S.J. Finlay, J.H. Gieske, and K.L. Rabingon. 1891.
"Comprassibility Measuraments on WIPP Brinas,” Prafiminary
Comparison with 40 CFR Part 181, Subpart B for the Waste
fsoiation Pilot Plant, December 1981, Volume 3: Reference Data.
WIPP Performance Assessment Division. Eds. R.P. Rechard, A.C.
Peterson, J.B. Schreiber, H.J. luzzolino, M.5. Tierney, and J.35.
Sandha. SAND91-0893/3. Albuguergue, MM: Sandia Mational
Laboratories. A-79 through A-98.
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V. GAS GENERATION RATES
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RATIOMALE NUMBER :

3as Ganaration Rates

Gas Generation Rate
{mele/drumfyaar)

Bring Inundated Vapor-Limited :

0-650 550-10560 0-5500 5300-10500
yaars

RATIOMNALE : Gas ganeration rates are basad on the combired gas ganeration
rates for anoxic corresion of the steal wasta containers and Fe
and Fe-base alloys and for microbial degradation of cellulosics in
the waste. Due to the uncertainty of the rates, all values are
rounded to ona significant figure. Estimates are made for both
bring-inundated and vapor-limited {humid} conditions. Brine-
inundated rastes are based on laboratory experiments with stesl
immersed in brine while vapor-limited rates are based on
laboratory experiments with stesl suspended abowve brine (Brush,

18391).

Tha total gas production potentisl is 1050 moles/drum for angxic
corrosion and 550 molesfdrum fér microbial degradation [Beraun
and Davies, 19%2; p. 5).

iti

Brine-nunda R
Brush (1281; p. 9) gives best estimatas of gas generation under
brine-inundated conditions of 1 molsfdrum/fvear due to anoxic
corresion and 1 mole/drumfyear dua 10 microbial degradation.
Based on the assumed total potentials, gas generation by
microbial dagradation will occur for 550 years and by ancxic
corrosion for 1050 years under brine-inundated conditions.
Brush {19291; p. 8} estimates minimum rates of 0
moles/drumn/year for anoxic corrosion and O meles/drumiyear for
microhbial degradation and maximum rates of 2 molasfdrum/year
for anoxic corrosion and S molesfdrum/fyear for micrebial
degradation. Tabla 1 summarizes the gas generation rates far
brine-inundated room conditions.
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PARAMETER [Gas Ganeration Retes

{cont'd} :
RATIOMNALE Table 1. Gas Generation Rates {moles/drum/yaar)
[cont'd} : for Brina-Inundated Roem Conditions
Rate Rate Bate

tinimum {yaars) {O+}
Anoxic Carrosion G
Microbial Dagradation Q
Total 0
Bast {years) {0-650) {B50-1050) {1050 +)
Anoxic Cormosion 1 1 0
Microbial Degradation 1 o] 0]
Totat 2 1 0
Maximum {years) {0-110] {110-B2b6} {626 +)
Anaxic Corroston 2 2 0
Microbial Degradation B o] Q
Total 7 2 0

Gas generation is simulated using gas injection wells in selected
disposal room slements [grd blocks). Gas generation rates must
be converted to kafsiwell for input t0 TOUGH28. There are 6804
drums per room {Lappin et al,,1938%; p. 4-50]. This number
assumes that each room is filled with the maximum number of
ideally packed drums. The following conversion is used:

kggas _ | _males ko drumsg 1 yr
oo 3 [_drum-vr] [lmEE-a_mnIE] [33“"’ Foom ] [?ﬂ‘ssm]

- (4.34B6E-7) [ moles ]

drum -+ yr {1}

Simulations uss 6 wells per ropm and each model room is half-
width and unit length retative to an actual 81.44 m long room.
Therefore an additional conversion is required:

2

kggas _ | kogas 1 room
] B

room:* 3

7R ot

s well
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PARAMETER Gas Goneration Rates
' [cont'd) :

RATIONALE  Using equations (1) and {2}, the gas generation rates under brine-
{cont’d} : inundated room conditions are converted and ars listed in Table 2.

Table 2. Gas Ganeration Rates (kg/s/well)
for Brine-Inundated Room Conditions

Rate =~ Rate = = Rate

{years} {O-+)
ainimum {rata} a

{yaars) {0-550} (5S0-1080)
Best Estimate (rate) 7.9225E-10 3.9613E-10 0O

{1050 +)

{years) {0-110) {110-525] {525+)
Maximum {rate] 2.7729E-09 7.9225E-10 0

Vapor-Limited_R nditjon

Brush (1921; p. 9) gives best estimates of gas generation under
vapor-limited conditions of 0.1 mola/drum/fyear dua to anoxic
corrasion and 0.1 molefdrumiyear due to microbial dagradation.
Based on the assumed total potentials, gas generation by micrebial
degradation will oceur for 5500 years and by anoxic corrosion for
| 10500 yaars under vapor-limited conditions. Brush {1931; p. 9)
astimaies minimum rates of 0 molesfdrum/fyear for anoxic
corragion and O molesfdrumiyear for microbial degradation and
maximum ratas of 1 moles/drumiyaar for anoxic corvosion and 1
molesfdrum fyear for microbial degradation. Table 3 summarizes
the gas generation rates for vapor-limited room conditions.

A-V-3




PARAMETER
{cont'd) :

Gaz Generation Rates

RATIONALE Table 3. Gas Generation RBates (males/drum/year)
tcont’d) : for Vapor-Limited Room Conditions
Hate Rate Rate !
Minimum  {years) {0+)
Anoxic Corrosion 0
Microbial Degradation 4]
Total 0
Best {yaars} (0-5500) (B500-10500) (105004} |
Anoxic Corrosion o1 0.1 0.0
Micrabial Degradation 2.1 0.0 0.0
Total 0.2 0.1 0.
Maximum  {years) {0-550)  {BBO-1050) {1050 +}
Anoxic Corrosion 1 1 0
Micrabial Degradation 1 Q o]
Total 2 1 0
3as generation is simulated using gas injection wells in salectad
digposal room elements {grié blocks). The same conversion factors
are used as for tha brine-inundatad rates. Using equations {1) and
{2}, tha gas generation rates under vapor-limitad room conditions
are converted and are listed in Table 4.
Table 4. Gas Generation Rates (kg/sfwell)
for Vapor-Limitad Reom Conditions
Rate Baie Rate
{years) {0 -+}
KMinimum rats) 0 |
{yaars) {0-650)  [B50-1060) {1050 +} ‘
Best Estimate (rate) 7.9225E-11 3.96813E-11 O
(vears) (01100 (110525 (525 +) ‘
Maximum  [rate) 7.9225E-10 3.9613E-10 O
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FARAMETER
{cont’d) :

Gas Generation Rates

COMMENTS :

It is useful ta note that dividing the currently projected waste totals
avenly among the rooms produces a somawhat smaller estimate of
the number of drums per room. This smaller estimate was not
used here on the assumption that, during the operational phase,
rooms will be packed to their full capacity rather that leaving each
room partially empty based on some assumed total wasta volume
that will eventyually be storad at WIFP.

Brush {1991; p. 2) gives a best estimate of gas generation due
radiolysis of brine of 0.0001 molefdrum/iyear with a range from 0
to 0.1 moles/drum/year. Because these rates are much lower than
the anoxic corrosion and microbial dagradation rates, radiolysis is
not congiderad in the gas generation totals.

Brush {1996) presents updated estimates for gas ganeration rates.
These updated rates are listed in Tables 5 and 6.

Tahble 5. Gas Generation Rates {moles/drum/yaar)
for Brins-lnundated Room Conditions

Rate Rats Rate
Minimum  (years) 0 +)
Anoxic Corrosion 0
Microbial Degradation 4]
Total )
Best {years) {G-5507 {550-1750) {1750 +)
Anaxic Corrosion 0.6 0.6 0
Microbial Degradation 1.0 0.0 Q
Total 1.6 0.6 8]
Maximum  {years) (0-7) {7-110) {625 +)
Anoaxic Corrosion 150 O 0
Microbial Degradation ] B Q
Total 156 E 0
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PARAMETER

fcontd) :

Gas {Seneration Rates

COMMENTS
{cont’d) :

REFERENCES :

Table 6. Gas Generation Rates imolas/drum/year}
for Vapor-Limited Room Conditions

Rate Rate fate
Minimum  {years} {0+)
Anoxic Corrosion O
Microbial Dagradsation 0
Total 0
Bast {years) {0-5500) 15500 +)
Anoxic Corrosion 0.0 . 0.0
Microbial Degradation 2.1 0.0
Total 0.1 Q.
Maximum  (years) (0-550)  (550-17600) {17500 +)
Anoxic Corrosion Q.06 D.06 0
Microbial Dsgradation 1.00 £.00 [0}
Total 1.06 0.08 0
Due to tima constraints, these best estimata rates were not
incorporatad into the baseline simulations, however, because the

maximurn rates are significantly higher than previously determined,
these maximum rates were used in sensitivity simulations,

Bersun, R., and P.B. Davies. 1992. "Baseline Design Input Data
Base to be Used During Calculations E¥fort to be Performed by
Division 1514 in Datermining the Mechanical Cresp Closure
Behavior of Waste Disposal Rooms in Bedded Salt,” Prefiminary
Parformance Assessment for the Waste Isolation Filot Plant,
Dacambar 1892 - Volume 3: Moda! Parametsrs. SAND92-
0700/3. Albuquerque, MM: Sandia National Laboratories. A-D
through A-13. : :

Production Rates, Gas Production Potentials, and Expected
Chamical Conditions Relevant to Radionuclide Chemistry for the
Long-Term WIPP Performance Assesstment,” Prafiminary
Comparison with 40 CFR Part 191, Subpart 8 for the Waste
Isolation Piot Plant, December 1881 - Volume 3: Reference Data.
Eds. R.P. Rechard, A.C. Petarson, J.D. Schreibar, H.J. luzzolino,
M.S. Tierney, and J.S. Sandha. SAND®1-0893/3. Albuquerqua,
HM: Sandia National Laboratories. A-25 through A-36.

Brush, L.H. 1991. "Appendix A: Current Estimates of Gas ||
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PARAMETER

(cont’d)

REFERENCES

{cont‘d) :

Gas Generation Ratas

Brush, L.H. 1995. "Likely Gas-Generation Reactions and Current
Estimates of Gas-Generation Rates for the Long-Term WIPP
Performance Assassment,” 4 Surwnary of Msthods for
Approximating Sait Creep and Disposst Room Closure in Numerical

. Methods of Multiphase Flow., G.A. Freeze, K.W. Larson, and P.B.

Davies. SANDS4-0251. Albuquerque, NM: Sandia Nationat
Laboratoriag. C-5 through C-45.

Lappin, A.R., R.L. Hunter, D.P. Garber, and P.B. Davies, eds.
1989. Systems Anafysis, Long-Term Radionuciide Transport, and
Dose Assessmeants, Waste fsolation Pilot Piant {WIPE),
Southesstern New Mexico: March 1989. SANDS0-0462.
Albugquerque, NM: Sasndia Naticnal Labaratosies.
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DATE : | 0B/31/33 RATIOMNALE NUMEEW‘I—A
PARAMETER : | Initial Pressure Distributions
VALUE : Brine Pressure

MFa

Balado 12.0

_ Disal Room -
KEYWORD : INCDNﬂDM L _
RATIOMNALE : o - o

58U | alada Fo i

Undisturbed pore pressurs in the Salado Formation at the
elevation of the repository is expacted to be somewherg
betwasn hydrostatic (5.9 MPa) and lithostatic (14.2 MPaj
{Peterson et al,, 1987; Nowak and McTigue, 19287; Lappin et
al., 1989}, Pore pressures measured during hydraulic tasting
ternd to be less than the assumed undisturbed formation
pressure dua to excavation ralated depressurization. Pore
pressuras axtrapolsted from pressure recovery trands yield
somewhat higher values, however, uncertainty in the
extrapolated values variss as a function of the quality and
duration of the pressure data and of the extent of tha
gxtrapolation. Even the extrapolated values are likely
influenced to some extent by excavation related
deprassurization.

Based on tha extrapolated pressures in Table 1, 12.0 MPa is
used as a best estimate for undisturbed pore pressure at the
repository level. A ranga of 11.0 MPa to 15.0 MPa has been
selacted for sensitivity analysie. The low end of the range
approximataly corrgsponds to the highast measured pore
pressures. 1he high end of the range corresponds to the
highest thecvetical value lithostatic, approximately 15 d4Pa).
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PARAMETER Initial Pressuwre Distributions

{cont'd) :
—
RATICHNALE Tabla 1. Pore Pressures in the Salade Formation
{cant’d};
“ Lithalogy Distanca Para Fafarence
froem Pragsire
Exoavation
il {MPa}

Helite 7. 2.5 (21

Anhydrite 811, 8.3 1]

Anhydrite 1115, 12,4 n

Anhydrite 23, 12.5 2)

Anhydrite 23, 12.8 {2)

{1} Besuhein at A, 71527
{2} Howarth et al.,, 1391,

The vertical pare-pressurg distribution above and below the
repository level is agsumed t¢ be hydrostatic, referenced (o
12.0 MPa pressure at the vertical center of the repository. The
: hydrostatic pressure distribution assumes & brine density of
; 1200 kg/m* {see brina density rationale) and a gravitational
constant of 9.81 N/kg.

This approach was selected because it produces a pressure
distribution that is relatively statiz undar undisturbed conditions
{i.e., no repository). The disadvantage of using this approach is
that it may produce & conceptual pressure discontinuity st the
Rustler/Salado interface, as illustrated in Figure 1.

itial P in the W Di 1R

Tha initial room state reprasents tha room just after it has been
nackfillod and sealad, therefore, the initial prassure is specified as -
atmospheric.

P = 1 atm = 1.01325 bars = 0.10 MPa

COMMENTS : Initial room pressures for the fixed room geometries are calculatad
as follows:

Iritia! Room Geometry

The initial room pressure is atmospharic.
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PFARAMETER Initizal Pressure Distributions
{contd) :

| COMMENTS  |ntermediate Room Geometry

' {cont’d) :
Initial pressure for the intermadiste reom is directly proportional to
tha raduction in void volume due to room closure and

consolidation; '

- Vi * Pinicia ] Pre

Piotarmadint =
o [anﬂatu N win-tmmm;iuu

whare:
Vo = 3644 m® {room geometry rationale)
P = 0.663 [porosity rationale)
Viamsdse = 1295 m? {room geometry rationale)
Pronmadiatn = 2.384 {porosity rationsle)
Poyw = 0.10 MPa
Therefore:

_ (3644)(0.663)
Prvermetics = (15951{0.3841 (0.10]

= 0.32 MPa

I i Room

Initial prassure for the fully consolidated room is specified using the
same appreach as for the intermediate room:

Viia * Pioia P
mitinl
Vidty comolidaed * Pruty comofidared

Pfulhr coneokdated [

where:
Vi comoioone = 1372 m? {room geometry rationale}
Dray comoiens = 0-218 (porosity rationale)
Therefore:

Pluny camatsond = e G 5T8]
= 0.70 MPag
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‘ PARAMETER Initial Prassure Distributions
{cant'd]

COMMENTS There is some guestion as to the I}ast approach for axtrapulatlng
(cont’d): the pore pressure above and balow the repository level. The
primary reason for this uncertainty is that the mechanism for
generating a porg pressure above hydrostatic and below lithostatic
is not well understaod at the present time,

An alternative approach to calculating the vertical pore-pressure
distribution above and below the repository level is to use a
pressura gradient defined by two points, tha 12,0 MPa pressure at
the repository depth and the pressure at the Rustler/Salado
intarface predicted by a hydrostatic pressure gradient between that
interface and the ground surface {Figure 2). The dizadvantage of
this approach is that the prassure distribution will not produce a
static pressure distribution under undisturbed conditions. This is
hecause the resulting pressure gradient is between hydrostatic and
lithostatic,

! REFEREMCES : Beauheim, R.L., G.J. Saulnier, Jr., and J.D. Avis, 1991,

I Interpretation of Brine-Parmeability Tests of the Salade Formation

' at the Wasita Isolation Pifot Plant: Frst fnterimr Report.
SANDS0-0083. Albuguerque, NAM: Sandia Mational Laborataries.

Howarth, S.M., EW. Peterson, P.L. Lagus, K., Lie, S_1. Finlay,
and E.J. Nowak, 1991. "Interpretation of In-Situ Pressure and
Flow Measurements of the Salado Formation at the Waste Isolation
Pilot Plant," Rocky Mountain Regional Meeting and Low-
Permeabifity Reservoirs Symposium, Danvar, 0O, Aprif 1517,
7887, SANDS0-2334C: SPE 21840. Richardson, TX: Society of
Petroleum Engineers. 355-369, )

Lappin, A.8., R.L. Hunter, OLP. Garber, and P.B. Davies, eds.
1989, Systems Analysis, Long-Term Radionuclide Transport, and
Dose Assessments. Waste Isolation Filot Plant (WIPFL,
Southeaster New Mexico; March 1889. SAND32-04G2,
Albuquerque, NM: Sandia National Lahoratories.

Nowak, E..J., and D.F. McTigua. 1987. Inferim Results of Bring
Transport Studies in the Waste isolation Filot Flant (WIPF).
SANDET-0880. Albuquerque, NM: Sandia Mational Laboratorias.

Petarson, E.W., P.L. Lagus, and K. Lie. 19287. WIPP Horizon Free
Fleld Fluld Transport Charsctaristics. SANDB7-7164., '
Altwsquerque, NM: Sandia National Laboratories.
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PARAMETER initial Prassure Distributions ]
{cont’d) : .

1 1 | ] 1 1 | ] 1 [ 1
Rustler
| Soloda ]
P
E -
Yo
| E revos -
. ITORY
LJ i
G - \\ -
800k \ lithostatic B
[ hydrostatic \ "
'\“
n X -
‘\
1000} AN -
| hydrostalic, referanced i
ta 12.0 MPa al repository
} 1 I i | 11 [ | '
__12000 1 1 5 1 1 i 1u 1 1 15 1 1 2u 1 1 1 25 I
PRESSURE (MPa)
Figura 1. Assumsd vartical fliid pressure distribution in the Salado Formation.
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PARAMETER Initial Prassure Distributions

fcont’d) :

Rustier
Saledn

REPOSITORY

DEPTH (m)

lithostatiz

hydrostatic .

=100

raferance to hydrostatic
B at R/S interface and
to 1248 MPa ol repository

_12uuDI1IIEI;_|]II||ﬂII||1|5III12|E.IIIl25
PRESSURE (MPa)

Figure 2. Alternative vertical fluid pressure distribution in the Salado Formation.
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08/31/93 0044

PARAMETER : | Initial Saturations
VALUE : Saturations
crushad salt salt/bentonite
backfill backiill
Sﬂ Sl:l Sﬂ sh
Salado 0.00 1.00 0.00 1.00
@PI 0.9 .01 0.97 0. US _
KEYWORD : EDN, INDOM
RATIONALE : The initial brine saturation, S,, it caleulated using the following

equation:

{1}
= Vw beokfil T wanm

A

V,, = initial volume of water {brine] in room [m3],
V, = volume of voids in raom [m7,
Vi waxm = initial volume of water (brine) in backfill (m?],
initial volume of water (brine) in waste [m}.

V‘M Waka

The initial gas saturation, S,, is calculated as follows: ‘
§,=10-8, (2)

Thers is somsa uncertainty in quantifying the amount and mobility
of water ibring) that is initially present in the WIPP waste disposal §
rooms, These two properties are dependent on the amount of
water and brina initially presant in the waste and the backfill, and
on the composition of the waste and backdill in the room. Asa
result, calculaticns are made for two differant backfitl
compositions, ¢rushed salt and a 70/30 mixture of crushed sakt
and bentonite.

Crushed salt is assumed to contain 0.56% water by waight
Pfeifle, 1987; p. 24} and a 70/30 mixture of salt/bentonite
bacicfill is assumad to contain 3.3% water by weight {(Pfeifle,
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PARAMETER | Initial Saturations
{cont'd) : ’

‘ RATIONALE 1987: p. 26). The initial voluma of water {brine} in the backfill can
icont'd} : be computed as follows:

vV - p’badl:l'll - 1i""’lrlm:llki'ill
w pachid 1 .:3]
p\\r * 1 *+
[ hackill ]

Pragan = density of backfill
= 1300 kg/m? (Lappin et al., 1959; p. 4-58)
W . = initial water content (by wt.} of backfill
= 0.005 for crushed salt
= 0.033 for 70/30 salt/bentonite
Vs = volume of backfill = Vi, m Viaum Vi gse
f = 1327 m? {room porosity raticnale)
p. = density of water {bring)
= 1200 kg/m® (brina density rationale)

From aquaticn (3):

{1300 kg/m3}(1327 m?)

Vw Backtl 1
3
{1200 kg/m 1[1 *{}.DDE]
= 7.15 m?*® ({for crushed salt backfiil
v {1300 kg/m?1{1327 mi)
w backiin —

alq, 1
(1200 kg/m 1[1 _'—O.DSSJ

= 45.92 m* {for salt/hantonite backfill}

The waste is assumed to have an initial watar (bring) content of
1% by volume, which is the upper limit specified in the Waste
Acceptance Criteria {(WAC) {U.S. Department of Enargy, 1921}
The initial volume of water in the waste can be computed as
follows:
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RATIOMNALE
{cont’d} :

PARAMETER | Initial Saturations
{cont'd) ; “

whera:
Viese= voluma of waste
= volume of 6804 drums
1663 m? {Beraun and Davies, 1292; p. 1}
water content (by volumel of waste
= 0.07 (WAC)

o

wwm

From equation (4}):
Vo wae = (1663 m3{0.01) = 16.63 m*

Summing the resulis from equations [3) and (4), the initial volume
of water in a room is:

A" = 23.78 m? {with crushed salt backfill}
= §2.55 m® {with salt/bentonite backfill)

The room wvoid volume can be galculatad from:

vv'vmm"mm

where;
V..m = volume of room [m?)
@oem = Dorosity of room

For tha initial room state:

Ve eem ® 3644 m* (room geometry rationale)
H Prisint oo = G-B63 {room porosity rationale)

Therafora, from aquation (1):

| S _ ° (23.78 m¥)
w it raom 13644 mN0.663)

= 0.01 (with crushed salt backfill)

and
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PARAMETER Initial Saturationgs .
{cont'd) :

RATIOMALE
{fcont'd}: S {62.55 n?)

COMMENTS ; Initiad saturations for the fixed raom geometries are caleulated as

winit wom = e M I)(0.663)
= 0.03 (with salt/bentonite backfill

From equation {2):

Sy wit rsam = 0.99 (with crushed salt backfil)
Syt roan = 997 (with salt/bentonite backdill)

Salsdo Formstion

The Salado halite and interbeds are assumed 10 have an initial
brine saturation of 1.0 and an initia! gas saturation of .0,

follows:
14 i Roo L

For the intermediate room state the void volume hag been reduced |
by raom closure and consolidation:

Vitemediale o = 1995 m® (room geometry rationala)
Fonermdinte oom = 0384 (roorn porosity rationale)

Therefore, from equation (1):

g . . {23.78 mY
W mtemed. 0o T 1808 m9) 0,384}

0.03 {[with crushed salt backfill}

d
an (62.55 m*

{1995 m*i0.324)
0.08 {with salt/bentonite backfill)

S# misrned. room

From equation {2}

7 (with crushed salt backfill}

sp'-mrm-d. L 9
82 (with salt/bentonite backfilll

Sn Inbmnard ot

(||

0,
0.
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PARAMETER
{cont’'d} :

COMMENTS
{fcont’d] :

Far the fully consolidated room state tha void volume has been
further raduced by room closura and consolidation:

Vi coneoliisted 10am = 1572 m* (room geometry rationale) |
Doy conachiduied oom = 0.218 (room porosity rationale)

Therefore, from equation {1k ' |

; __ (23.78 mY)
w lly cone. rooen S T MII(0.218)

= 0.07 {with crushed salt backiill)

and
: (62.55 m®)

“ fully sans. roam = T N [0.218)
= (.18 {with salt/bentonite backfill)

S

Frorm equation {2);

Sy ity coneal. soom = 0.F3 {with crushed sailt backfill)
B, tay conset, wom = G082  (with salt/bentonite backfill)

Initial room saturation is a difficult parameter to characterize in the
context of the two phase gas simulations. Sources of complexity
include the following.

i Uncertainty in the initial water {brina} content of the wasta.
The WAC specifies that the waste will contain < 1% water
by voluma. Some of tha waste forms (in particular, sludge
material} contain significant amounts of water. However, |}
these materials are packaged with uncured cemant, which
is intended to axtract and chemically bind water from the

sludges.
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PARAMETER Initial Saturations
(cont'd) :

COMMENTS :

it} Uncartainty in the initial water content of the backfill.
Crushed salt is expacted to contain approximataly 0.5%
water by weight (Pfeifle, 1987; p. 24). If bentonits is used,
the bantonite specHications set an upper limit on water
content of 10% by weight {Pfeifle, 1987; p. 31). A 70/30
mixed salt/bentonite backfill is axpectad to have a watar
content of 2.3% by weight (Pfeifle, 1987; p. 25). The
degree of chemical binding of water in bentonite under
repository conditions is not well understood at presant.

i) Maodel limitations of treating the room contents as a
homogeneous rnaterial with its two-phase properties based
on an idealized analogue material.. Clearly, the actual waste
robms will contain significant haterogeneities, which are not
inzorporated into the present model.

To examine the uncertainty in the initial brine saturation in the "
room, 8 minimum valus of 0.0003 and a maximum value 0.066
wearg also simulated. The lower bound assumes no free moistura
in the waste and minimal brine in the baclkfill ises Butcher and
Lincoin, 1295a). The upper hound was detarmined from a
rudimentary axperiment maasuring the maximum amount of water
retained in waste and backfill (see Butcher and Lincoln, 1992k).

in the rnodel, it is important that the specified initial saturations be
consistent with the gpecifiad two-phase properties of the room,
i.e., the initial water (kwing) saturation in the room should not be
less than the residual water (Brine} saturation, S,,. Because the
two-phase proparties come from idealized analogues, this criteria is
not always satisfied. The theoretical initial brine saturation is 0.01
or 0.03 depending on backfill compaosition, while S, is specified as
0.276 (see the relative permeability and capillary pressure
rationale).

The very Jow initial brine saturations calculated for the room
indicate that the room may initially be in a "super-unsaturated”
state (i.e., have 3 saturation that is less than the residual brine
saturation). Such a state would be created by the man-made
conditions which generated the pore spacefstructure and fluid
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PARAMETER Initial Saturations
{cont'd} :

COMMENTS  content. This "supsr-ungaturated” state, if it exists, may require
icont’'d) : additional laboratory measurements to rigorously model the aarly
time imbibition behavior.

However, if the room was initially saturated and than drained, it is
highly unlikely that drainage to such low saturations could be
achieved, Residual brine saturation is basically a function of pore
structure and, because of the crushing of salt, processing of
bentonite, and artificial creation of pore space in the waste, the
resultant pore strectura in the room is probably not capabla of
draining down to the water contents that have been ‘artificially”
introducad into this materizl.

Anothar comment concerns the potential misuse of an initial brine
saturation for tha room that has hean specifiad to be artificially .
high li.e., slightly above 0.276}) in order to satisfy criteria that it be
above the residual brine saturation. Some gas generation
processes may ba heavily dependent on "available™ water, and
therefore, water budget calculations may bacome an important
effort in future calculations. If water budget calculations are 1o be
made, they must:

a) recognize the difference between the actual predicted initial
water saturation and the residual water saturation used in
the simulations, and

4] consider the potantially large watear-birwiing capillary forces
that may be present undar highly unsaturated conditions.

If at some point the room anzlogus material is changed and
therafore the residual saturation for the room is changes, then
these initial saturations may require re-evaluation,
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Figure B—17 (a—d). Sensitivity to Interbed Intrinsic Permeability {constant threshold pressure):
a8 — Void Volume; b — Gasx Pressure; ¢ — Brine Flow; 4 — Gas Expulsion
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Figure B—20 (a—d). Sensitivity to Interbed Porosity (constant rock compreasibility):

a = Void Volume; b — Gas Pressure; ¢ — Brine Flow; d — Gas Expulsion
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Figure B-23 {e—h). Sensitivity to Interbed Residual Brine Saturation:
e — Upper Interbed Gas Profile; { -~ Lower Interbed Gas Profile;
2 — Room Gas Mass; h — Gas Generation
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Figure B-37 (a-d). Sensitivity to Halite Residual Gas Saturation:
a — Void Volume; b — Gas Pressure; ¢ — Brine Flow; d — Gaz Expulsion
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Figure B-45 (a-d). Sensitivity to Inferbed Threshold Preassure:
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Appendix C: Referenced Memoranda

Butcher and Lincoln, 19932 , .. ... . o vnanneeas S et asssannnaa C-5
Date; 4-21-83
To: M.S, Tiemay (6342)
From: B.M. Butcher (6345), R.C, Lincoln {(6343)
Subject: The Initial Brine Saturation of Waste and Backfill Within
WIPP Disposal Rooms (WBS 1.1.1.2.3)

Buicherand Lincoln, 1993b . .. ....... .. i e e ns C-7
Date; 6-4-01
To: M.S. Tiemey (6342)
From: B.M. Butcher (6345), R.C. Lincoln (6345) M. Reeves (INTERA)
Subject: Upper limit of initizl brine satwration in wastz and backfiil.

K22+ TR T T . CH
Date:  9-10-93
To; P.B. Davies (6115)
From: S.W. Webb (6115)
Subject: Countercurrent Flow in A Marker Bed and Implications for
{Gas Migration -Brine Inflow

Stoslzel etal,, 1994 . . ...t e e frrratrmr e et s C-24
Pate:  2-21-94
To: Rip Anderson (6342)
From: D. Stoelzel (6341), P. Vaughn (6342), J. Bean (6341), I. Schreiber (6342)
Subject: Summary of 1993-04 WIPP Preliminary Undistorbed Repository
Calcvlations
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Sandia National Laberatories

date; April 21, 1593 Abuguargue, New Mexles 87185

lo: M. §. Tiemey, 6342

A Bl o

irame B, M. Bucher, R. C. Lincoln, 6345

subject: The Intia]l Bring Sxturation of Wagts and Back#ill Within WIPP Disposal Rooms (WES 1.1.1.2.3)

The drafl information copy of the PA Volums 3 Comparison for 1992 destribes the initia] sstoration of
the wnmmodifisd CH wasts form as moging from O 0 0.13, with a median of 0.07, Thie saturation
uppemluhm:hhnﬂghndshwﬁh&replan&dbnmgeﬁmﬂ%hﬂ.ﬂlﬂ with & madim of
0.011. mumﬁmmpmpudagmu:hnpummmnﬂmwmmmﬂ
the room contenbs before sny brine from the suronnding formation sntess the room.  The pew
distribution {2 justifisd in the following discussio:

The medisan value for ths initis! saturstion jn based ¢a the regquinément that na more than ) percest by
vohnoe fres liquld can be present in waste that iz shippad to WIPP (WAC Section 2.3.2.1). Begurdiox:
of whathar or aat cns belisves that this requiretoent can be met, the burden i5 op the waste ganeritors
to deropbstrate Bt it is faasibla, or tal] us atherwise, For the sturativns queted here, we ssmums that
the 1 % volums ia fhe waate iz entirely waler, whemeas at least some of it i likely to be other Liguids,
The moishire content of the bucldill is hased on the assamption that po biine i¢ lost from the backfill
dring its minitp, processing, and eoplacement, According to Volume 3, the parosity of solid balite
varizz from 0.001 to 0.03 with = wedian of 0;01, Compléte brine taturetion is sspnmed, Clearly these
Rie WOLSS sase sssumptions, even Tor the medisn valus,

The Jower bound simply reflects the passibility that there rgy be no free moistars in the wasts becavse
of the presence of deslcsant materisls. The sole source of water for Gie Jower valos of the brine
saturation i¢ therefore the bring in the beekfill, 1t is consideped vséful to preserve the brine content of
the bockiill bacausa the presence of water will facilitate backfill comsolidation, However, even if the
rate of conselidrtion of the Backfill was not lmpertant, a totally dry state would be unasceptable
bacase it would be difficult to dry our the backAill salt completsly.

The upper botud for the initial saturation is based on the fact that RTR cramineticn of waste for fluids
may not delect a seafed container that §s completaly fllad with kiquid, We leamed in & conversition
with Paal Drez that NRC is teported 1o have agreed that 2 5% probability &t 2 contalser is fillad with
fiwid is allowsble for shipping (the TRUPACT TE SAR was given &5 referzmes), aithough this criteria
bas not yet beea approved by sither the EPA or New Meaico state, Alibouph ihis criterion §s ndefinits
bacauss it is & very looss interpretation of the wording in the suggested raferepcs, it will be sdoptad for
calculation of the maXioum brine saturatiog valus. Since g one galloa container 15 the lergest size
sesled contedner sllowsble within the waste (WAC Section 3.4.7.2), the upper initial sstamtica limit i5
determined by assuming that there is 4 5% probability tha » single galion container filled with water
mﬂmhuﬁdmmufm‘buaﬁhhmdmuhwum No sealed containers are assumed to exist in
the sludges,
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M. 5. Tierney, 6342 . pigel

The values cited in the previous paragimphs are absclute vpper boands because:

All ligwids were assumed to be water,

No credit was taken for desiccant maieclals purposaly addsd to the wasts & remove fres Water.
Drying of the back{ill because of mine veatilation was not considered.

Any bentanite mixed with crashed salt for beckfill would &lso semove water.

The Jask factor is considered most important because & selt-bentonite mixture for 1he backdilt woold
buve the potential of sorbing of the qrder of fram 10 to 50 m3 of water per yoom (Buwicher, 1991, Takle
4-1). Forcomparis%n. the wpper lkmis of the initisl ssmration of 0,018 quoted above coraspoads o
spproximately 40 m” of brine in the room.

Reforences:

LI B

Wasts Acceptance Criteris for fhe Waste Isclation Pilot Plant, WIPP/DOE - 069, Revision 4,
Deacember 1991,

NuPac TRUPACT-II SAR, Rev. 1, May 1989,

*The Advantages of a Salt/Bentonite Backiill for Waste Isoktion Pilnt Plant Disposal Rooms,” B. M.
Batcher, SANDIC-3074, April 1591.

Copy ta:

4113 P. B. Davies

8115 X, Lavsn (INTERA)
5118 5. W, Webb

8303 W. D. Weart

£305 A. R. Lappln

6340 SWCP(DRM)

342 D.R. Anderson
6342 M. E. Faweall

6342 M. G, Marietta
§342 F. Vaughn

6345 R. C. Lincoln

6343 B. M. Butcher (Day fil=}
4345 F. T. Mendenhall
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date:

1o

from:

subjset;

June 4, 1993
D, R Andetson, 6342

B Bt P’

B. M. Butcher, R. C. Lincoln, 6345

Upper Hmit of inftisl brine samration in waste and backfill,

A suggestion was made during a recent PA parameter review mesting that a yseful ealenlation
for examining the upper limit of initial brine ssturatior would be to determine bow much
brine could exist in the para space of callulosics waste in the fully satvrated condition. This
eontribution to the water content could then be 2dded to the brine in the backfill and

-remmainder of the waste, to provide guidance with regard to the upper limit. 'The amount of

wood was not to be included in the analysis, because of the llmiting effect of its tight cellufar
structure on water releass.

Upon further consideration of this request, it became apparent that the concept of pore volume
in the paper and wood would be misieading. Bulk paper and cloth pore volumss are not
suitable parameters for severa) reasons: (1) 2 unique pore volume for these components is
impossible ¢ dafine because they are not segregated, but rather mived with the sest of the
waste; (2) the sorption process in fabrics is more complex than simple saturation of a granulas
material. Instead, we have defined wet as the maximum amount of water that paper and cloth
¢an sorb and retain in 3 non-drying atmosphere. The term “wat” therefore is the amount of
water retained after 2 sample of the meterial has heen (1) folly immersed in water, (2)
removed from water, and (3) zny exesss water dlowed to drain out of it

In searching the lterature, we were unable w0 quickly identify any sources of informgation
about sorption potentlal of vatlous types of paper and cloth. This literature search iIs
continning, Becauss of the urgency of the need for this information, we have attempted 10
obtain an jndication of the sorption potential of materials such as 1ab coats, rags, and
Fimwipes from a test, In this tast, 8 well-laundered handkerchief, after being weighted, was
saturated by holding it under tap water o that it was dripping wet, The sample was then
supported inside & large beaker, so that water was fiee 10 drip off it. The container was then
covered tightly with Saran Wrap, so that it essentiglfy became a closed system, allowed to
stabilize for 24 hours, and the sample reweiphed to determine the amount of water retained.
This is the only test that we have had time to perform.

Descriptions of the resulss of the test and a MATHCAD copy of the calculation are included
in the attachmenss to this memo, The MATHCAD calculation bas not been independentdy
checked. The results are a5 follows:

C7




Summary:

maximum room averzge initial brine satmration without wet ceflalosics - .025
maximum room average inkdal brine saturation incloding wet paper and cloth - 0,064

In addition to the above resalts, we were able to fmd a reference giving an average value for
the amount of sorbed water in wood (Marks' Standard Handbook for Mechanical Buginesrs,
8th edition, page 6-122), Inclusion of this comtribution gives:

maximom room average initial brine saturation including all cellulosics - 0.066

All room averages include estimates of moisture in the backfill and nonporous waste
constituents.

Copy to:

6115 P. B. Davics
633 W, D, Weant
6305 A. R. Lappin
6340 SWCF(DEM: WES 1.1.1.2.3)
6341 . A. L Stevens

6345 F. T. Mendenhall
6345 B. M. Butcher (day file)
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Sandia National Laboratories

date: September 10, 1993 Albuguargue, New bMaxico 87185

to: P.B. Davies, 6115

fmm:‘%‘e’u’ﬂ, €115

subject: Countercurrent Flow in a Marker Bed and Implications for Gas Migraton - Brine Inflow

The general conclusion that gas migration will shut off brine inflow has been questioned
by Webb (1993). This conclusion may be due fo paramefer selections employed in
current calculations such as the fracturing pressure and the assumption of a perfectly
horizontal repository. The attachment to the present memo considers the horizontal
repository sitvation and the effect of including the repository dip on flvid flow pattems.
Calculations indicate that inciusion of the repository dip aliows countercurrent flow in a
marker bed and simultansous gas migration and brine inflow, possibly increasing gas
generation.  Gas migration distances are also expected 0 increase dus to the lower
resistance to gas migration and an asymmetric migration pattern if the repository dip is
included,

More detailed simulations are currently planned to address this issue. Note that if radial
geometry 15 used, as is ¢urrently done by PA, 4 three-dimensional model must be vsed

if the repository dip is included. Therefore, current plans are to use cartesian geometry
for the scoping calculations to investigate the effects of repository dip.

Reference

Webb, S.W. (1993}, Memo to P.B. Davies, "Additional TOUGHZ Simulations
Addressing Gas Migration - Brine Inflow Questions,” August 10, 1993,
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Copy to:

6115 R.L. Beavheim
6115 G. Freeze (Intera)
6115 K. Larson (Intera)
6119 F, Gelbard

6303 W.D. Weart
6305 S.A. Goldstein
6305 A R. Lappin
6342 D.R. Anderson
6342 E.A. Boucheron
6342 M.E. Fewell
6342 M.G. Marietta
6342 1.D. Schrejber
6342 P, Vaughn

WBS 1,1.4.2.2 - Salado Hydrology and Transport - Model Development
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Gas-Liquid Flow Regimes in Porous Media
ith Applicati igration and Brine Inflow at the WIPP
Stephen W. Webb, 6115
September 10, 1993

[ clion

Analysis of gas migration from the WIPP repository involves gas ditplacing brine in the
interbeds which are modelled as porous media or fractures. In analyses to date, the repository
has been assumed to be perfectly korizonial, and migration of gas away from the repository has
also resulted in flow of brine away from the repository. In this case, additional brine inflow into
the room is shut off, and the gas generation is limited by the brine inventory in the room.

If the repository dip, or angle, is'included in the modeling, it is possible for gas to migrate out

of the room while brine flows into the repository. Therefore, gas migration may not limit brine
inflow, possibly increasing pas generation in the room. This situation is investigated below,

IT._Model Development

Consider the flow of two fluids, one wetting (Jiguid) and one nonwelting {gas), between two
points A and B in a porous medium as shown in Figure 1. The gas and liquid pressure at each
point are different due to capillary pressure, and each phase undergoes its own friction and
gravitational pressure change between the two points as noted. Cocumrent and countercurrent
cases are illustrated in Figure E Note that these flow patterns occur in a single flow path.

For an arbitrary direction & which is at an angle # above horizontal as depicted in Figure 2, the

Darcy velocity for each fluid is commonly assumed $o be given by Darcy's Law or (de Marsily,
1986}

I'G--kﬁ(?l’j+p1§‘ﬁz). {l)
B

i

When z is defined vertically upward, the above equation can be written as

_p Ky OB
¥ kpj(afpjgcshlﬁ}. {2)

Relationships for the two phases are
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P,
b

.-é;+pwgcsiu_ﬁ) (3)

aP,,
de

Vm=-kt—:( * a8 S0 | @

The capillary pressure expresses the difference in the phasic pressures or

P,=P, -P,. )

W

Assume that gas migration from the repository is occurring, 50 the nonwetting Darcy velocity
is positive. Equation (3) for the wetting phase Darcy velocity can be written in terms of the
nonwetting phase pressure gradient and capillary pressure as

ce k(G ). ®

Determination of the wetting phase flow direction, and whether the flow is cocurrent or
countercurrent, depends on the value of the term in parentheses, or

aP ar

w s ing, 7
™ a“*PwE:_ﬂme

The nonwetting phase pressure gradient can be expressed as

a'lw Iw""m
— . ——— ' 8‘
i o P 8§, 5in O (8)

50 the wetting phase Darcy velocity expression becomes

Kk V. B gk, .
= —frel . v T - gin @ . (%)
Fw ]"'w -’C kmw atl * {Pw P“) S, H
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At the limit of zero wetiing phase Darcy velocity, or the transition between cocurrent and
countercurrent flow, the term in brackets equals zero. This transition nonwetting phase Darcy
velocity is

k oP
P L L . < -
Fm.# kl"w[ I +{p, Fm).ggshﬁ]* am

If V., is higher than this value, the term in brackets in equation 9 becomes negative, and V,,
becomes positive. Since V., is positive, the flow pattern is cocurrent as gas and liguid flow in
the same direction. However, if ¥V, is lower than this transition value, V,, becomes negative,
and countercurrent flow occurs with gas and lLiquid flowing in opposite directions,

Figure 3 shows the variation of the transition value with saturation. Naturalky, the shape of the
curve depends on the shape of the noawetting phase relative permeability. However, the end
point values as X, . equals 0 and 1 remaia the same. Note that the transition Darcy velocity can
be zero or negative depending on the capillary pressure gradient, the density difference between
the wetting and nonwetling phases, and the angle. In this case, only cocurtent flow is
encountered. '

In the cage of gas migration from the repositery, the liquid or wetting phase saturation increases
with distance, or

B, an
Jdex

Since capillary pressure generally decreases monotonically with increasing wetting phase
gaturation, for gas migration

% <o | (12)
Jo

and inclusion of the capillary pressure increases the V., (ransition value.

. The transition value varies with gas saturation duve to the relative permeability term and,
therefore, will vary with distance from the repository. As depicted in Figure 4, the possibility
exists that the countercurrent limit may be reached at an intermediate saturation, so part of the
displacement is cocorrent while part is countercurrent. In this case, cocurrent flow would occur
in the nose or front of the displacement, while countercurrent flow may occur in the tail.
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For completeness, the situation of migration of a weiting phase into a media saturated with a
nonwetting phase results in a transition wetting phase Darcy velocity given by

= tl'h" aPE'_ - =
Voo k-;:[au p,-p,) B, 5in O |. (13}

ial Cas
For a zero capillary pressure gradient,

Ve = % %"-‘3 (P.-Pn) &, 50 O, (14)

aw

In the case of horizontal flow (sin & = 0°), the expression is

k ar, 1 -
v, =k"‘“"[——‘]. (15)
7 Pl Om

As mentioned above, the capillary pressure gradient for gas migration is negative, so
countercurrent flow is possible even for the horizontal case. However, countercurrent flow
would tend fo reduce the satvration gradient {and capillary pressure gradient) reducing
countercurrent flow. This mitigating effect is probably the reason that counierflow has not been
observed o date,

Finally, the minimum nonwetting Darcy velocity to ensure cocurrent flow can be evalvated by
setting the relative permeability equat to 1.0. In this case, the minimum nonwetting Dascy
velocity is given by

VkEP‘
Wu_"au

- @y P 2 sin 0. (16)

If the nonwetting Darcy velocity were always greater than or equal to this value, only cocurrent
flow would oceur.
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1L Aoolicat e WIPP
a. Transition Value

For application to the WIPP, typical parameter values for fractured interbeds will be used
assuming a negligible capillary pressure gradient. In this case, the transition value is given by

-k E-’“' 2, &n B (p,-p,,) ' an

¥ewar

For the following parameter values

k = 10 m? (fractured interbeds)

g, = 10% Pas

§=1°

Pu = 1200 kg/m?

P = 200 kgfid®, .

the value of the transition nonwetting Darcy velocity is

Ve = 1720078 & e = 054 & miyr

For a porosity of 1%, the appropriate pore velocity is
Voo = LTR10C K 18, mfs.

The gas or nonwetting phase relative permeability in fractures is often assumed to be egual to
the nonwetting saturation; this cumrenfly is the relationship used in PA caleulations. In this case,

LA 1.7%10 mis = 54 miyr .

The actwal value of the gas migration velocity is expected to be less than 54 mfyr, so
countercurrent flow in which gas migrates from the repository and brine flows into the
repository is anficipated if the repository dip is included in the analysis. If the pore velocity is
greater than this value during some point of the simulation, brine inflow will stop and gas
generation may be limited, However, due 0 the limited gas peneration, the pore velocity may
drop below the above value at a Jater time, and brine inflow will resume, resulting in additional
gas generation and migration.
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In view of the above numbers, some additional studies using the TOUGH2 ¢code have been
performed. In addition to providing gas satwration profiles, the ssmulahﬂns also provide a check
on the analysis presented above.

b. One-Dimensional Simulations

One-dimensional simulations of flow in a fracture or in 4 porous media have been conducted
using TOUGH2. The nodalization consists of 102 elements as depicted in Figure 5. Element
1 on the laft is meant to simulate the repository and is specified as all gas at a pressure of 12.6
MPa. The rest of the volumes are initialized as being in hydrostatic equilibrium with the room
at 12.5 MFa; these volumes have a minimal gas saturation of 0.0001 for numerical purposes.
Therefore, the room has a pressure 0.1 MPz higher than hydrostatic, similar to the conditions
anticipated at the WIPP. Angles with respect to the vertical of O and I degrees have been
simulated. Nanmally, for O degrees, there is no hydrostatic gradient, so the initial conditions
are all 12,5 MPa. For the 1 degree case, the initial pressures decrease from 12.5 MPa in
element 2 to 12.3 MPa at element 102 due to the elevation change. Element 102 is specified
as 2 constant pressure element to avoid pressure buildup in the model. The simulations were
ran for 3 x 107 seconds, Consistent with current PA models, no capillary pressure was
specified. Linear relative permeabilities as shown in Figure 5 are used with a minimal gas
residual saturation of 0.001 to avoid gas flow during the hydrostatic caleulation,

For O degrees, a thin gas layer develops, migrating about 130 m at the end of the simulation as
depicted in Figure 6. Gas and liquid Darcy velocities are also shown indicating cocurrent flow
as expected. For 1 degree, the same results are shown in Figure 7. For the same time period,
the gas migrates 420 m, or over twice as far as in the 0 degree case. The nonwetting phase
Darcy velocity and calculated transition velocity based on the saturations are given, indicating
cocutrent-conntercurrent flow transition at about 150 m. The liquid Darey velocity shows the
transition, as the flow patiern is counterflow from © to 150 m {(brine inflow o the room), and
cocurrent flow further out.

Gas migration is much forther for the I degree case than for 0 degrees. The zeason for the
difference is that, for 0 degrees, the gas has to push the water down the entire porous media or
fracture length. For 1 degree angle, some of the water flows into the room, out of the way of
the migrating gas, making it easier for gas migration. Therefore, not only will the dip of the
repository increase brine inflow into the room (which may increase the amount of gas
penerated), it will also mn¢rease gas migration distances for the same amount of pas. The gas
migration pattern is also expected to be asymmetric since migration upward will be much easier
than downward, (Gas migration distances are expected to increase dramatically compared to the
hotizontal case,
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IV. Discossi

The above analysis is based sirictly on Darcy's law with the atiendant physics. Note that
Darcy’s law is used in the cutrent svite of codes commonly employed on the WIPP project such
as TOUGH2 (Pruess, 1991) and BRAGFLO (WIPP PA Department, 1992), In addition to
Darcy’s law, the stability of the gas-liquid interface should be considered, Tn the present case,
a less viscous fluid (gas) is displacing a more viscous fluid (brine), and the fluid interface is
potentially unstable, This condition could result to viscous or capillary fingering as discussed
by Lenormand, et al. (1988) among others. Fingering could alter the regions of cocurrent and
countercurrent flow. Therefore, care should be used in applying the shove ¢riteria too strictly;
it is only a guideline and only as good as the physics included in Darcy’s law.

V. Conclusions

Inclusion of the repository dip in gas migration calculations could have a significant impact on
g2s migration distances. In the above simplified medel, inclusion of the repository dip altowed
simultancous gas migration and brine inflow, possibly increasing the amount of gas generated.
In addition, the gas migration distance increased by a factor of two or more due o the lower
resistance to gas migration. The gas migration flow paitern will be asymmetric if the repository
dip is included as migration vpward is easier than downward. Such conditions need to be
analyzed in more detail.

Simulations are currently planned to address this issue. Note that if radial geometry is used, as
is currently done by PA, a three-dimensional model must be used if the repository dip is
included, Therefore, current plans are {0 use cartesian geometry for she scoping calculations
10 investigate the effects of repository dip.

V1, Nomenclature

gravitational vector
gravitational constant
permeability
pressure

saturation

pore velocity

Darcy velocity

arbitrary direction

angle with respect to the horizontal
viscosity

density

LI anE << iy m
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¢ capillary

j direction

nw  nonwetting

14 relative

tr transition

w welting
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date:  February 21, 1994 INFORMATION QMLY
o Rip Anderson

from: %aﬁé:l.m!, Palner Yaughn, J?::;in Jim Schrefb:

subject: Summary of 1993-94 WIPP Preliminary Undishirbed Repository Calculations

The model set-up for the 1994 caloulations is summarized in Table 1. The grié layout is sssentially anchanged
from that used in the 1992 calculations (sex Figures 1, 2, and 3), with the sxception being an increzse in
siratigraply from the Castile to the surface (same as for the inbusion scenatios). This did not affect gas
migeation to the surfacs, since the gas stopped at the lower shaft seal for all the caleulations. In addition, the
waste region is divided into twa areas, labeled Repository and Panel. The fluid apd marerial parameters for the
two waste areas are sxsctly the same, the coly differance being that the Pane! volume represents one excavated
panel (the Horth Equivalent Panel), and the Repository volume contains the waste for the remaining panels in
the prapogzed site. The “"Entire Repository™ is the Pane] and the Repository together. This conceptualization of
the wagtz region was nol done For previous PA’s and shoukl provide a bewter representation of fluid flow within
the entire reposiloty.

Tab[t.sl m:ﬂugh & d»:sm‘be r.he mpul. vanahlns use.:i for the 5!:- calmlatma perfarmed for this study. Twenty
three of the yariables were sampled over 2 specified range. One additional cakulation was made (the "Example
Cakulation™), in which the input variables were determined by a “best guess™ within the distibtion of vataes
for cach parameter; either the median (for rock propacties) or the mean (for the mmaining parmetets such as
corrosion rates and wasts inventory). This caleulation was made to show the non-linsar relationship that exists
between the input parameters and the model conseqoences afier 10,000 years. As expected, the results from the
“example” ran did oot mateh the mean or median of the sonsequences from the 5 runs with sampled Input
parametzrs. Major changss from the E292 PA models are described below:

A. Fracturing of the anhydrits layers i spproximated bazed on pressure dependent aktermeions (o the mek
compressibility, permeabiliey and porosity of the affected layers. The intrct compressibility,
pemeability and porosity are increased when the brins pressure iz above the fravtues presoore of 12.5
MPa to a maxivaum value calculated at 35.0 MFPa (the alieration zone). The fiell fmcure permeability
and porosity {ppper limit at 15.0 MPa) are shown on Table 5. The fracture madel was explained in a
previous meme from Sam Key (RE/SPEC) dated 3-Sep-19%3. Essentially, anhydrite compressibility is
increased Linsarly to a mazimum value, based on the increase in pors pressure due to gas genesation.
Porosity (§) is related to compresaibility, and zbsolute permeability (kypc) is related to porosity, hencs,
4 and kg also increase within the anhydrite layers 25 préssure increases. This is shown in Figares 4
and 5. The methodology adapied for this modsl was raviewed by the Fracture Expert Group, and
deemed reasonable for a "first ffort™. It was also recognized by the group that sxperimental data is
nesded to support the roadel or any alternzfive.

B. Permesbility and porosity deta wers provided by Rick Beauheirm and Sesan Howsarth, The anhydrite
intact (sbsolute) permeability was modified for the 1994 assessmemt. The median vatue was increassd
slightly from 5.0%10°20 m2 to 6.3x1072% m2, with the.sampie rangs reduced from five orders of
magnitude to three crders of magnituds, mainly at the hlf]l end. This i in contrast to the 1992 range of
permeabilitics, which were arbitcarily sxtended 10 1x10716 m? to “approximate™ fracturing in the
anhydrite. The anhydrite median porosity was incraased fom 1.0% in 1992 1o 1.4% in the current
calenbations, These changss, along with the frachure model, resulted In an overall increase jo gas
migrition distaoces in the anhydrite, and a decrease in repository pressucss.

C. The pen‘.nuh:l:q;nf the lower shafi seal [-QDU years) was thanged from a sampled range of-1x10-19
m2 « 3x107 19 2 10 a fivad value of 8x1671% m2, s recommended by Ray Finley. This greatly
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teduced pas migration up the shaft, and diverted gas to ME 138 instead. For the 1984 undisturbed
caleulztions, gas flow did not go past the top of the Salado Formation.

. The disturbed sock zone (DRZ) porosity was changed from a sampled value desigoed 1o be sliphtty
greater than Lhe halite poresity {(ahbough not to excesd the maximum alfowable halite porosity of 1%
10 5.0%6); 1o a fixed valus of 1.5%. This bad the sffect of reducing the availabls gas storags in the
DRZ. These changes were made as a result of recommendations by Dept. 6115 and others.

E. The values for initicl liguid {brine) seturation: in the waste were reduced from & sampled rnge of 0% -
L48% (7.0% median) to 0.04% - 5.2% with 2 0.44% median, These vahies are baced on o Westinghouse
analysiz of fres liquid content in EG&G f INEL wases, and a siudy done by Bary Butcher to estimate
the brine content in the backfill and residuad liquid in the cellubosics. This new raoge lowersd the
vohunes of gas penerated, since there was less initial brine aveilable for reaction.

F. The gas generation submode] parameters wers alse changed (see Table 5). New estimates were )
provided by Lamy Brush, The range of vahues for tnundated corrosion rate was increased significantly
{fromn & maximuom of 2 mebdrum/year to 130 mol'drumdyear), snd the range for humid corrosion rate
was greatly reduced {with a median valus of zesG). This czused an increase i gas generation for wet
environments, and fowes pas geceration in humid environmisots.

3. Prcliminary Besults:

A. Pressvas in the Wasie: Figure 6 shows a tike phot of the voleme averaged Panel pressures for all 50
caleulations. The Repository pressures are nearly identical, end ez« therefore oot shown. The affects of
the fractnre modsl and higher achiydrite permeability are seen as the gas is alkowed to Bow more casily
into the anhydritz and most of the pressures peak below cthe fracture upper pressurs limit of 15.0 MFPa,
The pressure behaved difierently in the 1992 calculations, in which half of the realizations remained
thove the 14.8 MPa lithostatic pressure to 10,000 years, many in i 20 MPa rangs. For the curtent
calculations, the average pressuse peaks at 14.7 MPa and declines to 13.5 MPa afier 10,000 years,
which i much cloger to the far-field prassure {12.5 MPa) than was reached by the 1992 caleulatlons.
For one third of the curnvent realizations, presnires reach levels bighér than Ibosttic, usually within the
fizst 1,500 years, and then declne vapidly. The reacon for this is sl imder mvestipation, bt iz
probably a result of the interaction between the frachuring model and the two phese flow behavior
within the DRZ and anbydrite layers. It is possibla that the effactive permeability fog pas (as defined by
the reladve permezability model esed for 2ach consequence) may be restricting the pas flow keaving tha
Tepository ai kow gas sahumtions. Figure 7 shows a histagram of the Panel pressures at 10,000 years.
The majerity of the pressures ended in the 12 to 14 1Pa range, whereas the 1992 pressuces ended in a
fuicly even diseibution from & to 22 MPa. The pressore resulting from the Example Cateulation peaked
slightly Jower than the avegags of the consequences, (14.0 MPa campared to 14,7 MPa), but was very
closa to the mean after 10,000 years,

B. Brine Sgtueation in the Waste: Brine saturation is impontant, a8 it is needed for the cormosion and
biodegradation processes in pas generation. Figure 8 shdws brine saturation behavior over fime for the
Panel {the Repository safurations were nearky ¥entical). This pattern it similar to the one seen in the
1992 calculations, with a mpid, carly increase in saturation as the reduction in porosity dus to cresp
closurs results i an increass in brine samration, and a smiall amount of brine fows in from the DREZ
and anhydrite layers. Brins saturation then drops rapidly as it is consumed in the comasion process.
The brine saturations in the waste remazin higher theongh tims for the (992 calculations das to higher
initial brine samrations, and increased brins inflow Fom the swrounding DRZ, and anhydsits layers.
Hots that ibe Bxample Caleulation brine saturation remains fairly close to the median of the 50
CONSeqUEnces,

C. Biine Flow in the Waste: As in the 1992 caloulations, net brine flow was gencrally into the Repository;
howevsr, the valume of brine inflow was less for the 1994 rons. In the 1992 calculations, several
realizations sxceeded 10,000 m? brice inflow, whereas the 1994 nums had ooly & few excesding 5,000
m° brine inflow to the Reposiiory (see Figure 9), This discrepancy may be in part due ta the lower
DREZ porasity in the 1594 made!, which reduced the available brine volume in the rock sumrounding the
waste region, as well as the lower peoneability in the intact anbvydrites, which are the major pathways
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far brine inflow. The updated reptesentation of the undisturbed model may 2lse have an influence on
fluid flow, especially that of the brine. In the 1282 mesh the waste is one confinuoes region, whereas in
the 1994 eomceptualization, the waste region i split into two distinet arees: the Panel and the
Repositery, separated by a pane] seal. For the majority of the calculations, the nat brine flow was onf of
the Pama] (Figures 10, 11, and 12). As in the 1992 calcelatian, the main pathway for brine flow ig in
the anhydrits layers. The brine flowing into the wasts region most likely originates from the Sowth,
gince the brine from: the Worthesn layers has a preater distance to travel (o reach the waste and must

pass throuph a lower parmeabifity backfiil and seal region. Brine flowing from the Sowth is partially
divarted to the Repository on its way to the Panel. This is illestrated in Figuze 13, which shows the
brine inflow 1o the Pane! fioc all realizatigns. The brine wvolumes flowing into the Panel were exiremely
low, with the average of the 50 consequences being 152 > and the median 15 m?, Hence, flnid flow
through the system is influsnced by the conceptualization of the repository, sspecially on how the
panels aze represented within the waste region. For the Example Caleulation, the net brine flow for the
Repasitory was 1,8%0 m3 inward, which fefl batween the mean and medizn values of the 50
consequenced, whereas the Example net brine flow for the Panel, 224 m3 outward, was somewhat less
than tha mean and median values. Tn addition Ggure 13 shows that the brine fowing into the Panel fior
the Example Caleulation (7 m3] iz considersbly kower than e mean and median of the congequences.

Gas Generation : Changes in the gas peneration model, along with 2 reduetion in available byin2 for
teaction, resulted in Jess gas geperation then in the 19%2 czlculations. Figore 14 shows total gas
generated over fime for the Entire Repository, At 10,000 vears, comulziive gas produced ranged from
146 ta E,107 mol/drum, or 2.9x10% m3 10 22.0x108 m3, compared {0 180 to 1604 molidram, (3.0x1 b
ta 32.0x105 m3) for the 1992 PA all gas valumes are measured at reference conditions of 300,13 K
and 10[.325 kPa). For comparison, the mnge of gas ehat could theorsticalty be generated if all
reactants were caosumed, based on maximum angd minioum ioventory and stoichiometry, would ke
860 to 1940 moelrdrum {l‘?.lxli}'s m3 1o 38.6x106 m3). The gas gencratsd as 2 result of the corrosion
process is shown in Figure 15, Two distinct patterns ars evident. At high cormasion mtes, ges
pradustion rises rapidly vniil the available brine is consumed, at which point the gas generation either
stops or slows down drasneticnlly. The rapid ges generation canses a stesn increnss in repository
pressure abave the far-field pors pressure of 12.5 M"a, which restricls brine flow inte the rapagitory to
limit reaction evan move, Tha other sajor trend ie a slow, steady increase in gas sensratiop. Because
the repository pressure doas not rise as rapidly in these scemariog, it s possiblz to have a steady influx
of beine. Figars 16 shows iron comtent in the Panel over time (similar curves were observed for iron
content [n the Repository). Figure 17 is a histogram of the iron remaining at 10,000 years. Mote that
teme of 1 caloiations resulted In 100%6 Jroth constmpiion, unlike the 1992 resulls, in which 26% of
the s¢enarias resulted in complete iron consumption. Gas production resulting from blodegradation
alse follows two distinct trends (Figurs 18). On average, the biodegradation rates are higher chan the
cerrasion rates, bence, about S0% of the scenarios resulted In 100% conswmption of he cellulozics
{Figures 12 and 203, Becauss thers was a sualler inventory of celiulbasics than metals, the volume of
£33 produced by Biodegradation was about half of that resulting from comrosion. The total gas
generated in the Example Problem closely matehed the median value of pas peneration for the 50
consequences. However, ihe Example Problem was lower in gas resulting from comrosion, and higher
in gas resulting from bicdegmdation than the mean and median of the 50 consequences.

. Gag Mipration: Table T summnarfzes yas migtation distances in sach of the anhydrite layers for all 50

realizations and the shafi. The maxinum distance reached by the g2s within each anbydrite layer was
determined by adding together the x-dimensions of the grid blocks containing gas lsading away from
the edpe of the repository. The distance reached in the farthest most grid block cootaining gas was
determined by propartioning the x-dimension of that grid block by ifs Sppyax £ Sor ratio. Becauss of
the reciangular fladng concept ussd to describa the geomelry of the anbydrite lnyers, the pose volumes
increase in the grid cells leading ewsy from the repository {note the Ax and Az dimenslons in Figures 3,
4, and 5). Therefors the coztseness of the mesh around the Land Withdrawal Boundary {LWE) affects
the caleulation of the gas mipration distances to some dagree. 1t is platmed to run a set of caloulations
in a modal with a finer mesh leading away from the repository to improve the resoltion of the_
meipration distances. Far the current caleelations, sighteen of the fifty realizations (3695) had gas reach
the L'WG at 2 400 meters. Gas migration distance was also highly dependent on the relative
pemmeability sub-model used to determine cwo phass Jow, as welt as the permeability md porosity
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changes resuiting Fom the fracture model, Approximately ope third (16 out of 500 of the sceparios
used the Vin Genuchten / Parker (VG/P) submedel], and the remzining two thirds used the Brooks-
Cotsy (B-C) relagionship o determine relative permeability. Each of the models reguirss rwo key
parametars to Setermine the shape of the relative permeability curves: a residial brine sahmration {8y,
amet a prwe size distribution parameter (3. 1o addition, the Brooks-Corey madel raquires a regidnal gas
saturatioo (S, ). All three of these parameters were sampled oo ceeate fifty different relative
penu:ahllltjr turves. Figures 21 and 22 show the rlative permeability curves used for realization #4,
which uses the VG model, and realization 16, which uses the R-Cmodel, The impariance ufﬁgr
becames obvious when comparing thess tbwe models. For the YG/P carves, gas is mobile a5 soon as it
enters the grid block {the ko curve in Figare 21). For the B-C raode], gas must first exesed Ssrhufmvc
it. can move through the grid Block (compare the kg curve in Figuee 22), creating gas storage
proportienal to (grid block pore volume) x S, for €ach grid block within the anbydrits layers. This is
why 14 of the 16 realization: using the VGfP model had gas reach the LWD sinee the fas wae able to
move fisely throvgh the layers, aven at low gas satoraticns. Only 4 of the 34 rezliztions using the B-C
model reached the LWE, as the gas mobility was restricted by the residial ga¢ storage inherent in the
relative peroeabiifty raodel. Mote that the four B-C calculations (realizations (7, 18, 27, and 37) that
reached the LWEH had relatively low residual gas saurations (= 1054), meaning Sower gas siorage.
Similarly, the increase in anhydrite psmicability due b the acere flow mode! assisted flow out of the
repository, affsening the increase in gas siorage resulting from higher fracture porosities. &t would
appear that the twa-phase flow properties, specifically the permeability cheages dus ig the fracture
model and relative permeability models, have a greater impact on gas migration distince than de the
other sampled propertiss such as gas peneration {i.¢. corrosion rates) and parosities. Many of the
realizations in which Jarps amaounts of pag were menerated have refatively short migration distances doe
to their high residueal Ggu saturations. Becanse ofthe frachure madel, at Jeast halfof the calelatioms had
gas volumes of 1x10 m= or more esrape the repository into the anhydrite layers, but very few of those
had gas make it 1o the LWE due o their mobility a5 defined by their fluid's relative permeabilities.

This js illastraled by figures 23, 24, and 25 for Anbrydrile A& South. Of the iop six realizations with
gas5 escaping the repository, only one (realization §6) had sipnificant amounts of gas escape to the
LWEB. A similar panern wes seen for the other anbiydrite layers. These gas migmtion resulis differ
significantly fiom the 1592 calenlations. Only & out of 70 socoarios (3963 had gas reach the LWE, in
apits of the larger arnounts of gas gencerated. Gas migration up the shaft was instgnificant (Figare 26
compared to the 1992 PA. The gas that inay have atherwlos sscaped up the shaft appears to have been
diverted laterally inte ME 132, as pas migration oceurred fhere {2e2 Table 7), where i had not been
apparent inthe 1992 PA_ The masdmum migration distance reached for the Example Problam was 546
mealers from the repository edee in Anhydriis ALE South. This was sipnificanify less than the mean
and median distances of the 50 consequences fior that layer. Once again, this illusaates the extrems
non-tinearity of the system, and the value of the Monte-Carlo sampling method when experimental
inpuit data is unavailable. It should be noted that the effects of capiliarity are not accounted for in this
model dug io lack of capillery pressure date. The gas (and brine) migration distances may change
significantly if capillary pressure were added to che model,

4, Conclesjons:
A. Forthe 1994 undisturbed PA, gas migration to the Land Withdrawal Baundary iz influenced vy fluid
flow parametsrs such as teladive permeability, ez well az altered rock properics coused by the
fraciuring model,

B. The incorporation of 2 fracture approximation sub-modei played a major role in reducing repository
pressures 24 allowing more pac to gacaps.

C. The seduced lovwsr shaft seal permeability effectively stapped gas flow through the shaft to the Culstra,
but in diverting the gas away from the shadt, an increase in Jatzrzl migration to MB 138 resubted.

D. Uksing a mean or median value for input parameters it lien of accurate experimental data may bead o
significant inaceurecies in model reswlts when compared to the siatistical findings (maiimum,
minimum, mean, median, ete.) resulting fom Monte Carlo uncertainty analysis, due to the non-
litv=aritizs inberent in the system.
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Table 1. Summary of Conceprual Models Associaled with Repository
amd Salade Fluid Flow in Performance Assessment.
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Figure 1. Material Permeabilities for 1994 Undisturbed Repository Simulations.
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Table 2. Malerizl Fermeabilities for 1994 Undisturbed Repository Simulations.

Log (Permexbility) [Log (m2))
Time Period
Matearial Oither Than Range Example
Name >0 yr Sampled Minimom Muaximuam Calculation
Imparmeakile N - - e
Halire Y 224 ~20.2 216
Pangl Seals
Lower Shaft {~200 yr) Y -21.0 -12.0 -19.5
Lowsr Shaft Seal {=200 yr)
Aphydrite A& B
ME138
ME139 Y ~20.0 -13.0 092
Transition Zone
Rustlar N - - =175
{other than Culebra)
DRZ
Exparimental
Backiill H - — -15.0
Botam Shaft
Dewey Lake Red Beds
Culebia N - - -13.7
Wasts Disposal Region
Upper Shaft N - - -13.0
Upper Shaft Seal
Castile Brine Pockes
Santa Roza N - - -11.0
Lower Shaft (<200 v1) Y -19.0 -15.0 170
Lower Shaft Seal {200 yr} M - - -17.1
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Table 3. Material Porosities for {994 Undisturbed Repository Simulations.

Material Range Porosity [F of Material Volume)
Name Sampled Minimum Maximum Mean Median  Example

Castile N - - .35 0.50 0.60
ﬂ[lgli"ﬁ'déim A& Y 04 27 1.4 14 14
MBI135
Hazlite Transition N - - LS 10 L5
DRZ N - - 1.0 1.3 13
gimm-;ﬁ:: Backed Y 10 7.3 37 3.7 37
Lower Shaft Seal N - - 50 50 50
Fane] Seal H - . - 1.0 1.0 1.0
Culebra ¥ 0.5 252 152 152 15.2
Santa Rosa N - - 17.3 134 17.5
Dewey Lake N - -~ 2.0 2040 200
Upper Shaft N ~ - 25.0 25.0 25,0
Upper Shatt Seal N - - 28.0 280 260
Rustler (not Culebra) N - - 0 300 3.0
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Table 4. - Twao Phase Flow Parameters for 1994 Undismurbed Simulafions.

Matarial Sampled! Range
Region Parametsr Name Fixed  Minimum  Mavimum Mean Median Example

Halit= Residual GGas Saturation F -_ - 0.2 0.2 0.2

Transition Recicual Brine Saturation F - - 02 n2 0z

Culebra Fors Distribution Parameter F - - 5.1 0.7 0.7

Restof Bustler  Sub-Modsl F - - B/C B/C B/C

Dewey Lake

Santa Rosa

Panel Seals

Shaft Seals

Shaft Fill

Anhydritc A & B Residual Gas Saturation 5 0 04 02 0.2 0.2

ME138 Residual Brine Saturation S 0 04 6.2 0.2 0.2

ME13% Fors Digtribution Papmeter S 51 0.7 0.7

DRZ Sub-Model 5 BIC VoGP B/C BIC BIC

Waste Disposed  Residual Gas Satwration F — - 040 00 0.0

Area Fesidual Brine Saturation F - - 006 0.05 0.06

Pore Distribution Parameter F - - 259 2.8 289
Sub-Model F —~ - BIC BIC  BIC

Hotes

Threshold Displacement Pressare Conzlated o Pepmeability Except in Anhydrite.
Threshold Dizplacesment Pressure of Anboedrits Is Asaemed to be Zero.

Teble 5. Aliered Anhydsite Flow Parameters.

Sampled/ Range
Nama Finad Minimimm ~ Maximum  Mean Median Bxampls
Log (Ful! Fracture Permeability Simit) 5 -4 -13 -11 -11 -11
[log (m2)]
Full Fraciure Porosity Jimit F - — 0 A0 A0
[%6 volume]
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Table 6. Gas Generation Paramebers.

Sampled/ Raoge
Name Fixed Minimum  Maxiom  Mean  Medion Bxample

Initial Brine Sateaton (% void) 5 0.5 516 2.6 036 030

In Waste Disposal Area
Comosion Eates (molidremiyr)

Humid S 04 0036 38xi03% 0.0 0.0 Median

Tnoindated 3 1] 130.0 30,0 0.6 0.6 Median
Biodegradation Rates {mol/drm/yr)

Humid 5 040 10 18 .1 .1 Medtan

Inendated : 5 0.0 50 1.5 10 1.0y Median
Gas Stoichiomeary (mol gas/mol reacianty

Cormrosion 3 10 1.33 1.17 EI7 117 Median

Biodegradation 3 0.0 1.67 Bas B35 5349 Median
Inventory {Volume Fracdon)

Metals 5 321 A21 421 421 421 Median

Cellulose 3 272 472 3 372 372 Median
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Figure 11. Brine Outflow from Panel After 10,000 yr.
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Table 7. Gas Migration Distancas.

Gas Migration
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