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Abstract

TOUGH-+HYDRATE v1.2 is a code for the simulation of the behavior of hydrate-
bearing geologic systems, and represents the second update of the code since its first
release [Moridis et al., 2008]. By solving the coupled equations of mass and heat balance,
TOUGH-+HYDRATE can model the non-isothermal gas release, phase behavior and flow
of fluids and heat under conditions typical of common natural CH4-hydrate deposits (i.e.,
in the permafrost and in deep ocean sediments) in complex geological media at any scale
(from laboratory to reservoir) at which Darcy’s law is valid.

TOUGH+HYDRATE v1.2 includes both an equilibrium and a kinetic model of
hydrate formation and dissociation. The model accounts for heat and up to four mass
components, i.e., water, CHy, hydrate, and water-soluble inhibitors such as salts or
alcohols. These are partitioned among four possible phases (gas phase, liquid phase, ice
phase and hydrate phase). Hydrate dissociation or formation, phase changes and the
corresponding thermal effects are fully described, as are the effects of inhibitors. The
model can describe all possible hydrate dissociation mechanisms, i.e., depressurization,
thermal stimulation, salting-out effects and inhibitor-induced effects.

TOUGH+HYDRATE is a member of TOUGH+, the successor to the TOUGH2
[Pruess et al., 1991] family of codes for multi-component, multiphase fluid and heat flow
developed at the Lawrence Berkeley National Laboratory. It is written in standard
FORTRAN 95/2003, and can be run on any computational platform (workstation, PC,
Macintosh) for which such compilers are available.

il



v



TABLE OF CONTENTS

Abstract iii
List of Figures ix
List of Tables xiii
1.0. INTRODUCTION ..o iiissss s sssss s ssmss s s 1
1.1. Background 1
1.2. TOUGH+HYDRATE v1.0 Code 3

2.0 CONCEPTS, UNDERLYING PHYSICS, AND GOVERNING EQUATIONS..9

2.1.
2.2.
2.3.
2.4.
2.5.
2.6.
2.7.
2.8.
2.8.1.
2.8.2.
2.83.
2.9.
2.10.
2.11.
2.12.
2.12.1.

2.12.2.
2.12.3.

2.13.
2.13.1.
2.13.2.

2.14.

Modeled Processes and Underlying Assumptions

Components and Phases

12

The Mass and Energy Balance Equation

14

14

Mass Accumulation Terms

Heat Accumulation Terms

17

Flux Terms

19

Source and Sink Terms

22

24

Thermophysical Properties

Hydrate Phase Relationships

....... 24
....... 24
....... 25

26

Inhibitor Effects on Hydrate Equilibrium

28

Porosity and intrinsic permeability change

Wettability Phenomena

34

37

CaAPIATY PLESSUTC. ... coeiieieit ettt et ettt ea
Relative Permeability ........cc.coooiiiiiiiniiiiiiiiii e

Pore compressibility of unconsolidated media in the presence of cementing solid

....... 37
....... 41

....... 49

53

Multiphase Diffusion

General CONSIAETALIONS ......ooiiiiiii i et
Diffusion Formulation in TOUGH ...........c.cooiiiii e

Description of Flow in Fractured Media

....... 53
....... 54

55




3.0. DESIGN AND IMPLEMENTATION OF TOUGH+HYDRATE .......ccccovureenas 59

3.1. Primary Variables 59
3.2, Space and Time Discretization 63
3.3. The Newton-Raphson Iteration 65
34. Implications of the Space Discretization Approach 66
3.5. Space Discretization of Diffusive Fluxes 67
3.6. Compiling the TOUGH+HYDRATE Code 69
4.0. INPUT DATA REQUIREMENTS ... nsnes 75
4.1. Input Procedure 75
4.1.1. Data Block/KeyWOrd TITLE .....coceeuertiieitiit ettt sttt ettt ettt sttt ne e sueie s 76
4.1.2. Keyword/Record START OF RANDOMN......c.cccueiuiriteiiniientinie ettt etieneeeie s st etneneeaiesaenieens 76
4.1.3. Keyword/RecOrd ENDCY......ooviiiiieiietiie ittt ettt ettt ettt ettt st ettt et ne e s e 77
4.1.4. Keyword/Record ENDE T......ccuiiiiiieiitiie ittt ettt sttt ettt ettt ettt et se e s e 77
4.1.5. General Comments on the Structure of TOUGH+ Standard Input Files............ccccocoee. 77
5.0. MEMORY SPECIFICATION AND ALLOCATION .......ccooommmmmmmmemmnnnneeenenenes 81
5.1. Data Block MEMORY 81
6.0. PHYSICAL PROPERTIES OF SYSTEM .......cooommmmmmmmmeeeeeeeeeeeeeeeeeeeeeneneenenes 91
6.1. Data Block HYDRATE 921
6.2. Data Block ROCKS or MEDIA 94
6.3. Data Block RPCAP 100
6.3.1. Relative Permeability FUnCtions..............cccociiiiiiiiniiiiii e 101
6.3.2. Capillary Pressure FUNCHOMS. .......cc.ooviviiiiiiiiiiiieniic it 104
6.4. Data Block DIFFUSION 107
6.4.1. User Options for Multiphase Diffusion..........c.cocooeniiiiiiiiiniiinicic e 110
6.5. Block-by-Block Permeability Modification 112

7.0. GEOMETRICAL REPRESENTATION, DOMAIN DISCRETIZATION, AND

GRID GENERATION ...t ssssss s s ssssss s s s nnnns 115
7.1. TOUGH+ Convention for Geometrical Data 115
7.2 Data Block ELEME 117
7.3. Data Block CONNE 120

vi



8.0. INITIAL CONDITIONS AND BOUNDARY CONDITIONS

9.0. SOURCES AND SINKS

10. COMPUTATIONAL PARAMETERS

11. OUTPUT SPECIFICATIONS

7.4. The MeshMaker . £95 Facility

74.1. Inputs Related to Problem Definition and Dimensioning...............ccccoccecenieeninncee.
742 Inputs Related to Domain Heterogeneity ............cccoceevirieinieiiniieniccintcieecee
7.43. Inputs Related to Description of Boundaries.............c.ccoceeivieiiniocninciniiiinecn
74.4. Inputs for Grid CONSIUCHON ........eooviiiiiiiiiiiit ettt

8.1. Data Block INCON

143

8.2. Data Block INDOM

146

8.3. Data Block EXT-INCON

147

83.1. Data Block GEOMETRY ..ooiiiiiiiieie oot et
8.3.2. Data Block SEQUENCTE .....ooi oottt et
8.3.3. DAt BloCK LTS T e e e
834. Remaining Data Blocks in EXT - INCON ......cccuivteieniinieniinieetiee et eveee e neens
8.3.5. Data Block COLUMN. ..ottt et

8.4. Implementing Initial Conditions

......... 148
......... 149
......... 150
......... 151
......... 151

153

8.5. Implementing Boundary Conditions

155

9.1. Data Block GENER

9.2. Discussion on sinks and sources

92.1. Deliverability MOdEL ........cccoooviiiiiiiiiiiiiiic i
92.2. Coupled WElIbore FIOW .........cccoviiiiiiiiiii et

10.1. Data Block PARAM

10.2. Modification of Computational Parameters During the Course of a TOUGH+
Simulation

183

10.3. Data Block SOLVR

187

10.4. Discussion on Linear Equation Solvers

189

11.1  Output of Primary and Secondary Variables

192

11.2. Data Block TIMES

193

11.3. Data BlockElem Time Series or FOFT

194

11.4. Data Block Conx_Time Series or COFT

195



11.5. Data Block SS_Time Series or GOFT 197
11.6. Data Block SUBDOMAINS 198
11.7. Data Block NOVER 202
11.8. Warning Output and Error Messages 202
12.0. EXAMPLE PROBLEMS ... e s s e s s s e e e s s s s e s 204

12.1. Example Files and Naming Conventions 204
12.2. Problem Test_1T: Thermal Stimulation, Equilibrium Dissociation, No Inhibitor............ 205
12.3. Problem Test_1Tk: Thermal Stimulation, Kinetic Dissociation, No Inhibitor ..........ceeee 211
12.4. Problems Test_1P: Depressurization, Equilibrium Dissociation, No Inhibitor .......c.cceveee. 220
12.5. Problem Test_1Pk: Depressurization, Kinetic Dissociation, No Inhibitor .........cceeeeosaenns 222
12.6. Problem Test_1P_Ice: Thermal Stimulation, Kinetic Dissociation, No Inhibitor,

Ice Evolution 223
12.7. Problem Test_1TbS and Test_1TbhSk: Hydrate Formation, Equilibrium and

Kinetic Hydration reaction, Inhibitor 231
12.8. Problem Test_2Qp: Equilibrium Hydrate Dissociation, Depressurization,

Radial Grid - Single Well 235
12.9. Problem Test 3Qpk: Kinetic Hydrate Dissociation, Depressurization, Radial

Grid - Single Well with Wellbore Heating 239
12.10. Problem Test 2D: Equilibrium Hydrate Dissociation, 2-D Areal System.......cceceervcsrecncns 243
Acknowledgements 252
References 254
Appendix A 264
Al.  Input File: Test 1T, Output File: Hydrate Info 1T 264
A2,  Input File: Test 1T, Output File: Conx Time Series 1T 266
A3, Input File: Test_1P_Ice, Qutput File: Hydrate Info 1P _Ice 267

viil



List of Figures

Figure 2.1.

Figure 2.2.

Figure 2.3.

Figure 2.4.

Figure 2.5.

Figure 2.6.

Figure 2.7.
Figure 2.8.

Figure 2.9.

Relationship of the equilibrium hydration pressure Pe and temperature Te of

the CHy-hydrate [Moridis, 2003]. ... e

Modified Pe -Te relationship in the vicinity of the quadruple point..........................

Temperature dependence of the CH4-hydrate heat of dissociation AH° along

the (a) I-H-V and (b) L,, -H-V phase lines [Moridis, 2003]. .........cccocovvvirerirererennnns

Modified AH® vs. Te relationship used in TOUGH+HYDRATE. ..............................

Pressure-temperature equilibrium relationship in the phase diagram of the

water--CH4--hydrate system in THH. ...

Schematic of pore channels, showing convergent-divergent geometry with a

succession of pore throats and pore bodies......................
Tubes-in-series model of pore channels. ...,

Schematic of probability density function p(r) for pore size distribution.................

Liquid and gas relative permeabilities based on the van Genuchten model

[FINSterle, 1999]. ......o ettt e be e e bebebebebababararabasasarasarasnrnees

Figure 2.10. Compressibility of an unconsolidated porous medium impregnated with

cementing solid phases (ice and/or hydrates). In this example, Sg,;, = 0.15,

Ssmax = 0.4, apy=10° Pa”, ap, =10°Pa’ and = 0.015. ...vovovovoeoeeeeeeee

Figure 2.11. Effect of the varying compressibility described in Figure 2.10 on the porosity

Figure 2.12.

Figure 2.13.

of an unconsolidated porous medium undergoing depressurization for

various levels of saturation Sg of cementing solid phases. ...............................

Figure 2.14. Flow connections in the “dual permeability” model. Global flow occurs

Figure 3.1.

Figure 6.1.

Figure 7.1.

ix

between both fracture (F) and matrix (M) grid blocks. In addition there is F-M

INTEIPOTOSITY FlOW. .ooiiiiiiiiieee et be e bebebebararararararaees

Space discretization and geometry data in the integral finite difference

1413 1 Lo o FRUTET TR

The DIFFUSION data block, with examples of the
Diffusion Key Parameters and

Idealized double porosity model of a fractured porous medium. ........................

Subgridding in the method of "multiple interacting continua" (MINC). .................

... 29

e 3

... 32

... 44

... 51

... 52

... 57

... 57

Component Diffusivities in Phases namelists. ... 146

An example of a MeshMaker . £95 input file for the creation of a Cartesian
3D grid. Note that no heterogeneous regions or boundaries are defined in

g 153 [ To FR S SPPPPPUPUPPPPPRE 139



Figure 7.2. An example of a MeshMaker . £95 input file for the creation of a single-layer

(1D) cylindrical grid. Note that no heterogeneous regions or boundaries are
defined inthis grid.............. 139

Figure 7.3. An example of a MeshMaker . £95 input file for the creation of a large

Cartesian 3D grid with heterogeneous regions and defined boundaries. .............. 140

Figure 7.4. An example of a MeshMaker . £95 input file for the creation of a large

cylindrical 2D grid with multiple layers, heterogeneous regions and defined
o101 3o F= 14 T= 7R PRSI 141

Figure 8.1. An example of the NAMELIST-described termination data printed at the end

Figure 10.1.

Figure 10.2.

Figure 11.1.

Figure 12.1.

Figure 12.2.

Figure 12.3.

Figure 12.4.

Figure 12.5.

Figure 12.6.

Figure 12.7.

of the savE file from a TOUGH+ simulation. These data can be read as part

of the INCON data block, or of the INCON external file. The names of the

variables defined in the NAMEL IST are self-explanatory. For reference, this

figure lists the conditions in the last two elements (FJO00 and FJ106) of the

grid in the TOUGH+ simulation...................... 146

An example of a Parameter Update File for parameter updating in the

course of a TOUGH+ simulation. Within the namelists

(Real Parameters To Update and

Integer Parameters To Update), parameters can be entered in any

order, data are read using any kind of appropriate format, only the needed
parameters are included, and comments can be added. ..............ccvvviviiiiiiiiinninn, 185

An example of a Parameter Update File indicating three completed
parameter updates, in addition to another one (at the top of the file) that has
NOt yet been eXeCULEd. .. .....o.oiiiii e 186

An example of the SURDOMAINS data block for tracking the evolution of
volume-averaged properties and conditions in specified subdomains. This

data block uses namelist-based formats for data inputs. ... 201
Input file for example problem Test_1T (in Section 12.2) involving thermal
stimulation, equilibrium dissociation, and no inhibitor. ....................... 210
Input file for example problem Test_1Tk (in Section 12.3) involving thermal
stimulation, kinetic dissociation, and no inhibitor................oooee i, 215
Comparison of the volumetric rates of CH, release from hydrate dissociation

in problems Test 1T AN TeST  LTTK..oiiiiiiiiie e e 216
Comparison of the cumulative volumes of CH, released from hydrate

dissociation in problems Test 1T and TesSt I1TK...cccoooiiiriiiieciiee e 217
Comparison of the volumetric production rates of CH, (measured as the flux
crossing the x = 0 boundary) in problems Test 1T and Test 1TK.....cccccvueneen. 218

Comparison of the total production volumes of CH, (measured as the total
volumes crossing the x = 0 boundary) in problems Test 1T and

TESE LK et 219
Input file for example problem Test_1Pk (in Section 12.4) involving
depressurization, equilibrium dissociation, and no inhibitor. .......................... 222



Figure 12.8. Comparison of the volumetric rates of CH, release from depressurization-
induced hydrate dissociation in problems Test 1P, Test 1Pk and
TESE 1P L@ i 227

Figure 12.9. Comparison of the cumulative volumes of CH, released from
depressurization-induced hydrate dissociation in problems Test 1P,
Test 1Pk AN TESET 1P 10 . it 228
Figure 12.10. Comparison of the volumetric production rates of CH, (measured as the
flux crossing the x = 0 boundary) in problems Test 1P, Test 1Pk and
TESE 1P L@ i 229
Figure 12.11. Comparison of the total production volumes of CH, (measured as the total
volumes crossing the x = 0 boundary) in problems Test 1P, Test 1Pk
ANA TEST 1P . ittt e e e e 230

Figure 12.12. Comparison of the volumetric rates of CH, consumption during hydrate
formation in problems Test 1TbS, Test 1TbSk and Test 1TbS2............... 233

Figure 12.13. Comparison of the cumulative volumes of CH4 consumed during hydrate
formation in problems Test 1TbS, Test 1TbSk and Test 1TbS2............... 234

Figure 12.14. Volumetric rate of CH, release during hydrate dissociation in problem
EECY= S o1 TP PR UPTPRPPR 237

Figure 12.15. Cumulative volume of CH, released during hydrate dissociation in problem
EECY= S o1 TP PR UPTPRPPR 238

Figure 12.16. Volumetric rates of CH, (a) release in the reservoir during hydrate
dissociation and (b) production from the well in problem Test 30pk.......cccccccuee. 241

Figure 12.17. Cumulative volumes of CH, (a) released in the reservoir during hydrate
dissociation and (b) produced from the well in problem Test 30pk. .....cccoceeenen. 242

Figure 12.18. Volumetric rates of CH, release from the hydrate in the reservoir during gas
production iN ProbIEM TEST 2D, .iuiiiiiiiiieeiitiiee ettt e et ee e ee e ee e 246

Figure 12.19. Pressure distribution in the reservoir at t = 2 days in problem Test 2D.............. 247

Figure 12.20. Temperature distribution in the reservoir at t = 2 days in problem
TESE 2D it itieee et ee et oo 248

Figure 12.21. Hydrate saturation distribution in the reservoir att = 2 days in problem
Figure 12.22. Aqueous phase saturation distribution in the reservoir att = 2 days in
ProbIEM TeSt 2D, ..o e e 250

Figure 12.23. Gas saturation distribution in the reservoir att = 2 days in problem

xi



xii



List of Tables

Table 3.1. Primary Variables in Equilibrium Hydrate Simulations without Inhibitor*................... 61
Table 3.2. Primary Variables in Kinetic Hydrate Simulations without Inhibitor*. ......................... 62
Table 4.1. TOUGH+ input data DIOCKS. ............uuuiiiiiiiiiiii e e 80

Xiii



X1v



1.0. Introduction

1.1. Background

Gas hydrates are solid crystalline compounds in which gas molecules are encaged
inside the lattices of ice crystals. These gases are referred to as guests, whereas the ice
crystals are called hosts. Of particular interest are hydrates in which the gas is a
hydrocarbon. Under suitable conditions of low temperature and high pressure, a
hydrocarbon gas M will react with water to form hydrates according to

M+N,HO=M-N,H,0 (1.1)
where Ny is the hydration number.

Vast amounts of hydrocarbons are trapped in hydrate deposits [Sloan, 1998]. Such
deposits exist where the thermodynamic conditions allow hydrate formation, and are
concentrated in two distinctly different types of geologic formations where the necessary

low temperatures and high pressures exist: in the permafrost and in deep ocean



sediments. The lower depth limit of hydrate deposits is controlled by the geothermal
gradient.

Current estimates of the worldwide quantity of hydrocarbon gas hydrates range
between 10 to 10" m’.Even the most conservative estimates of the total quantity of gas in
hydrates may surpass by a factor of two the energy content of the total fuel fossil reserves
recoverable by conventional methods. The magnitude of this resource could make
hydrate reservoirs a substantial future energy resource. While current economic realities
do not favor gas production from the hydrate accumulations, their potential clearly
demands evaluation.

The majority of naturally occurring hydrocarbon gas hydrates contain CH4 in
overwhelming abundance. Simple CH4-hydrates concentrate methane volumetrically by a
factor of 164, and require less than 15% of the recovered energy for dissociation. Natural
CHy-hydrates crystallize mostly in the I structure, which contains 46 H,O molecules per
unit cell. They have a Nu ranging from 5.77 to 7.41, with Ny = 6 being the average
hydration number and Ny = 5.75 corresponding to complete hydration [Sloan, 1998].

There are three main methods of hydrocarbon recovery from gas hydrates: (a) thermal
stimulation [McGuire, 1981], in which gas release is effected by heating the hydrate
above the dissociation temperature at a given pressure, (b) depressurization [Holder et
al., 1982], in which the gas release is achieved by lowering the pressure below that of the
hydrate stability, and (c) ‘inhibitor’ injection [Kamath and Godbole, 1987] in which the
hydrocarbon is produced after the injection of substances (e.g., brines, alcohols) that

destabilize the hydrate. Combinations of these methods can also be used.



Numerical codes and studies on the simulation of gas production from dissociating
hydrates are limited. Drenth and Swinkels [2000] developed a four-component, three-
phase numerical model for the equilibrium dissociation of binary hydrates in marine
environments. They provided an in-depth discussion of the challenges facing production
from gas hydrates and identified knowledge gaps in numerical simulation of gas
production from hydrate dissociation. Kurihara et al. [2003] developed a numerical
simulator, and used it for the prediction of gas production from gas hydrates from both
marine and permafrost hydrate deposits.

Moridis et al. [1998] developed EOSHYDR, a TOUGH2 [Pruess et al., 1999] module
for the simulation of dissociating simple methane hydrates under equilibrium conditions
in both permafrost and marine accumulations. Moridis et al. [2003] enhanced EOSHYDR
and developed EOSHYDR2 — also a TOUGH2 module — for the simulation of binary
hydrates reacting under both equilibrium and kinetic conditions. TOUGH2/EOSHYDR2
was used for the simulation of gas production from hydrates under a variety of geologic
and thermodynamic conditions, and involving various production strategies [Moridis,

2003; Moridis et al., 2004; Moridis and Collett, 2004].

1.2. TOUGH+HYDRATE v1.2 Code

TOUGH-+HYDRATE v1.2 is a code for the simulation of the behavior of hydrate-
bearing geologic systems, and is the second update of the code first released in 2008
[Moridis et al., 2008]. TOUGH+HYDRATE (hereafter often referred to as T+H for
brevity) is the first member of TOUGH+, the successor to the TOUGH2 [Pruess et al.,

1991] family of codes for multi-component, multiphase fluid and heat flow developed at



the Lawrence Berkeley National Laboratory. It is written in standard FORTRAN
95/2003 to take advantage of all the object-oriented capabilities and the enhanced
computational features of that language.

While the underlying principles, physics and thermodynamics are similar to those
used in TOUGH2/EOSHYDR2 [Moridis, 2003], the code in T+H - and in the earlier,
transitional version of the code named TOUGH-Fx/HYDRATE [Moridis et al., 2005], of
which the T+H code is a natural extension - was completely rewritten and its architecture
is drastically different. The new code employs dynamic memory allocation, thus
minimizing storage requirements. It follows the tenets of Object-Oriented Programming
(OOP), and involves entirely new data structures that describe the objects upon which the
code is based. The basic objects are defined through derived data types, and their
properties and processes are described in modules and sub-modules, i.e., entities that
incorporate the object attributes and parameters in addition to the procedures
(corresponding to the older concepts of “functions” and “subroutines” in FORTRAN 77)
that describe its behavior and processes. The TOUGH+ code is based on a completely
modular structure that is designed for maximum traceability and ease of expansion.

By using the capabilities of the FORTRAN95/2003 language, the new OOP
architecture involves the use of pointers, lists and trees, data encapsulation, defined
operators and assignments, operator extension and overloading, use of generic
procedures, and maximum use of the powerful intrinsic vector and matrix processing
operations (available in the extended mathematical library of FORTRAN 95/2003). This
leads to increased computational efficiency, while allowing seamless applicability of the

code to multi-processor parallel computing platforms. The result is a code that is



transparent and compact, and frees the developer from the tedium of tracking the
disparate attributes that define the objects, thus enabling a quantum jump in the
complexity of problem that can be tackled. This is demonstrated in T+H, in which 26
different phase combinations can be easily described. An additional feature of the
FORTRAN 95/2003 language of TOUGH+ is the near complete interoperability with
C/C++, which allows the interchangeable use of procedures written in either FORTRAN
95/2003 or C/C++, and makes possible the seamless interaction with pre- and post-
processing graphical environments.

Based on insights provided by TOUGH2/EOSHYDR?2 [Moridis, 2003], numerical
‘bottlenecks’ were removed, different (and fewer) primary variables were selected, and
more powerful linearization techniques were employed in T+H, resulting in significant
improvements in execution speed and numerical performance. Note that
TOUGH-+HYDRATE v1.2 still uses most of the inputs (and the input formats) used by
the conventional TOUGH2 code to fulfill the functional requirement (part of the code
design) of backward compatibility of the TOUGH+ family codes with older input data
files used in TOUGH2 [Pruess et al., 1999] simulations. More powerful input data file
structures will be available in future releases of TOUGH+.

By solving the coupled equations of mass and heat balance, T+H can model the non-
isothermal gas release, phase behavior and flow of fluids and heat in complex geologic
media. The code can simulate production from natural CHs-hydrate deposits in the
subsurface (i.e., in the permafrost and in deep ocean sediments), as well as laboratory
experiments of hydrate dissociation/formation in porous/fractured media. The only

limitations on the size of the domain to be simulated are imposed by the underlying



physics. Thus, if the volume of the domain and its subdivision are such that (a) a
representative volume can be defined and (b) Darcy’s law applies, then T+H can be used
for the prediction of the behavior of a hydrate-bearing geological system.

TOUGH+HYDRATE v1.2 includes both an equilibrium and a kinetic model of
hydrate formation and dissociation. The model accounts for heat and up to four mass
components, i.e., water, CHs, hydrate, and water-soluble inhibitors such as salts or
alcohols. These are partitioned among four possible phases (gas phase, liquid phase, ice
phase and hydrate phase). Hydrate dissociation or formation, phase changes and the
corresponding thermal effects are fully described, as are the effects of inhibitors. The
model can describe all possible hydrate dissociation mechanisms, i.e., depressurization,
thermal stimulation, salting-out effects and inhibitor-induced eftects, both singly and in
any combination.

Compared to TOUGH2/EOSHYDR2, T+H no longer tracks individually pre-existing
free gas and gas from dissociation. While this was a convenient feature in
TOUGH2/EOSHYDR?2, it was not scientifically robust (because of the empirical and
arbitrary differentiation between “native” and “hydrate-originating” gas), caused
significant problems in complex simulations involving successive hydrate formation and
dissociation (because of the difficulty of assigning gas provenance under these
conditions), introduced an unacceptable convergence behavior (brought about by the
empirical gas differentiation), increased the number of equations and introduced
disproportionately large additional computational work (caused by the increased size of

the problem and the demanding computational process for the estimation of binary gas



diffusion). Elimination of the gas tracking option in T+H greatly enhanced the
convergence behavior, while reducing execution times by up to 50%.

While the TOUGH2/EOSHYDR?2 capabilities to describe binary hydrates, and the
properties and behavior of all hydrate forming gases are fully implemented in T+H, only
methane hydrates can be simulated by this version of the code. The reason for this stems
from the fact that our ability to mathematically describe the problem far exceeds the
supporting fundamental knowledge on the subject. Treating the component hydrates as
individual entities unaffected by each other or as segregated macroscopic quantities of
hydrocarbon within the hydrate is incorrect because binary hydrates behave in a manner
akin to solid solutions [Sloan, 1998]. Thus, changes in the composition of the hydrate and
in the gas phase are functions not only of pressure and temperature, but also of
concentration. Currently, there are no readily available P-T-X diagrams for such hydrates.
The empirical distribution coefficient Kvs method of Carson and Katz [1942] employed
in TOUGH2/EOSHYDR2 was difficult, and often impossible, to converge (the highest
convergence rate was 65%, and was observed in very simple problems), and lead to long
execution times. The most physically and mathematically robust approach is to
incorporate fast regression relationships based on the computationally intensive but
conceptually sound statistical thermodynamics approach of Sloan [1998]. This option is
currently being explored for incorporation into later version of the code if such a need
arises.

Scoping simulations had indicated that sometimes fully 80% of the computational
load in TOUGH2/EOSHYDR2 was due to the challenges of the distribution coefficient

method. Given the fact that most of the most obvious hydrate deposit targets for gas



production involve almost exclusively pure CHs-hydrates led to the decision to inactivate
the binary hydrate capabilities in T+H.

This report provides a detailed presentation of the features and capabilities of T+H,
and includes a thorough discussion of the underlying physical, thermodynamic and
mathematical principles of the model in addition to the main governing equations. The
various phase regimes and the corresponding primary variables are discussed in detail, as
well as the reasons for their selection. Examples of input data files (and of sections of the
corresponding output files) are included as an aide to the T+H user. Results from
simulations of gas production from realistic hydrate-bearing geologic systems are also

included.



2.0 Concepts, Underlying Physics, and
Governing Equations

2.1. Modeled Processes and Underlying Assumptions

T+H can model the following processes and phenomena in hydrate-bearing geologic
systems:
(1) The partitioning of the mass components among the possible phases
(2) The flow of gases and liquids in the geologic system
(3) The corresponding heat flow and transport
(4) Heat exchanges due to
a. Conduction
b. Advection/convection
c. Radiation

d. Hydrate reaction (dissociation or formation)



)
(6)

(7)
(8)

e. Latent heat related to phase changes (ice melting or water fusion,
water evaporation or vapor condensation)
f.  Gas dissolution
g. Inhibitor dissolution
Equilibrium or kinetic hydration reaction (dissociation or formation),
The transport of water-soluble gases and inhibitors (such as salts and alcohols),
accounting for advection and molecular diffusion
The effects of water-soluble inhibitors on the hydrate behavior
Any method of hydrate dissociation (i.e., depressurization, thermal stimulation

and inhibitor effects), and combinations thereof

A deliberate effort was made to keep the simplifying assumptions involved in the

development of the underlying physical, thermodynamic and mathematical model to a

minimum. These include:

10

(1)
2)

G)

(4)

Darcy’s law is valid in the simulated domain under the conditions of the study.
In the transport of dissolved gases and inhibitors, mechanical dispersion is small
compared to advection (by neglecting mechanical dispersion, memory
requirements and execution times are substantially reduced).

The compressibility and thermal expansivity of hydrate are the same as those of
ice (necessitated by dearth of data on the subject).

The movement of the geologic medium (soil heaving) while freezing is not
described, and the effects on pressure (caused by density differences between
the liquid and ice phases) are accommodated through a relatively high pore

compressibility of the geologic medium.



)

(6)

(7)

(8)

Dissolved salts do not precipitate as their concentration increases during water
freezing. Consequently, the aqueous phase is not allowed to disappear when
salts are present. This simplification was necessitated by (a) the marginal
practical aspects of such a scenario, (b) the lack of fundamental knowledge and
quantitative relationships describing the hydrate-salt interaction under these
conditions, and (c¢) the computationally intensive requirements of describing the
thermodynamics of dense brines and halite precipitation.

The concentration of the dissolved inhibitors is such that it does not affect the
thermophysical properties of the aqueous phase. Although the thermodynamics
of inhibitor-water systems are well known and are already available within
T+H, they are not invoked in this version (but will be considered as an option in
future code releases) because their effect may not very important, they are
computationally intensive, and inhibitor-induced dissociation is not considered
an attractive first option for gas production from hydrate deposits.

The inhibitor is non-volatile in the temperature-pressure range of the study. This
simplification was introduced because of the limited practical possibility for
such a scenario, and of the significant computational requirements to account
for the inhibitor vapor pressure and diffusion in the gas phase.

The pressure P < 100 MPa (6800 psi). The pressure-dependent equations
describing the hydrate properties and behavior in T+H provide accurate
solutions for a P over nine times larger than the largest pressure at which natural
gas hydrates are known to exist (i.e, about 11 MPa). Thus, the existing

capabilities can easily accommodate any natural or laboratory hydrate system.
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Although equations for an accurate description of the thermophysical properties
of hydrate systems for P as high as 1000 MPa are available in the code, this
option is disabled because it involves an iterative process that increases the

execution time by a factor of 3 or 4 even for P < 100 MPa.

2.2. Components and Phases

Depending on the thermodynamic state of the system, the amount of CH,-hydrate
created or CH, gas released is determined from the reaction
CH,+N HO=CH,-N H.O, (2.1)
where Ny is the hydration number, and the subscript m denotes methane. In addition to
simple CHy-hydrates, natural hydrates may include one or more additional gasses. Such
hydrate-forming gases exist practically in all natural hydrates and can play a significant
role in their nucleation and behavior. The reaction describing the formation/hydration of
a composite (binary) hydrate is
Xu[CH, N, HO|+ 25 [G- NoH,0)= 1, CH, + %G +(1,,N,,+ 2N ) H,0, (2.2)
where G is the second hydrate-forming gas, N is the hydration number, y is the mole
fraction in the binary hydrate, and the subscripts m and G denote the methane and the
second gas, respectively. Obviously, ¥+ o =1. The gas G can be one of CO,, HyS, N>,

or another gaseous alkane C H, ,(m=2,3,4). In permafrost hydrate accumulations, ¥,

routinely exceeds 95% [Collett et al., 1999].
A non-isothermal hydrate system can be fully described by the appropriate mass

balance equations and an energy balance equation. The following components « (and the

12



corresponding indicators used in the subsequent equations), corresponding to the number

of equations, are considered in T+H:

K= h hydrate
w water
m CH,4
i water-soluble inhibitor (salt or organic substance)
2 heat

These mass and energy components are partitioned among four possible phases [,

which are listed below along with the corresponding indicators (used in the subsequent

equations):
p= H solid-hydrate (components: m,w - equilibrium, / - kinetic)
A aqueous (components: dissolved m, dissolved 7)
G gaseous (components: m, vapor w)
1 solid-ice (component: w)

Note that hydrate is both a component and a phase under kinetic hydration reaction

conditions. Under equilibrium conditions, hydrate is treated only as a phase.

13



2.3. The Mass and Energy Balance Equation

Following Pruess et al. [1999], mass and heat balance considerations in every
subdomain (gridblock) into which the simulation domain is been subdivided by the

integral finite difference method dictates that
D mrav=[ ¥ondi+ [ g av (2.3)
dt Vn rn V;’l q ’ .

where:

V, V, volume, volume of subdomain # [L’];

M*  mass accumulation term of component x [kg m™];
A, I, surface area, surface area of subdomain » [L7];

F* Darcy flux vector of component x [kg m™2s™];

n inward unit normal vector;
q" source/sink term of component x [kg m™s];
t time [7].

2.4. Mass Accumulation Terms

Under equilibrium conditions, the mass accumulation terms A" for the mass

components in equation (2.3) are given by

M* = Z g/)SﬁpﬂX;j, K=w,m,i 2.4)

f=A,G,]
where
@ porosity [dimensionless],

Op density of phase [ [kg mf];

14



Sp saturation of phase [ [dimensionless],

X Z mass fraction of component x =w,m, 4 in phase S [kg/kg]

In the equilibrium model, different cases of £ give the following relations:

Bf=A:X=0
B=G: X:=X_=0
Wm

p=H: X};:W, Xi=1-Xp X, =0 X.=0
p=l: X=X =X=0, X} =1
The terms W™ and W" denote the molecular weights of the CH, and of the hydrate,

respectively. Thus, the values of X}, and X7, reflect the stoichiometry in Equation (2.1).

Under kinetic conditions, the mass accumulation terms A* in Equation (2.3) are

given by

M =% ¢S,p X5, k=w,mhi (2.5)

f=A,GH,]
In the kinetic model, different cases of £ give the following relations

f=A: X, =0
f=G: X,=X.=0

p=H: X;=X;=X,=0
=1 X'=X=X,=0, X=1

Under kinetic conditions, the equation describing the behavior of the hydrate mass

component and phase is provided by the model of [Kim et al., 1987] as

oM (AE j
=—=-K,ex “N\EA(L, 1) 2.6
Oy o 0 €Xp RT 14(ﬂq ﬂ) (2.6)
where
Ky intrinsic hydration reaction constant [kg m>Pa™' s™'];
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AEa  hydration activation energy [J mol™];
R universal gas constant [8.314 J mol™ K™'];
T temperature [°K];
Fa area adjustment factor [dimensionless];
A surface area participating in the reaction [m’];
feq fugacity at equilibrium at temperature 7' (Pa)
JAl fugacity in the gas phase at temperature 7' (Pa)
The surface area is computed by assigning the hydrate saturation uniformly to the

interstitial spaces of the porous medium. To accomplish this, the original solid grain
volume (considered to be composed of spherical particles) is determined as V/, = % 7zrp3 ,
where 7, is the solid grain radius [m]. Then, the number of voids N; (pore spaces) is

assumed to be equal to the number of solid grains (a valid approach for spherical

particles), and the corresponding void volume }'-is computed from

(1-9) 0
N, =—2 V= 2.7
14 V 14 NV (2.7)

r

At the interface of pores and voids, the grain surface area is the same for both the grains

and the voids, and is computed as 4, = 47[}’;, resulting in a total area (per unit volume) of
Ary= NyA, Then the volume of the void is assumed to vary linearly with the 7}, where

1, = 0.1547 rp, 1s a representative radius describing the radius of the sphere fitting in the

interstitial space between the spherical grains. Then, at any time 7, a representative

hydrate particle radius 7;7and volume Vare computed as

VH — ¢SH

1/3
v
N, r, :rV[—H] = 1S (2.8)
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and the hydrate reactive area is computed as
2
A= J;ATV[’;—Z] = fiN, (477)) S (2.9)
The area adjustment factor f; accounts for the deviation of the interstitial volume from
that based on the assumption of grain sphericity, and can incorporate heterogeneity
effects related to the hydrate “particle” size and saturation distribution. Given the
intrinsic permeability & of a porous medium, the Kozeny-Carman equation can provide an

estimate of the average (effective) radius r,, of the porous medium grains as [Bear, 1972]
1/2
l . 2
r, :{451‘7—( ¢Z§) }

Alternatively, an estimate of 7, can be obtained from sieve analysis (if such data are

available).

2.5. Heat Accumulation Terms

The heat accumulation term includes contributions from the rock matrix and all the

phases, and, in the kinetic model, is given by the equation

M =(1=-p)pCeT + Y, ¢S,0,U, + O, (2.10)

f=A,G,H,I

where

2.11)

0. - {A(gSpHSHAHO) for equilibrium dissociation
e for kinetic dissociation

Or rock density [kgm™];

Cr heat capacity of the dry rock [J kg K™J;

17



Up specific internal energy of phase B[J kg™];
A¢)  change in the quantity in parentheses over the current time step;
AUy specific enthalpy of hydrate dissociation/formation [J kg™]
The specific internal energy of the gaseous phase is a very strong function of

composition, is related to the specific enthalpy of the gas phase H, and is given by

Us= Y. Xui+U,, [: HG—ij, (2.12)

K=w,m pG

where #;,is the specific internal energy of component x in the gaseous phase, and Uy, is
the specific internal energy departure of the gas mixture [J kg™].

The internal energy of the aqueous phase accounts for the effects of gas and inhibitor

solution, and is estimated from

Uy =Xuy + X7 (] + Ul + X (u, + U, (2.13)

where #'/, u’} and /', are the specific internal energies of H,O, CHy and the inhibitor at

the conditions prevailing in the aqueous phase, respectively, and U”, and U’ , are the
specific internal energies corresponding to the dissolution of CH,4 and of the inhibitor in

water, respectively. The terms #’, and Uy are determined from

w-L _ Jear-L wa v, = 1, L = [car-L (2.14)

; 7 P P 7 P
where 7 is a reference temperature, /2, and Hy; are the specific enthalpies of HO and

hydrate (phase or component), respectively, and C; and Cr are the temperature-dependent

heat capacities of the inhibitor and the gas hydrate, respectively [J kg’ K].
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2.6. Flux Terms

The mass fluxes of water, CH4 and inhibitor include contributions from the aqueous

and gaseous phases, i.e.,

F= Y F, x=wm,i (2.15)

k=4,G
The contributions of the two solid phases (f=H,I) to the fluid fluxes are zero.

Therefore, in the kinetic model the mass flux of the hydrate component (x = /) across all

subdomain boundaries is
F"=0 (2.16)

For the aqueous phase, F; = XF,, and the phase flux F is described by Darcy’s law

as
k.ip,
F, :_kr_(VPA_pAg)J (2.17)
Hy
where
k rock intrinsic permeability [m];

kra relative permeability of the aqueous phase [dimensionless];

2

i viscosity of the aqueous phase [Pa s];
P4 pressure of the aqueous phase [Pa];
g gravitational acceleration vector [m s].

The aqueous pressure P, is given by

Py =P+ Ly, (2.18)
where P, =P +P. is the gas pressure [Pa], P, is the gas-water capillary pressure

[Pa], and P, P are the CH4 and water vapor partial pressures [Pa] in the gas phase,
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respectively. The CH, solubility in the aqueous phase is related to FP.'through Henry’s

law

2

PI=H"X7], (2.19)
where H" =H"(FP,,T) [Pa] is a pressure- and temperature-dependent factor akin to

Henry’s constant. Note that it is possible to determine the CH4 from the equality of
fugacities in the aqueous and the gas phase. Although this approach provides a more
accurate solution, the difference does not exceed 2-3% for the vast majority of CHy-
hydrate problems in reservoir or laboratory settings, but the execution time can increase
as much as 30%.

The mass flux of the gaseous phase ( f=() incorporates advection and diffusion

contributions, and is given by

F; :—ko[l+i]k’G'0G Xo (VP —pog)+J;, kK=w,m (2.20)
By Hs
where
ko absolute permeability at large gas pressures (= k) [m”];

b Klinkenberg [1941] b-factor accounting for gas slippage effects [Pa];
ke relative permeability of the gaseous phase [dimensionless],

UG viscosity of the gaseous phase [Pa s].

The term J; is the diffusive mass flux of component « in the gas phase [kg m? s

2

and is described by

1.9 10 K K K K
Js = _¢(¢%SGA) D;psVXg = -9(ty7) DspsVXs,  k=w,m (2.21)
ToT,
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where [} is the multicomponent molecular diffusion coefficient of component x in the
gas phase in the absence of a porous medium [m® s'], and z; is the gas tortuosity
[dimensionless] computed from the Millington and Quirk [1961] model. The diffusive
mass fluxes of the water vapor and CH4 gas are related through the relationship of Bird et
al. [1960]

JL+J5 =0, (2.22)
which ensures that the total diffusive mass flux of the gas phase is zero with respect to the
mass average velocity when summed over the two components ( x =w, m). Then the total
gas phase mass flux is the product of the Darcy velocity and density of the gas phase.

The flux of the dissolved inhibitor (EQN) is described by
F,=XF,+J,, (2.23)
where

¥, =08, (0”7 D,p, VX, = ¢S D,p, VX = 224
i 2 L 0P4 YAy (DW(TA) 0Py VA, KEW,M (2.24)

Do is the molecular diffusion coefficient of the inhibitor in water, and z; is the tortuosity
of the aqueous phase.

The heat flux accounts for conduction, advection and radiative heat transfer, and is
given by

/= (1= ) K +9(SyKyy +S,K, +8 K +SK) VT + f,0,V T + 3 hyF

5(2.25)
f=A,C

where
Kr thermal conductivity of the rock [W m™ K'];

Kp thermal conductivity of phase S=A4,G,H,I [Wm" K];
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hg specific enthalpy of phase S=A,G,H,I[J kg];

fo radiance emittance factor [dimensionless];

O Stefan-Boltzmann constant [5.6687x10% J m™? K™].
The specific enthalpy of the gas phase is computed as

Hy= Y Xhi+H

dep >

(2.26)

where A is the specific enthalpy of component x in the gaseous phase, and Hy,, is the

specific enthalpy departure of the gas mixture [J kg']. The specific enthalpy of the

aqueous phase is estimated from

H,=Xih] + X;(h] + H],

sol) + ‘szlél (hzlél + H;ol)a (227)
where A7, h7 and K (see equation (2.14)) are the specific enthalpies of HO, CH, and

the inhibitor at the conditions prevailing in the aqueous phase, respectively, and A and

H' jare the specific enthalpy of dissolution [J kg™ of CH4 and of the inhibitor in the

aqueous phase, respectively.

2.7. Source and Sink Terms
In sinks with specified mass production rate, withdrawal of the mass component « is
described by

§“= ) Xiq,, K=w,m (2.28)

x=4,G

where g, is the production rate of the phase S [kg m™]. For a prescribed production rate,

the phase flow rates ¢, are determined internally according to different options available
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in T+H. For source terms (well injection), the addition of a mass component x occurs at
desired rates ¢* (x =w,m). Inhibitor injection can occur either as a rate as an individual
mass component (g') or as a fraction of the aqueous phase injection rate, i.e., ¢' = X',q,,

where X, is the inhibitor mass fraction in the injection stream.

In the kinetic model, the additional sink/source terms corresponding to hydrate

dissociation and release of CH4 and H,O must be accounted for. The source term for CHy
thus becomes §” =™, where the production rate O [kg m™ s'] of CHy is computed

from Equation (2.6) as

. W
=20, (2.29)

Oy

Similarly, the source term for water (liquid or ice) becomes ¢” +(", where the

hydrate-related release of water (" is determined from the stoichiometry of Equation
(2.1) as

N W
. 0, (2.30)

Q¥ =-

Under equilibrium conditions, the rate of heat removal or addition includes
contributions of (a) the heat associated with fluid removal or addition, as well as (b)

direct heat inputs or withdrawals (e.g., microwave heating), and is described by

Q= q,+ Y hy, (2.31)

k=4,G

Under kinetic conditions, the rate of heat removal or addition is determined from

Q° = q,+ Y, hq,+0,AH", (2.32)

k=A4,G
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2.8. Thermophysical Properties

2.8.1. Water

The properties and parameters of liquid water and steam in T+H are provided by (a)
fast regression equations based on data from NIS7 [2000] and (b) steam table equations
developed by /FC [1967]. These equations are accurate up to 700 °C and 100 MPa. The
code also incorporates additional capabilities extending the temperature and range to
3000 °C and 1000 MPa, but these are based on an iterative approach, are computationally
very demanding, and, thus, are not invoked in the current version. The enthalpy,
sublimation pressure and fusion/melting pressure of ice (on the ice-vapor and ice-liquid
water equilibrium lines of the water phase diagram) are computed using fast regression
equations from data obtained using NIS7 [2000]. Within the solid ice phase (to 7= 50 K
and P@OO MPa), ice densities were determined using the ice compressibility model of
Marion and Jakubowski [2004] and the thermal expansivity data from Dantle [1962].
The ice enthalpy was computed using the heat capacity polynomial equation with the

coefficients reported in Yaws [1999].

2.8.2. CH,-Hydrate

The hydration number N, and the physical and thermal properties of the CHy-hydrate
are input functions of temperature in T+H. In the determination of CHs-hydrate density
as a function of pressure and temperature, the compressibility and thermal expansivity of
ice are used in the absence of any data on the subject. The parameters of kinetic

dissociation of the hydrate are also inputs to T+H. The hydration equilibrium pressure-
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temperature relationship and the dependence of the heat of dissociation on temperature

are discussed in Section 2.9.

2.8.3. CH; Gas

The properties of the gas phase are provided by the Peng-Robinson equation of state
[Peng and Robinson, 1976], one of several options available in the real-gas property
package (segment T RealGas EOS.f95, see Section 3.4) included in T+H. This
package computes the compressibility, density, fugacity, specific enthalpy and internal
energy (ideal and departure) of pure gases and gas mixtures over a very wide range of
pressure and temperature conditions. Additionally, the package computes the gas
viscosity and thermal conductivity using the method of Chung et al. [1988], and binary
diffusivities from the method of Fuller et al. [1969] and Riazi and Whitson [1993].

The package also allows determination of gas solubility in water by equating
fugacities in the gas and aqueous phases, which involves computation of activity
coefficients (in the aqueous phase) and fugacities. However, scoping calculations
indicated that, for pressures P<<100 MPa, accurate estimates can be obtained by
alternative correlation relationships included in T+H. Determination of gas solubility
through fugacities and activity coefficients provides accurate estimates for pressures as
high as 1000 MPa, but is also very computationally demanding, while providing little (if
any) benefit for any pressure regime expected in CHy-hydrate studies. Thus, this option is

available but deactivated in the current code version.
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2.9. Hydrate Phase Relationships

Of particular interest are the pressures and temperatures of the Lw-H-V and I-H-V
three-phase lines in the H,O-CH4 diagram, which delineate the limits to hydrate
formation/dissociation. The relationship between the equilibrium hydration pressure Pe
and the corresponding equilibrium hydration temperature 7, in T+H can be obtained from

two sources. The first is the regression equation of Kamath [1984]

P :exp[el +e—2j, (2.33)
T
where P is in KPa, T'is in K,
-8533.80 for 0°C>T >25°C
Ly 38980 1, ‘ and 7= T, +273.15(2.34)
14.717 ~1886.79 for -25°C>T >0°C

The second source is a general regression expression derived by Moridis [2003] based
on data from several researchers reported by Sloan [1998]. The two relationships and
their range are shown in Figure 2.1. Limited smoothing in the vicinity of the quadruple
point Q; (Figure 2.2) was implemented to allow continuity of the derivatives and smooth
phase changes. This is a necessity in the Newton-Raphson iterations implemented in
TOUGH+ (see Section 3.4). Because of its limited range, and the discontinuity at the
quadruple point, the parametric equations in Figures 2.1 and 2.2 are the default option in
T+H. Use of the Kamath [1984] equation is advised only when phase boundaries are
known to not be crossed in the system.

There are limited data on the temperature dependence of heat of dissociation AH°,

which is often taken as constant over small temperature ranges. In T+H, AH° under
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three-phase conditions (Lw-H-V and I-H-V) can be computed from either the simple

equation of Kamath [1984] as
AH'=C, + C,T, (2.35)
where AH is in cal/gmol, T'is in K,

402 for 0°C>T >25°C
C{ 13521 Cz{ or :

: , (2.36)
6,534 -11.97 for -25°C>71,>0 °C
Alternatively, it can be determined from the Clausius-Clapeyron equation
A® = zry> 410l (2.37)
dr

using the gas compressibility Z and the known d(InP)/dT of the hydrate equilibrium
relationship (from the regression curve, see Figures 2.1 and 2.2). Figure 2.3 shows the
uncorrected AH ° relationships from both equations. For comparison, Figure 2.3 includes
the laboratory measurements of AH "’ reported in Sloan [1998]. Figure 2.4 shows the
modified relationship used in T+H, which incorporates density-change corrections to the
Clausius-Clapeyron equation, as well as smoothing in the immediate vicinity of the
quadruple point.

There are no specific measurements of the equilibrium P -7 relationship along the I-
H-Lw and the I-V-Lw phase lines of a H;O-CH4O system, but is generally considered to
follow the solidus line (melting/fusion equilibrium) of the water-ice system [NIS7, 2000].

Thus, the equilibrium P-7 relationship along the I-Lw-H phase line is computed as
P=PF,-626x10° (1.0-7,°)+ 1.97135x10°(1.0 - I}") (2.38)

where P is in Pa, 7y, = 7/273.16 (T in K), Pp (in Pa) is the pressure at the hydrate

quadruple point (see Figures 2.1 and 2.2). Finally, temperature was considered invariable

27



(and equal to 0 °C along the I-V-L,, phase line). The complete phase diagram of the

water--CHy--hydrate system is shown in Figure 2.4.

2.10. Inhibitor Effects on Hydrate Equilibrium

The effect of salinity on the dissociation equilibrium pressure-temperature relationship is

described by the equation of Dickens and Quinby-Hunt [1997]

-1
T_i_nmAHf 11
T, AH \273.15 T,

In this equation, 75 is the equilibrium dissociation temperature in the salt solution (K),

(2.39)

AH' is the heat of fusion of ice (J/kg), Ty is the equilibrium dissociation temperature in
the presence of pure water (K), and 7ris the freezing point of the salt solution (K). The
predictions of this equation are in broad agreement with the measurements of Wright et
al. (1999). Further analysis allowed the above complex equation to be replaced with the
simpler and equally accurate relationship, which has the additional benefits of applying to
both salts and inhibitors such as alcohols. In the simplified equation, the temperature

depression (shift) induced by the inhibitors is computed as

ln(l - X} )

ln(l - xj,,,) ’

AT, = AT, (2.40)

X, mole fraction of the inhibitor in the aqueous phase;
reference mole fraction of the inhibitor in the aqueous phase [K];

AT, inhibitor-induced temperature depression [K];
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ATp, temperature depression at the reference mole fraction x’, .

This approach is entirely consistent with the equation of Makogon [1981] for
alcohols. Exploratory calculations have shown this equation to be within 3-5% of the
estimates of the far more computationally intensive method of Dickens and Quinby-Hunt

[1997].
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Figure 2.1. Relationship of the equilibrium hydration pressure Pe and temperature Te of the CH,-
hydrate [Moridis, 2003].
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Figure 2.3. Temperature dependence of the CH,-hydrate heat of dissociation AH° along the (a) I-
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2.11. Porosity and intrinsic permeability change

When solid phases are deposited in a porous medium, through chemical precipitation
or freezing of pore fluids, the ability of the porous medium to transmit fluids can change
profoundly. The deposition of solids in a porous medium reduces the void space
available for fluids. Such reduction in porosity will give rise to a reduction in
permeability as well. There is an extensive literature, going back to the 1920s, about the
manner in which permeability declines as portions of the pore space are filled by solids,
and a bewildering variety of porosity-permeability correlations have been obtained from
experimental and theoretical studies [Scheidegger, 1974, and references therein; Morrow
et al., 1981; Vaughan, 1987; Verma and Pruess, 1988; Phillips, 1991; Pape et al., 1999;
Xu et al., 2004]. Within the scope of the work undertaken here it is not possible to
perform a thorough review of different permeability reduction models, and to evaluate
their suitability for representing permeability reduction due to formation of hydrate
and/or ice. Dearth of relevant information prevents considering whether any of the
models developed for solid precipitation in porous media are valid to
gas/water/ice/hydrate systems. Instead, we briefly discuss salient features of pore
channels to highlight the most important effects, and then explain the rationale behind the
preliminary choices made in this study.

It is obvious that permeability effects depend not just on the magnitude of porosity
change, but on geometric properties of the pore channels, and on where and how solid
deposition in those channels occurs. The lack of unanimity among different investigators
about the correlation between porosity and permeability change reflects the great

diversity of pore channel geometries and precipitation processes in porous media. The
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simplest models conceptualize porous media as bundles of capillary tubes, which gives

rise to a simple power law dependence of permeability & on porosity @,

o

where the term Iy is a permeability adjustment factor that describes the effects of (a) the
presence of solid phases other than the medium grains (such as ice, hydrate or
precipitating salts), and (b) changes in porosity on permeability, and the subscript “00”
denotes properties at a reference state.

The exponent n typically will be in the range from 2 to 3 [Phillips, 1991], giving a
rather mild dependence of permeability on porosity. However, in media with
intergranular porosity, pore channels generally have a convergent-divergent geometry,
consisting of a succession of ‘pore throats’ with small radius and ‘pore bodies’ with large

radius (Figure 2.6).

pore body pore throat

Figure 2.6. Schematic of pore channels, showing convergent-divergent geometry with a
succession of pore throats and pore bodies.
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If solids are deposited uniformly along the pore walls, or are preferentially deposited
in the throats, then even relatively minor amounts of deposition can give rise to a
dramatic decrease in permeability. Such behavior has been observed in field and
laboratory-scale systems, including the diagenesis of sandstones [Pape et al., 1999],
precipitation around geothermal injection wells [Xu ef al., 2004], and hydrothermal flows
in laboratory specimen [Morrow et al., 1981; Vaughan, 1987].

In these systems, a rather modest amount of precipitate, that leaves most of the
original pore space available for fluids, nonetheless caused order-of-magnitude changes
in absolute permeability. Such behavior can be understood from ‘tubes-in-series’ models
of pore space, as shown in Figure 2.7 [Verma and Pruess, 1988]. If one assumes that
solids are deposited as a layer of uniform thickness on the pore walls, then permeability
will be reduced to zero when the throats become clogged, while plenty of (disconnected)
porosity remains in the pore bodies. This leads to the concept of a non-zero ‘critical

porosity’ ¢, at which permeability is reduced to zero, with a permeability reduction as

given in Equation (2.41) [Verma and Pruess, 1988; Xu et al., 2004].

k. _[¢-¢ ]

Fractal models also give a very strong dependence of permeability on porosity, with
exponents in relationships such as Equation (2.41) as large as » = 10 or more [Pape et al.,
1999]. The above discussion clearly indicates the need fundamental research for the
determination of the sites within the porous media at which hydrates and ice form

preferentially.
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Figure 2.7. Tubes-in-series model of pore channels.

2.12. Wettability Phenomena

2.12.1. Capillary pressure

Effects of solids deposition become considerably more complicated, and involve
more than just permeability change, when multiple fluid phase are present, such as water
and gas. Surface tension effects between different phases give rise to ‘capillary
pressures’, denoted by Pcqp, which may be profoundly altered when solids are deposited.
Most mineral surfaces are preferentially wetted by water and, under partially saturated
conditions, the pressure of the wetting (aqueous) phase inside a porous medium will be
less than that of the non-wetting (gas) phase. The pressure difference Peqp = Pg - Py is
termed capillary pressure, because it relates to the phenomenon of water level rise in a
capillary tube. (Sometimes Pcqp is defined with the opposite sign.)

Issues relating to capillary pressure can be conveniently discussed with reference to
the pore size distribution of the porous medium. Figure 2.8 shows a schematic

probability density function (pdf) for pore sizes, which expresses the probability p(7) of
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having pores with radius 7. At a given capillary pressure Pcqp, pores with radius 7' <r
may be water-filled, where the cutoff radius r is related to the capillary pressure by the
Young-Laplace equation (reference)

p = 20000) (2.43)

cap
r

Here, ois the surface tension (energy per unit surface area) at the water-gas interface,
and y is the contact angle, which usually is close to zero for preferentially water-wet

minerals.

Figure 2.8. Schematic of probability density function p(r) for pore size distribution.
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In introducing Equation (2.41) we stated that pores with 7' < r may be water filled, but
whether indeed all pores with 7' <r will be water-filled at a prevailing capillary pressure
Pcap given Equation (2.41) (and those with 7' > r will all be gas-filled) depends upon
issues of pore accessibility that are not captured by the pore size distribution. The issue
of accessibility arises because pores of certain radius may be entirely surrounded by
larger pores, or by smaller pores, so that either water may not enter them during a wetting
process, or may not be removed from them during a draining process. Accessibility gives
rise to the well-known phenomenon of capillary hysteresis, where at a given magnitude
of capillary pressure, water saturation will generally be larger during a drainage process
than during a wetting process [de Marsily, 1986]. Although capillary hysteresis is a well-
established effect, it is seldom taken into account in modeling applications; this is
partially due to numerical difficulties associated with it, partially because information on
applicable parameters is rarely available.

Formation of solid phases will alter the pore size distribution, generally reducing pore
sizes, and thereby giving rise to stronger capillary pressures (see Equation 2.41). In order
to estimate these changes, we require information on the original pore size distribution of
the medium, and on the manner in which the pore size distributions will be altered during
solids deposition. As no such information is presently available for the medium studied
here, we proceed in a more phenomenological manner, and relate changes in capillary
pressures to overall changes in porosity and permeability of the medium. Examining a
variety of unconsolidated media, Leverett [1941] determined a dependence of capillary

pressure on permeability and porosity, as follows.
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ky &
Pcap (SA) = % ' ¢_00 Pcap,OO (244)

where Pcap 0 1s the capillary pressure corresponding to a reference medium at the
reference conditions, at which the permeability and porosity of the porous medium are
koo and @y, respectively. Equation (2.44) is used in the present analysis, in the following
manner. We represent active solids (i.e. ice that may melt or hydrate that may dissociate,
as opposed to solid minerals which are inert) by means of a solid saturation, denoted by
Ss = Sy +S;, which measures the fraction of active pore space occupied by solids. The
fraction of pore space available to fluid phases is S4 + S, and we have the constraint
S, +8;, = 1=-5; (2.45)
Let Pegp, g0 denote the capillary pressure function applicable to a porous medium free of
solid saturation (Ss = 0) with a reference porosity ¢yy. The total current porosity ¢ and the

active (or available) porosity ¢@p available to fluids are then defined by the equation

¢, = (FPT &, ¢00) (S, +58,) = 5_a =l 8, (S, +8:)=1p &, (l-SS) . (2.40)
5’;—’ 00

where the term Fpr is a porosity adjustment factor that accounts for the effects of
pressure and temperature on porosity, and ¢, is the @ relative magnitude, which relates
the porosity ¢ of a given medium to the porosity ¢y, of the reference medium at the same
reference P and 7. This term is introduced to account for situations in which the
reference medium is different from the one under consideration, as is often the case when
insufficient data are available and parameter estimation is based on scaling using known
media as references. For a reference medium different from the one under consideration,

&0 = @o/ Poo. Tt is obvious that g0 = 1 when the same medium is used as reference.
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When changes in P and 7" are not large in geomechanically stable media, then Fpr

can be estimated from the following equation:

Fo= -2 =% expla, AP+, AT] ~ 1+ 0, AP+, AT, (247)
¢rr ¢00 ¢0

where AP = P - Py, AT = T - Ty, ap and oy are the pore compressibility and thermal
expansivity, respectively (see discussion in Section 6.2). For large AP and/or AT in
compressible or geomechanically unstable media, Fpr can be estimated from a full
geomechanical model that relates the resulting changes in geomechanical stresses and
strains to changes in porosity.

The argument in the capillary pressure function Pcgp, ¢ on the r.h.s of Equation (2.44)
is the aqueous saturation .S, referred to total fluid porosity. We measure liquid saturation
on a scale that refers to total acfive (fluid plus hydrate- and ice-filled) pore space in the
ice- and hydrate-free porous medium. In the medium with solid saturation Ss, Sy

corresponds to a scaled saturation

S, = (2.48)

relative to fluid-filled pore space, and this is the value to be used in the estimation of

Pcap,0 in the r.h.s of Equation (2.44). In the next session we will discuss the estimation

of k.4 1n the presence of solid phases (i.e., ice and/or hydrate) for use in Equation (2.44).

2.12.2. Relative Permeability

In multiphase flow, each fluid phase occupies only part of the pore space, and its

effective permeability is reduced due to interference with the other phase(s). This eftect is
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represented by means of permeability reduction factors or relative permeabilities,
customarily denoted by £;.4 and &, for liquid (aqueous) and gas, respectively, such that
effective permeability kgto phase B (= A, G) is given by

k, = kk,

where k = k, F¢S = ky, k,, F¢S, (2.49)
and k,, 1s the k relative magnitude that relates the permeability 4, of a given medium to
koo of the reference medium at the same P and 7. As in the case of ¢, &, 1s introduced to
account for situations in which the reference medium is different from the one under
consideration, as is often the case when insufficient data are available and parameter
estimation is based on scaling such as the one described by Equation (2.44) using known
media as references. For a reference medium different from the one under consideration,
ko = kolkgo. 1t 1s obvious that &,5 = 1 when the same medium is used as reference.

The relative permeabilities are functions of the phase saturations Sp (fraction of

pore space occupied by phase ), k,,=k,,(S,), and are usually obtained by measurement

on laboratory specimen of porous media. Figure 2.9 gives examples of commonly used
liquid and gas relative permeabilities.

The partitioning of effective permeability to a fluid phase £ into a porous medium-
and solid-saturation dependent part (ko /'4s) and a fluid saturation-dependent part k,zis a
matter of convention and convenience. It leads to a conceptual ambiguity in the
representation of permeability reduction from solid deposition in multiphase flow.
Indeed, such permeability reduction may be attributed either to a change in absolute or
intrinsic permeability (as described by the product &y /), as is done for single-phase

flow, or it may be attributed to a change in the fluid relative permeability &4
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When hydrate and/or ice forms inside a partially water-saturated porous medium,
such formation clearly must start in the water-filled portion of the pore space, but may
not remain limited to the water-filled portion, as the solid crystals may grow and extrude
into primarily gas-filled pores. In the absence of specific pore-scale information about
where hydrate and/or ice will likely form, it is not possible to ascertain the applicability
of relationships such as Equation (2.41) to the permeability reduction associated with
hydrate formation and/or freezing. Even if applicable, appropriate parameters for the

problem under study here are lacking.
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Figure 2.9. Liquid and gas relative permeabilities based on the van Genuchten model [Finsterle,
1999].
We therefore propose two alternative models to describe the wettability processes

(relative permeability and capillary pressure) in hydrate- and/or ice-bearing media. The
first model, hereafter referred to as the “Original Porous Medium” (OPM) model, is
based on the treatment of (a) the medium porosity as unaffected by the emergence of
hydrates and/or ice (although subject to change due to changes in pressure and
temperature), (b) of the intrinsic permeability of the porous media as unchanging during
the evolution of the solid phases, and (c¢) of the fluid flow as a relative permeability issue

controlled by the saturations of the various phases in the pores. The second family of
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models, hereafter referred to as the “Evolving Porous Medium” (EPM) models, consider
the evolution of the solid phases (hydrate and ice) as tantamount to the creation of a new
porous medium with continuously changing porosity and intrinsic permeability, the pore

space of which is occupied only by the two fluid phases (aqueous and gas).

2.12.2.1. The OPM model. This simpler model represents permeability reduction as
relative permeability effects, and does not require any new parameters to be introduced.
More specifically, this model assumes that in the presence of solid phase(s), relative
permeability to each fluid phase is given by the same function &, 4(Sp as in the absence
of solids. This means that aqueous phase relative permeability 4,4 = k,.4(S4) depends
only on the aqueous saturation §4, and is the same, regardless of how the remaining
fraction (/-S4) of the pore space is divided between gas and solid phases. A similar
comment applies to gas relative permeability k. = k.6(Sg).

Setting aside for a moment the issue of (k.4 k), permeability reduction for the fluid
phases then occurs simply because, when Sg increases, fluid phase saturations .54 and Sg
generally must decrease also, as dictated by the constraint in Equation (2.43). This
prescription is tantamount to asserting that liquid phase flow behaves as though solids
deposition occurs entirely in what would otherwise be gas-filled pore space, while gas
phase flow behaves as though solids deposition occurs entirely in what otherwise would
be liquid-filled pore spaces. It is obvious that solids deposition cannot simultaneously
occur only in liquid and only in gas-filled pore spaces, which points to a limitation of the
proposed permeability reduction model. We nonetheless feel that a model that introduces

no new and uncertain parameters is preferable to a model that does.
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The permeability adjustment factor is computed from the following expression:
Fy= by ks, (2.50)
where k.4 is the permeability ¢-factor that describes the effect of changes in ¢ on
permeability, and £,s is the permeability S-factor that relates reduction in the intrinsic
permeability to the presence of solid phases (such as ice, hydrates or precipitating salts).

In the OPM model, &5 = 1 by definition, and the permeability ¢-factor in Equation

(2.49) can be computed as

1 when the effect of ¢ changes on & 1s neglected
k= 2.51)
exp[y/(FPT — l)] when the effect of ¢ changes on & is accounted for,

where yis an empirical parameter [Rutgvist and Tsang, 2002], and Fpyis computed from
Equation (2.47).
In the OPM model, capillary pressures are estimated from Equation (2.44), in
which:
® &/'doo= ¢ Fpris computed from Equation (2.47)
® koo'k = 1/k,, k.4 1s computed from Equations (2.49) and (2.50), and
® Pcap,00 1s computed based on the scaled saturations .§ " of Equation (2.48)

Thus, the final expression for estimating the capillary pressure in the OPM model is:

/ F x
l)cap = ZW % Pcap,OO(S ) (252)
rr v

Additional scaling can be introduced by using the active porosity @, and @,/¢dgy from

Equation (2.46) — as opposed to @@y from Equation (2.47) — in the computation of

Equation (2.44).
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2.12.2.2. The EPM models. In recognition of, and attempting to overcome, the
limitations of the OPM permeability reduction model, we have proposed two EPM
models and performed sensitivity studies using the absolute (intrinsic) permeability
modifications that will be discussed in this section. While the EPM models provide
valuable insights, a more consistent and defensible model — based on both theoretical
analyses and laboratory and field studies — for the effects of emerging solid phases on
fluid permeabilities should be developed in the future.

EPM Model #1. With intrinsic permeability modification based on relative
permeabilities, what absolute permeability should be used in the Leverett scaling
Equation (2.41)? An attractive possibility would be to set & = kg (k4 + k.c). This,
however, is not acceptable because the sum of liquid and gas relative permeabilities
depends not just on the solid saturation (Ss), but on Sy and S¢ individually.

As a plausible alternative, we consider the permeability reduction when the fluid-
available pore space is either entirely liquid-filled or entirely gas-filled, which leads to

ko= krA(SA =1—SS) or krSzkrG(SGzl_SS)'
Note that either expression depends only on solid saturation Ss. As an estimate of the 4,s,

we then take the average of the two,

1
b= e5,-1-5) o5, -1-5,)] 25

Equation (2.50) provides a simple estimate of the permeability ¢-factor. Then the phase
effective permeabilities are computed using Equation (2.49), in which:

e k,p1s computed based on the scaled saturations from Equation (2.48),
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¢ "4 1s computed from Equation (2.50),

e k,41s computed from Equation (2.51), and

e k,s1s computed from Equation (2.53).

The capillary pressure in the EPM #1 model is estimated using Equation (2.44), in

which the various terms are computed as follows:

® ¢./dpy, computed from Equation (2.46), is used instead of @/@yy,

o koo'k = 1/k,, F'ys is computed from Equations (2.49) and (2.50),

e k,41s computed from Equation (2.51), and

e k,s1s computed from Equation (2.53).

Thus, the final expression for estimating the capillary pressure in the EPM #1 model is:

g, Lpr(1-S;) )
P = 75— L) (2.54)
’ \/krr kr¢krS o

EPM Model #2. The only difference between this model and the EPM #1 model is
in the equation used to estimate the &, term, with all other equations applying unchanged.
In the EPM#2 model, the quantity Iy = k.4 ks in Equation (2.50) is provided by

Equation (2.42), leading to

. {MT .55
¢o _¢c

The term 4,4 is obtained from Equation (2.51). Thus, the fluid effective
permeabilities in the EPM #2 model are computed from Equation (2.49). Similarly, the
capillary pressure in the EPM #2 model is estimated using Equation (2.54), using ks,

from Equation (2.54).
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2.12.3. Pore compressibility of unconsolidated media in the presence of
cementing solid phases

While the pore compressibility o in Equation (2.47) can be considered as a constant
or even as a function of pressure during fluid flow through consolidated (lithified) porous
media and/or in unconsolidated media, this approach is inadequate when cementing solid
phases (such as ice and/or hydrates) are present in the pores. This is because the presence
of these solid phases imparts stiffness and increases the geomechanical strength of the
solid phase-impregnated porous medium, the porosity ¢ of which reacts much slower to
variations in pressure P. Thus, an accurate representation of the evolution of ¢ as a
function of P in these cases needs to account for the effect of the saturation Ss of such
solid phases.

The most appropriate method for accounting for the effect of Ss on the porosity of
unconsolidated media is by solving the coupled flow-geomechanical problem, estimating
variations in P, T and phase saturation, and computing the corresponding changes in
stresses and strains. These are then used to compute changes in ¢ and £. Such coupling
is a possibility in the TOUGH+ code, which allows the use of the commercial
geomechanical model FLAC3D (ITASCA, 2002) to evaluate the interaction between flow
and geomechanical properties. This model is automatically invoked if the corresponding
executable file FLAC3D.exe is present in the TOUGH+ directory and appropriate
inputs are provided to the TOUGH+ code (see detailed discussion in Section 5).

If the FLAC3D model is not available or is not invoked (a frequent choice, given the
large execution times required for such fully coupled flow-geomechanical problems), it is

possibly to describe the effect of cementing solid phases Ss on the porosity ¢ and the
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intrinsic permeability £ of unconsolidated media by employing an empirical model that

describes the media compressibility as:

o =exp{Ina,, + (na, ~Ing,, )| 1-B,(2.25.2.25.5) ]} (2.56)
where
§o =S O (2.57)
SSmax _SSmin +25

apr 1s the lower limit of the medium compressibility (corresponding to the full
stiffening/strengthening effect of the presence of cementing solid phases such as ice
and/or hydrates), apy is the upper limit of the medium compressibility (corresponding to
the absence of cementing solid phases), By is the incomplete beta function, Sg, 1s the
largest Sg saturation at which ap = apy, Ssmax 1S the lowest Ss saturation at which ap =
apr, and o is a smoothing factor. Equation (2.56) is based on geomechanical and
geophysical data derived from laboratory and field observations, and results in the curve
of Figure 2.10 that scans between the apyy and the apy, compressibility limits.

The relative porosity @/¢, is estimated from Equation (2.47), which applies
unchanged, but with the composite compressibility ap computed from Equation (2.56).
Figure 2.11 shows the relationship between the relative porosity @@, and the pressure
drop AP in an unconsolidated medium, and describes the cementing effect of solid phases

on the medium behavior.
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Figure 2.10. Compressibility of an unconsolidated porous medium impregnated with cementing
solid phases (ice and/or hydrates). In this example, Ssmin = 0.15, Ssmax = 0.4, apy = 102 Pa™’, ap,

=10°Pa' and 5=0.015.
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Figure 2.11. Effect of the varying compressibility described in Figure 2.10 on the porosity of an
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cementing solid phases.
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2.13. Multiphase Diffusion

2.13.1. General Considerations

Molecular diffusion plays a minor role in many subsurface flow processes, but may
become a significant and even dominant mechanism for mass transport when advective
velocities are small. Diffusive flux is usually written as being proportional to the gradient
in the concentration of the diffusing component (Fick’s law)

J = -DVC (2.58)
where D is an effective diffusivity, which in general will depend on properties of the
diffusing component, the pore fluid, and the porous medium. The concentration variable
C may be chosen in a number of different ways (mass per unit volume, moles per unit
volume, mass or mol fraction, etc.) [Bird et al., 1960, de Marsily, 1986].

The basic Fick’s law in Equation (2.46) works well for diffusion of tracer solutes that
are present at low concentrations in a single phase aqueous solution at rest with respect to
the porous medium. However, many subtleties and complications arise when multiple
components diffuse in a multiphase flow system. Effective diffusivities in general may
depend on all concentration variables, leading to non-linear behavior especially when
some components are present in significant (non-tracer) concentrations. Additional
nonlinear effects arise from the dependence of tortuosity on phase saturations, and from
coupling between advective and diffusive transport. For gases the Fickian model has
serious limitations even at low concentrations, which prompted the development of the
“dusty gas” model that entails a strong coupling between advective and diffusive
transport [Mason and Malinauskas, 1983; Webb, 1998], and accounts for molecular

streaming effects (Knudsen diffusion) that become very important when the mean free
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path of gas molecules is comparable to pore sizes. Further complications arise for
components that are both soluble and volatile, in which case diffusion in aqueous and
gaseous phases may be strongly coupled via phase partitioning effects. An extreme case
is the well-known enhancement of vapor diffusion in partially saturated media, which is

attributed to pore-level phase change effects [Cass et al., 1984; Webb and Ho, 1998a, b].

2.13.2. Diffusion Formulation in TOUGH+

The diffusion formulation and treatment in TOUGH+ follows closely that in
TOUGH2 [Pruess et al., 1999]. Because of the difficulties mentioned above, it is not
possible to formulate a model for multiphase diffusion that would be accurate under all
circumstances. We have used a pragmatic approach in which diffusive flux of component
x in phase £ (= liquid, gas) is written as

J; = -¢7,7,0,D;VX; (2.59)
where ¢ is the porosity, 7pzzis the tortuosity, which includes a porous medium dependent

factor 7p and a coefficient that depends on phase saturation Sg, 78 = 74(Sp), ppis the

density of phase S, Dy is the diffusion coefficient of component x in bulk fluid phase S,
and X . is the mass fraction of component x in phase S. For later developments it will be

useful to define a single diffusion strength factor that combines all material constants and
tortuosity factors into a single effective multiphase diffusion coefficient, as follows:
D, = é¢r,7,p,D (2.60)

For general two-phase conditions, the total diffusive flux is then given by

J = -D{VX:-DiVX: 2.61)
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The saturation dependence of tortuosity is not well known at present. For soils the
Millington and Quirk [1961] model has frequently been used [Jury et al., 1983; Falta et
al., 1989]

r,7, = ¢°S8,7" (2.62)
which yields non-zero tortuosity coefficients as long as phase saturation is non-zero. It
stands to reason that diffusive flux should vanish when a phase becomes discontinuous at
low saturations, suggesting that saturation-dependent tortuosity should be related to
relative permeability; e.g. 74 Sp = kpSp. However, for components that partition

between liquid and gas phases more complex behavior may be expected. For example,
consider the case of a volatile and water-soluble compound diffusing under conditions of
low gas saturation where the gas phase is discontinuous. In this case we have k,c(Sg) = 0
(because S¢ < Syg), and kp4(S4 = 1 - Sg) < 1, so that a model equating saturation-
dependent tortuosity to relative permeability would predict weaker diffusion than in
single-phase liquid conditions. For compounds with significant volatility this would be
unrealistic, as diffusion through isolated gas pockets would tend to enhance overall

diffusion relative to single-phase liquid conditions.

2.14. Description of Flow in Fractured Media

Figure 2.12 illustrates the classical double-porosity concept for modeling flow in
fractured-porous media as developed by Warren and Root [1963]. Matrix blocks of low
permeability are embedded in a network of interconnected fractures. Global flow in the
reservoir occurs only through the fracture system, which is described as an effective

porous continuum. Rock matrix and fractures may exchange fluid (or heat) locally by
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means of ‘interporosity flow’, which is driven by the difference in pressures (or
temperatures) between matrix and fractures. Warren and Root approximated the
interporosity flow as being quasi-steady, with rate of matrix-fracture interflow
proportional to the difference in (local) average pressures.

The quasi-steady approximation is applicable to isothermal single-phase flow of
fluids with small compressibility, where pressure diffusivities are large, so that pressure
changes in the fractures penetrate quickly all the way into the matrix blocks. However,
for multiphase flows, or coupled fluid and heat flows, the transient periods for
interporosity flow can be very long (tens of years). In order to accurately describe such
flows it is necessary to resolve the driving pressure, temperature, and mass fraction
gradients at the matrix/fracture interface. In the method of “multiple interacting continua”
(MINC) [Pruess and Narasimhan, 1982; 1985), resolution of these gradients is achieved
by appropriate subgridding of the matrix blocks, as shown in Figure 2.13. The MINC
concept is based on the notion that changes in fluid pressures, temperatures, phase
compositions, etc., due to the presence of sinks and sources (production and injection
wells) will propagate rapidly through the fracture system, while invading the tight matrix
blocks only slowly. Therefore, changes in matrix conditions will (locally) be controlled
by the distance from the fractures. Fluid and heat flow from the fractures into the matrix
blocks, or from the matrix blocks into the fractures, can then be modeled by means of

one-dimensional strings of nested grid blocks, as shown in Figure 2.13.
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Figure 2.12
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. Subgridding in the method of "multiple interacting continua" (MINC).
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In general it is not necessary to explicitly consider subgrids in all of the matrix blocks
separately. Within a certain reservoir subdomain (corresponding to a finite difference
grid block), all fractures will be lumped into continuum # 1, all matrix material within a
certain distance from the fractures will be lumped into continuum # 2, matrix material at
larger distance becomes continuum # 3, and so on. Quantitatively, the subgridding is
specified by means of a set of volume fractions VOL (j), j =1, ..., J,into which the
primary porous medium grid blocks are partitioned. The MINC-process in the
MeshMaker.£95 (a companion code distributed with TOUGH+, see Section 7)
operates on the element and connection data of a porous medium mesh to calculate, for
given data on volume fractions, the volumes, interface areas, and nodal distances for a
secondary fractured medium mesh. The information on fracturing (spacing, number of
sets, shape of matrix blocks) required for this is provided by a proximity function
PROX(x) which expresses, for a given reservoir domain }J/,, the total fraction of matrix
material within a distance x from the fractures. If only two continua are specified (one for
fractures, one for matrix), the MINC approach reduces to the conventional double-
porosity method. Full details are given in a separate report [Pruess, 1983].

The MINC-method as implemented in the MeshMaker.£95 code can also describe
global matrix-matrix flow. Figure 2.14 shows the most general approach, often referred
to as dual permeability, in which global flow occurs in both fracture and matrix continua.
It is also possible to permit matrix-matrix flow only in the vertical direction. For any
given fractured reservoir flow problem, selection of the most appropriate gridding

scheme must be based on a careful consideration of the physical and geometric
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conditions of flow. The MINC approach is not applicable to systems in which fracturing

is so sparse that the fractures cannot be approximated as a continuum.

Figure 2.14. Flow connections in the “dual permeability” model. Global flow occurs between
both fracture (F) and matrix (M) grid blocks. in addition there is F-M interporosity flow.
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3.0. Design and Implementation of
TOUGH+HYDRATE

3.1. Primary Variables

The thermodynamic state and the distribution of the mass components among the four
possible phases are determined from the hydrate equation of state. Following the standard
approach employed in the TOUGH2 [Pruess et al., 1999] family of codes, in T+H the
system is defined uniquely by a set of N«xprimary variables (where x denotes the number
of mass and heat components under consideration, see Section 2.2) that completely
specifies the thermodynamic state of the system. Although the number Nk of the primary
variables is initially set at the maximum expected in the course of the simulation and does

not change during the simulation, the thermodynamic quantities used
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as primary variables can change in the process of simulation to allow for the seamless
consideration of emerging or disappearing phases and components.

A total of 26 states (phase combinations) covering the entire phase diagram in Figure
2.5 are described in T+H. Of those, 13 correspond to the equilibrium hydration reaction
option, and 13 to the kinetic hydration reaction option. The primary variables used for
the various phase states without inhibitor are listed in Tables 3.1 and 3.2, respectively.
For systems with an inhibitor, the additional primary variable is X i A, (corresponding to

X', i.e., the mass fraction of the inhibitor in the aqueous phase). The option set for

either equilibrium or kinetic hydration reactions is complete, although some of the phase
states are only possible under laboratory conditions and difficult to reach under any
conditions of gas production from dissociating natural hydrate deposits.

The primary variables in Tables 3.1 and 3.2 are necessary and sufficient to uniquely
define the H,O-CH,4 system. Note that the lack of equilibrium in the kinetic model
introduces an additional degree of freedom, and consequently necessitates an additional
equation. This requires special care to ensure that the resulting system is not over-

defined when the hydrate and/or gas phases are not present.
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Table 3.1. Primary Variables in Equilibrium Hydrate Simulations without Inhibitor*.

Phase State Primary Primary Primary
Identifier | Variable 1 | Variable 2 | Variable 3
1-Phase: G Gas P gas YmaG T
1-Phase: A Aqu P X m A T
2-Phase: A+G AqG P gas S aqu T
2-Phase I+G IcG P gas S ice T
2-Phase H+G GsH P gas S gas T
2-Phase: A+H AqH P S aqu T
2-Phase: A+1 Aql P S aqu X m A
2-Phase: I+H IcH P S ice T
3-Phase: A+H+G AGH S gas S aqu T
3-Phase: A+I+G AlIG P gas S aqu S gas
3-Phase: A+I+H AIH P S aqu S ice
3-Phase: [+H+G IGH S gas S ice T
Qu?iﬁiffgm: QuP S gas S aqu S ice

Where the possible primary variables are: P, pressure [Pa]; P gas, gas pressure [Pa]; 7,
temperature [C]; X m A, mass fraction of CH4 dissolved in the aqueous phase [-];
Y m G, mass fraction of CH, dissolved in the gas phase [-]; S aqu, liquid saturation [-];
S gas, gas saturation [-]; S ice, ice saturation [-]; X i A, mass fraction of inhibitor
dissolved in the aqueous phase [-].

*For inhibitor: X i A becomes the 3™ primary variable, and the 3™ primary variable (as
listed in this table) becomes the 4™ primary variable.
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Table 3.2. Primary Variables in Kinetic Hydrate Simulations without Inhibitor*.

Phase State Primary Primary Primary Primary
Identifier | Variable 1 | Variable 2 | Variable 3 | Variable 4
1-Phase: G Gas P gas YmaG S hyd T
1-Phase: A Aqu P X m A S hyd T
2-Phase: A+G AqG P gas S aqu S hyd T
2-Phase I+G IeG P gas S ice S hyd T
2-Phase H+G GsH P gas S gas S ice T
2-Phase: A+H AqH P S aqu X m A T
2-Phase: A+1 Aql P S aqu X m A T
2-Phase: I+H IcH P S ice S gas T
3-Phase: A+tH+G AGH P gas S aqu S gas T
3-Phase: A+I+G AlIG P gas S aqu S hyd S gas
3-Phase: A+I+H AIH P S aqu S ice T
3-Phase: [+H+G IGH P gas S gas S ice T
Qu?iﬁiffgm: QuP P gas S aqu S gas S ice

Where the possible primary variables are: P, pressure [Pa]; P gas, gas pressure [Pa]; 7,
temperature [C]; X m A, mass fraction of CH4 dissolved in the aqueous phase [-];
Y m G, mass fraction of CH, dissolved in the gas phase [-]; S aqu, liquid saturation [-];
S gas, gas saturation [-]; § Ayd, hydrate saturation [-]; S ice, ice saturation [-]; X 7 A4,
mass fraction of inhibitor dissolved in the aqueous phase [-].

*For inhibitor: X I A becomes the 4th primary variable, and the 4™ primary variable (as
listed in this table) becomes the 5™ primary variable.
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3.2. Space and Time Discretization

The continuum equations (2.3) are discretized in space using the integral finite
difference method (IFD) [Edwards, 1972; Narasimhan and Witherspoon, 1976].

Introducing appropriate volume averages, we have

n

[mav = v m
; (3.1)

where M is a volume-normalized extensive quantity, and M,, is the average value of A

over V. Surface integrals are approximated as a discrete sum of averages over surface

segments Ay,

IFKOndF = Z A F
r m (3.2)

Here F,, 1s the average value of the (inward) normal component of F over the surface
segment 4,,, between volume elements V), and V,. The discretization approach used in
the integral finite difference method and the definition of the geometric parameters are
illustrated in Figure 3.1.

The discretized flux is expressed in terms of averages over parameters for elements

V, and V. For the basic Darcy flux term in Equation (2.15), we have

kr p Pn_Pm
F,B,nm = _knm|: ? ﬂ:| |:ﬁ Z _pﬁ,nmgnm:|

D
ILl,B o nm (33)

where the subscripts (nm) denote a suitable averaging at the interface between grid blocks
n and m (interpolation, harmonic weighting, upstream weighting). Dy, = D), + Dy, is the

distance between the nodal points n# and m, and gy, 1s the component of gravitational
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acceleration in the direction from m to n. Discretization of diffusive fluxes raises some
subtle issues, and is discussed separately in Section 3.5.

Substituting Equations. (3.1) and (3.2) into the governing Equation (2.3), a set of first-
order ordinary differential equations in time is obtained.

aMr 1
n — _ A Fl( + K
dt V;l ; nm nm qn

(3.4)

Time is discretized as a first-order finite difference, and the flux and sink and source

terms on the right-hand side of Equation (3.4) are evaluated at the new time level, 7"

" + At, to obtain the numerical stability needed for an efficient calculation of strongly
nonlinear problems (such as the ones involving multiphase flow and phase changes). This
treatment of flux terms is known as fully implicit, because the fluxes are expressed in
terms of the unknown thermodynamic parameters at time level #*/ so that these

unknowns are only implicitly defined in the resulting equations [Peaceman, 1977].

=

Figure 3.1. Space discretization and geometry data in the integral finite difference method.
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The time discretization results in the following set of coupled non-linear, algebraic

equations

R;(,kﬂ :M:,k+l . M:,k_% [ZAan;l’;;kH + I/;lq:’kﬂj =0 (35)

where we have introduced residuals Rf’k”. For each volume element (grid block) V,

there are N, equations, so that for a system discretized into Nz grid blocks, Equation (3.5)

represents a total of N x Nr coupled non-linear equations.

3.3. The Newton-Raphson Iteration

The unknowns of Equation (3.5) are the N x Nz independent primary variables {x;;
i=1, .., Nex Nz} which completely define the state of the flow system at time level # /.
These equations are solved by Newton/Raphson iteration, which is implemented as
follows. We introduce an iteration index p and expand the residuals R*" in Equation
(3.5) at iteration step (p + /) in a Taylor series in terms of those at index p, i.e.,

ﬁRK,kJrl
ox,

i i

Ryt (X =Ry (xi,p) + (xi,wl_xiap) +..=0 (3.6)

r

i,p+1)

Retaining only terms up to first order, we obtain a set of N, x Ny linear equations for the

1ncrements (xl.’p+1 - X, p) :

ﬁRK’]Hl
ox,

i i

(xi,wl_xi,p) T = R:’kﬂ (xi,p) (3.7

All terms OR,,/0x; in the Jacobian matrix are evaluated by numerical differentiation.
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Equation (3.7) is solved by sparse direct matrix methods or iteratively by means of

preconditioned conjugate gradients [Moridis and Pruess, 1995; 1998; Pruess et al., 1999].

Iteration is continued until the residuals R}’j’k” are reduced below a preset convergence

tolerance according to:

RK,k+l

7, ptl

MK, k+1

n p+l

< g (3.8)

The default (relative) convergence criterion is g7 = 109 (TOUGH+ input parameter
RE1, see Section 10). When the accumulation terms are smaller than &> (TOUGH+ input
parameter RE2, default &, = 1, see Section 10), an absolute convergence criterion is
imposed,

R Kk

7, ptl

< g8, (3.9)

The number of iterations to convergence varies with the nonlinearity of the problem.
For well-behaved problems, convergence is usually attained in 3--4 iterations. If
convergence cannot be achieved within a certain number of iterations (default 8, see

Section 10), the time step size A is reduced and a new iteration process is started.

3.4. Implications of the Space Discretization Approach

It is appropriate to add some comments about the space discretization technique in
TOUGH+. The entire geometric information of the space discretization in Equation (3.5)

is provided in the form of a list of grid block volumes V), interface areas A, nodal

distances Dy, and components gy, of gravitational acceleration along nodal lines. There
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is no reference whatsoever to a global system of coordinates, or to the dimensionality of a
particular flow problem.

The discretized equations are in fact valid for arbitrary irregular discretizations in
one, two or three dimensions, and for porous as well as for fractured media. This
flexibility should be used with caution, however, because the accuracy of solutions
depends upon the accuracy with which the various interface parameters in equations such
as (3.3) can be expressed in terms of average conditions in grid blocks. A general
requirement is that there exists approximate thermodynamic equilibrium in (almost) all
grid blocks at (almost) all times [Pruess and Narasimhan, 1985]. For systems of regular
grid blocks referenced to global coordinates in cylindrical (7,z) and/or Cartesian (x,y,z)
systems, Equation (3.5) is identical to a conventional finite difference formulation

[Peaceman, 1977, Moridis and Pruess, 1992].

3.5. Space Discretization of Diffusive Fluxes

Space discretization of diffusive flux in multiphase conditions raises some subtle
issues. A finite difference formulation for total diffusive flux, Equation (3.10), may be

written as

(), = - )nm%&—(ﬁé)mw (3.10)

nm nm

This expression involves the as yet unknown diffusive strength coefficients (X’ ), and
(X5 )um at the interface, which must be expressed in terms of the strength coefficients in

the participating grid blocks. Invoking conservation of diffusive flux across the interface

between two grid blocks leads in the usual way to the requirement of harmonic weighting
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of the diffusive strength coefficients. However, such weighting may in general not be
applied separately to the diffusive fluxes in gas and liquid phases, because these may be
strongly coupled by phase partitioning effects. This can be seen by considering the
extreme case of diffusion of a water-soluble and volatile compound from a grid block in
single-phase gas conditions to an adjacent grid block that is in single-phase liquid
conditions. Harmonic weighting applied separately to liquid and gas diffusive fluxes
would result in either of them being zero, because for each phase effective diffusivity is
zero on one side of the interface. Thus total diffusive flux would vanish in this case,
which is unphysical. In reality, tracer would diffuse through the gas phase to the gas-
liquid interface, would establish a certain mass fraction in the aqueous phase by
dissolution, and would then proceed to diffuse away from the interface through the
aqueous phase. Similar arguments can be made in the less extreme situation where liquid
saturation changes from a large to a small value rather than from 1 to 0, as may be the
case in the capillary fringe, during infiltration events, or at fracture-matrix interfaces in
variably saturated media.

TOUGH+ features the fully coupled approach employed in TOUGH2 [Pruess et al.,
1999], in which the space-discretized version of Equation (3.10) of the total multiphase
diffusive flux Equation (2.49) is re-written in terms of an effective multiphase diffusive
strength coefficient and a single mass fraction gradient. Choosing the liquid mass fraction

for this we have

(), = (%)

(3.11)

2

(%), (%), | (X5), (%),
(%), -

nm
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where the gas phase mass fraction gradient has been absorbed into the effective diffusive
strength term (in braces). As is well known, flux conservation at the interface then leads
to the requirement of harmonic weighting for the full effective strength coefficient. In
order to be able to apply this scheme to the general case where not both phases may be
present on both sides of the interface, we always define both liquid and gas phase mass
fractions in all grid blocks, regardless of whether both phases are present. Mass fractions
are assigned in such a way as to be consistent with what would be present in an evolving
second phase. This procedure is applicable to all possible phase combinations, including
the extreme case where conditions at the interface change from single phase gas to single
phase liquid. Note that, if the diffusing tracer exists in just one of the two phases,
harmonic weighting of the strength coefficient in Equation (3.11) will reduce to harmonic
weighting of either £’ or X7.

The simpler scheme of separate harmonic weighting for individual phase diffusive

fluxes is retained as an option.

3.6. Compiling the TOUGH+HYDRATE Code

TOUGH+HYDRATE is written in standard FORTRAN 95/2003. It has been
designed for maximum portability, and runs on any computational form (Unix and Linux
workstations, PC, Macintosh) for which such compilers are available. Running T+H
involves compilation and linking of the following code segments and in the following

order:

(1) T Hydrate Definitions.f95 (*)
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(2)

(3)

(4)

(5)

(6)

Segment providing default parameter values describing the basic attributes
of the equation of state (i.e., number of components, number of phases,

etc.)

T Allocate Memory.£95

Segment responsible for the dynamic memory allocation (following input
describing the size of the problem) and dimensioning of most arrays
needed by the code, in addition to memory deallocation of unnecessary

arrays.

T Untility Functions.f95
Segment that includes all utility functions (including a wide variety of
mathematical functions, table interpolation routines, sorting algorithms,

etc.).

T H20 Properties.f95
Segment that includes (a) all the water-related constants (parameters), and
(b) procedures describing the water behavior and thermophysical

properties/processes in its entire thermodynamic phase diagram.

T Media Properties.f95

Segment that describes the hydraulic and thermal behavior of the geologic
medium (porous or fractured), i.e., capillary pressure and relative
permeability under multiphase conditions, interface permeability and

mobility, and interface thermal conductivity.

T RealGas_ EOS.f£95

Segment that includes (a) the important constants (parameters) of all
hydrate-forming gases, and (b) procedures describing the equation of state
(EOS) of real gases (pure or mixtures) using any of the Peng-Robinson,

Redlich-Kwong, or Soave-Redlich-Kwong cubic EOS model. The

70



71

(7)

(8)

(9)

procedures in this segment compute the following parameters and
processes: compressibility, density, fugacity, enthalpy (ideal and
departure), internal energy (ideal and departure), entropy (ideal and
departure), thermal conductivity, viscosity, binary diffusion coefficients,

solubility in water, and heat of dissolution in water.

T Hydrate Properties.f95 (%*)

Segment that describes the properties and processes of the CHs-hydrate. It
includes procedures that describe the P-T relationship along the three-
phase equilibrium regimes of the CH4-hydrate phase diagram (see Figure
2.4) and compute the heat of the hydration reaction, the hydrate density
and enthalpy, and the reaction rate when kinetic formation/dissociation are

invoked.

T Geomechanics.f95 (*)

Segment that describes the geomechanically-induced changes on the flow
properties of the porous media. These include porosity ¢ changes caused
by pressure and/or temperature variations, intrinsic permeability & changes
caused by porosity changes, and scaling of capillary pressures P, to
reflect changes in ¢ and k. The ¢ and & changes are computed using either
simplified of full geomechanical models. When the simplified model is
invoked, @ 1is a function of (a) P and the pore compressibility ap and (b) of
T and the pore thermal expansivity a7, while (c) £ changes are estimated
using emprirical relationships (see Section 8). Changes in ¢ and & can also
be computed by using a full geomechanical model, which can be

optionally coupled with TOUGH+.

T Hydrate Specifics.f95 (*)
Segment that includes procedures specific to the hydrate simulation, such
as the reading of hydrate-specific inputs, the preparation of hydrate-

specific output files, and the computation of the thermal conductivity in



(10)

(11)

(12)

(13)

hydrate-bearing media. Generic procedures and operator extension --
which override (overload) the standard procedures used by TOUGH+ for
the simulation of non-hydrate problems — are defined in this segment,
which does not include any procedures describing the hydrate equation of

state.

T Main.f95

Main program that organizes the calling sequence of the high-level events
in the simulation process, and includes the writing of important general
comments in the standard output files, timing procedures, and handling of

files needed by the code and/or created during the code execution.

T Hydrate EOS.f£95 (*)

Segment that describes the equation of state of the CHy-hydrate, assigns
initial conditions, computes the thermophysical properties of the hydrate-
bearing medium, and determines phase changes and the state of the system
from the 22 possible options (see Section 3.1). This segment also includes
the procedure that computes the elements of the Jacobian matrix for the

Netwon-Raphson iteration (see Sections 3.3).

T Matrix Solvers.f95
A linear algebra package that includes all the direct and iterative solvers

availabse in TOUGH+ (see Section 10).

T Executive.f95

The executive segment of TOUGH+. It includes the procedures that
advance the time in the simulation process, estimate the time-step size for
optimum performance, populate the matrix arrays and invoke the solvers
of the Jacobian, invoke special linear algebra for matrix pre-processing in
cases of very demanding linear algebra problems, compute mass and

energy balances, compute rates in sources and sinks, compute binary
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diffusion coefficients, write special output files, and conduct other

miscellaneous operations.

(14) T Inputs.£f95
This segment includes the procedures involved in the reading of the
general input files needed for TOUGH+ simulations. It does not include
any procedure reading hydrate-related data (this is accomplished in the

TFx Hydrate Spcfc.£f95 segment).

The segments denoted by (*) are specific to the hydrate problem, and are needed by

T+H. All other segments are common to all TOUGH+ simulations.

Additionally, T+H is distributed with the Meshmaker.£95 FORTRAN code, which
used to be part of the main code in the TOUGH and TOUGH2 simulators, but is a
separate entity in the TOUGH+ family of codes. Meshmaker.£95 is used for the

space discretization (gridding) of the domain of the problem under study (see Section 7).

NOTE: In compiling T+H v1.2, it is important that the free-format source code option

be invoked for proper compilation.
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4.0. Input Data Requirements

In this section, we discuss in detail the input requirements for TOUGH+HYDRATE
v1.2 simulations. To ensure backward compatibility with older TOUGH?2 input files (a
functional requirement for TOUGH+), the input data for T+H are a superset of the input
data used in conventional TOUGH2 simulations. Thus, the inputs for the current version
of TOUGH+ are similar in type, input format, and parameter representation with those in
TOUGH2 (an advanced, keyword-based data input system, will be made available in

future TOUGH+ releases).

4.1. Input Procedure

The input procedure in the current version of TOUGH+ remains similar in many
aspects to that of TOUGH2 [Pruess et al., 1991]. Input data can be provided in a flexible

manner by means of one or several ASCII data filess The TOUGH+ inputs are in
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standard metric (SI) units, such as meters, seconds, kilograms, °C, and the corresponding
derived units, such as Newtons, Joules, and Pascal = N/m?2 for pressure.

In the TOUGH+ input file data are organized in data blocks that are defined by
keywords. Quite often, only the first five characters of the keywords typed in columns 1-
5 (see Table 4.1) are read, because these are sufficient to recognize the data block.
While the contents of the various blocks are described in detail in Sections 5-12, here we
describe some important records/keywords, and provide some general comments about

their occurrence and arrangement in the input file.

4.1.1. Data Block/Keyword TITLE

The first record of the input file in any TOUGH+ simulation is TITLE, which
includes a header of up to 132 characters. This record is necessary for any simulation to

begin.

4.1.2. Keyword/Record START or RANDOMN

The use of the START or RANDOMN record/keyword typed in columns 1-5 allows a
more flexible initialization (the boldface in RANDOMN indicates the portion of the
keyword used by the code). More specifically, when START or RANDOMN is present,
data initialization in the INCON data block (or file) can be in arbitrary order, and need not
be present for all grid blocks (in which case defaults will be used). Without START or
RANDOMN, there must be a one-to-one correspondence between the data in data blocks

ELEME and INCON.
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4.1.3. Keyword/Record ENDCY

A record with the ENDCY keyword typed in columns 1-5 closes the TOUGH+ input

file and instructs the code to initiate the simulation.

4.1.4. Keyword/Record ENDFI

The presence of the ENDFI keyword in columns 1-5 is an alternative (to ENDCY)
ending keyword in a TOUGH+ standard input file. Presence of ENDFI keyword causes
the simulation to be skipped after printing basic input information. This is a useful option
when the simulation is limited to an attempt to obtain some basic information of the

properties and conditions of the system in its initial state.

4.1.5. General Comments on the Structure of TOUGH+ Standard Input
Files

Every TOUGH+ input file must (a) begin with the record/keyword TITLE (providing
a problem title of up to 80 characters) and (b) end either with the record ENDCY, or,
alternatively, with the record ENDFI (if no flow simulation is to be carried out). Data
records beyond ENDCY (or ENDFI) will be ignored.

Some data blocks, such as those specifying reservoir domains (ROCKS or MEDIA),
volume elements (ELEME), connections (CONNE), and sinks/sources (GENER), have a
variable number of records, while others have a fixed number of records. The end of
variable-length data blocks is indicated by a blank record. The data blocks between the

TITLE and ENDCY/ENDFI keywords can be provided in arbitrary order, except for the
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data block ELEME, which must precede (if either is present) the blocks CONNE and EXT-
INCON. The blocks ELEME and CONNE must either be both provided through the
standard input file, or must both be absent, in which case alternative means for specifying
geometry data will be employed (see Section 7). The data block GENER can be omitted if
there are no sinks and sources in the problem. If the keyword START or RANDOMN is
present (see Section 4.1.2), the data block INCON can be incomplete, with elements
(grid blocks) in arbitrary order, or can be absent altogether.

Elements for which no initial conditions are specified in INCON will then be assigned
domain-specific initial conditions from (a) block INDOM (if present), or (b) from the data
block EXT-INCON (if present), or (¢) from the ‘generic’ initial conditions given in block
PARAM, along with default porosities given in block ROCKS. If START or RANDOMN is
not present, INCON must contain information for all elements, in exactly the same order
as they are listed in block ELEME.

Between data blocks, the standard TOUGH+ input file may include an arbitrary
number of records that do not begin with any of the TOUGH+ keywords. This is useful
for inserting comments about problem specifications directly into the input file.
TOUGH+ will gather all these comments and will print the first 50 such records in the
output file.

Much of the data handling in TOUGH+ is accomplished by means of disk files,
which can be edited and modified using any text editor. The initialization of the arrays
for geometry, generation, and initial condition data is always made from the disk files

MESH (or MINC), GENER, and INCON. A user can either provide these files at execution
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time, or they can be written from TOUGH+ input data during the initialization phase of
the program.

If the data blocks GENER and/or INCON are not provided in the standard input file,
and if no disk files GENER and/or INCON are present, defaults will take effect (no
generation; initial conditions from block INDOM, or from block EXT-INDOM, or defaults
from block PARAM). To ensure that these defaults are used, the disk files GENER and/or
INCON (from a previous run) must be removed from the execution
environment/directory. A safe way to use default generation and initial conditions is to
specify dummy data blocks in the input file, consisting of one record with GENER or
INCON, followed by a blank record.

The format of data blocks ELEME, CONNE, GENER, and INCON is basically the same
(see Section 7) when these data are provided as disk files and when they are given as part
of the input file. However, specification of these data through the input file rather than as
disk files offers some added conveniences, which are useful when a new simulation
problem is initiated. For example, a sequence of identical items (volume elements,
connections, sinks or sources) can be specified through a single data record. Also,
indices used internally for cross-referencing elements, connections, and sources will be
generated internally by TOUGH+ rather than having them provided by the user. INCON,
GENER, and INCON disk files written by TOUGH+ can be merged into an input file

without changes, keeping the cross-referencing information.
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Table 4.1. TOUGH+ input data blocks.

Keyword Sec. | Function

TITLE (1" record) |4.1.1 |Data record (single line) with simulation title

MEMORY 5.1 | Dynamic memory allocation

HYDRATE 6.1 | Parameters describing hydrate properties and behavior

ROCKS or MEDIA 6.2 | Hydrogeologic parameters for various reservoir domains

RPCAP or 6.3 | Optional; parameters for relative permeability and capillary

WETTABILITY pressure functions

DIFFUSION 6.4 | Optional; diffusivities of mass components

*ELEME 7.1 | List of grid blocks (volume elements)

*CONNE 7.2 | List of flow connections between grid blocks

INDOM 8.1 | Optional,; list of initial conditions for specific reservoir domains

*INCON 8.2 | Optional; list of initial conditions for specific grid blocks

EXT-INCON 8.3 | Optional; list of initial conditions for specific grid blocks

BOUNDARIES 8.6 | Optional; provides time-variable conditions at specific boundaries

*GENER 9.1 | Optional; list of mass or heat sinks and sources

PARAM 10.1 | Computational parameters; time stepping and convergence
parameters; program options

SOLVR 10.2 | Optional; specifies parameters used by linear equation solvers.

TIMES 11.2 | Optional; specification of times for generating printout

ELEM TIME SERIES |1]1.3 | Optional; specifies grid blocks for desired time series data

CONX TIME SERIES |11.4 |Optional; specifies connections for desired time series data

SS_TIME SERIES 11.5 | Optional; specifies sinks/sources for desired time series data

SUBDOMAINS 11.6 | Optional; specifies grid subdomains for desired time series data

NOVER 11.6 | Optional; suppresses printout of version numbers and dates

START or RANDOMN (4.1.2 | Optional; one data record for more flexible initialization

ENDCY(last record) |4,1.3 | Record closes TOUGH+ input file and initiates simulation

ENDFI(last record) |4.1.4 | Alternative for closing TOUGH+ input file which causes flow

simulation to be skipped.

Blocks labeled with * can be provided as separate disk files and omitted from input file.
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5.0. Memory Specification
and Allocation

5.1. Data Block MEMORY

This is the data block that reads the data for the dynamic memory allocation in the
T+H simulation. This block must always follow the TITLE record.

Record MEMORY . 1

This record must always include the following header:

MEMORY

Record MEMORY . 2

Reads the character variable EOS Name according to FORMAT (A15). For
hydrate simulations, the value of EOS Name can be either HYDRATE-
EQUILTIBRIUM or HYDRATE-KINETIC. Note that this parameter does not
necessarily provide an indication of the type of hydrate simulation (equilibrium
vs. kinetic) to follow, but is used strictly to allocate memory to the pertinent
storage arrays.
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Record MEMORY . 3

The following information is provided in MEMORY . 3 using a free format:

NumCom, NumEg, NumPhases, binary diffusion

These parameters are defined as follows:

NumCom

NumEg

NumPhases

Integer denoting the number of mass components
(see Section 2)

Integer denoting the number of equations

Integer denoting the number of phases.

Note that for in the case of hydrates, the code resets
internally the input value of NPH to 4. This ensures
that the simulation can fully describe the evolution
of the hydrate-bearing system should ice emerge.

binary diffusion Logical variable indicating whether binary diffusion

is to be considered (binary diffusion =
.TRUE.) orignored (binary diffusion =
.FALSE.).

The following combinations are possible for hydrate simulations in T+H:

(D) (NumCom, NumEg, NumPhases) = (2,3,4):

2)

G)

(4)

Equilibrium hydrate reaction, no inhibitor

(NumCom, NumEqg, NumPhases) = (3,4,4):
Equilibrium hydrate reaction with inhibitor

(NumCom, NumEqg, NumPhases) = (3,4,4):
Kinetic hydrate reaction, no inhibitor

(NumCom, NumEqg, NumPhases) = (4,5,4):
Kinetic hydrate reaction with inhibitor

Record MEMORY . 4

In MEMORY . 4, the following parameters are read using a free format:

coordinate system, Max NumElem,
Max NumConx, ElemNameLength,
active conx only, boundaries_in matrix

These parameters are defined as follows:
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coordinate system

Max NumElem

Max NumConx

ElemNameLength

active conx_only

Character variable describing the coordinate system
used in the study. It can assume the values
'Cartesian' or 'Cylindrical’.

Integer variable defining the maximum number of
elements (cells, gridblocks) in the discretized
simulation domain

Integer variable defining the maximum number of
connections in the discretized simulation domain.

Information on the concepts of elements and
connections can be found in Section 8, and in
Pruess et al. [1999]. As a general rule,
MaxNum Conx > ND*MaxNum Elem,
where ND is the dimensionality of the problem.

Integer variable defining the number of characters
in the element names. It may be either 5 or 8
(defaultis 5in v1.2).

Logical variable indicating whether the simulation
will be halted after determining the active
connections in the grid. This feature is useful when
running a simulation that uses a subset of the
elements of a large grid without correspondingly
adjusting the connections, and is designed to reduce
the very large memory requirements for the
connection-related dynamic arrays. When

active conx _only =.TRUE., the simulation
stops once the active connections (involving only
the elements defined in the element list) are
determined. The active connections are stored in a
new file called Active Connection File.
Then the simulation can be run using the new
connection list, thus having much lower memory
requirements. For a thorough discussion of elements
and connections in TOUGH+, see Section 7.

boundaries in matrixLogical variable indicating how inactive elements

(describing constant-conditions boundaries, see
Section 8.5, and denoted either by a negative or
very large volume, or by setting the variable
elem activity = 'I ', see Section 7.2) are
to be treated when solving the equations of mass
and enrgy balance.



When boundaries in matrix =.TRUE.,
then all inactive elements are assigned very large
volumes (10°° m®) to maintain constant conditions
during the simulation, and are included in the
Jacobian matrix. Otherwise, only the active
elements are included in the Jacobian.

This feature is useful when using older TOUGH2
input files, and when a parallel version of the code
is employed. With newly—developed input files, the
boundaries in matrix =.FALSE. option
is highly recommended.

Record MEMORY . 5

The integer variable Max_ NumSS (declaring the maximum number of expected
sources and sinks) is read using a free format.

Record MEMORY . 6

In this record, the integer variable Max NumMedia is read using a free format.
This variable represents the maximum number of geologic media with different
properties to be considered in the simulations.

Record MEMORY . 7

In MEMORY . 7, the following logical variables are read using a free format:

element by element properties,
porosity perm dependence,
scaled capillary pressure

These parameters are defined as follows:

element by element properties Logical variable (flag)
indicating whether each gridblock has its own
hydraulic properties (¢ and k), in which case they
are read on an element-by-element basis (see
Sections 7 and 8). This feature is necessary (a) in
the simulation of very heterogeneous systems,
and/or (b) when k changes in response to pressure
and/or temperature variations, or in response to
changes in the geomechanical regime of the system.
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When element by element properties
=.FALSE., then the ¢ and & of a particular element
are determined from the general properties of the
corresponding porous medium (see Section 6).
When element by element properties
=.TRUE., then element-specific ¢ and k are read as
part of the initial conditions in the INCON data
block (see Section 8).

porosity perm dependence Logical variable (flag) indicating
whether the intrinsic permeability £ in a given
element is to change as a function of changing
porosity ¢. As discussed earlier, ¢ can change in
response to P and/or T changes that are determined
from simple or complex geomechanical models (see
Section 2).

Whenporosity perm dependence
=.FALSE ., then £ is unaffected by changes in ¢.
Whenporosity perm dependence

=.TRUE ., then k is readjusted internally to reflect
the effect of changes in ¢ that are estimated using
either an empirical model (see Equation 2.51,
Section 2) or a full geomechanical model.

Note that when porosity perm dependence
=.TRUE ., the variable

element by element properties is set
internally to . TRUE . because activation of the
porosity perm dependence feature results
in element-specific hydraulic properties.

scaled capillary pressurelogical variable (flag) indicating whether
the capillary pressure P.,, will be scaled to reflect
variations in ¢ and £.

Activation of this feature by setting

scaled capillary pressure =.TRUE.
may be needed (a) in highly heterogeneous systems
in which the element-specific properties vary
significantly from those described by the average
(expected) values of the porous medium (as
specified in Section 6), and/or (b) when the
significant variations in ¢ and k are experienced in
the course of the simulation (e.g., when
porosity perm dependence =.TRUE.).



Record MEMORY. 8

In MEMORY . 8, the following logical variables are read using a free format:

element by element properties,
porosity perm dependence,
scaled capillary pressure

These parameters are defined as follows:

coupled geochemistryLlogical variable (flag) indicating whether the
simulation involves coupled flow, thermal and
geochemical processes. This feature is activated by
setting coupled geochemistryto . TRUE.
when geochemical processes are considered in a
TOUGH+ simulation. Because it is not possible to
invoke such geochemical processes,
coupled geochemistry is setinternally to
.FALSE. in T+H simulations.

property update Character variable (flag) indicating the type of
property update when coupled geochemical
processes are involved in TOUGH+ simulations.
Because of the reasons discussed above, it is not
used in T+H simulations.

Record MEMORY . 9

In MEMORY . 9, the following logical variables are read using a free format:

coupled geomechanics, geomechanical code name,
property update, num geomech param

These parameters are defined as follows:

coupled geomechanicsLogical variable (flag) indicating whether the
simulation involves coupled flow, thermal and
geomechanical processes. Activation of this feature
by setting coupled geomechanics =.TRUE.
indicates the use of a complex geomechanical
model to describe the relationship between
hydraulic media properties (¢ and k) and
geomechanical parameters (such as stresses and
strains). This complex geomechanical model
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overrides the simplified models (based on pore
compressibility and expansivity) that are standard in
TOUGH+ (see Section 2).

When this flag is invoked, the geomechanicl model
invoked by the TOUGH+ code is that defined by
the variable geomechanical code name (see
discussion of the next parameter). When
coupled geomechanics =.FALSE., the
simplified geomechanical models are invoked, even
if the executable of a geomechanical code (named
geomechanical code name)is present in the
TOUGH+ directory.

When coupled geomechanics=.TRUE.,
and the executable of a geomechanical code named
geomechanical code name is present in the
TOUGH+ directory, the following files are created:
(a) To_GMech, containing the data (pressure,
temperatures and phase saturations) that are
provided to the FLAC3D geomechanical code from
the TOUGH+ simulator for use in the computation
of the geomechanical properties of the system, and
(b) the Fr Gmech file, containing the data (mainly
stresses and strains) supplied by the FLAC3D code
for use by the T+H simulator for the computation of
the variable (geomechanically-dependent) hydraulic
properties ¢ and k. These two files are necessary
for communication between the two codes, because
the lack of shared memory (disallowed because of
intellectual property concerns) makes data exchange
by means of these two external files as the only
viable option. Additionally, the new file

Init Stress that stores the initial stresses and
strains is created if this is a new run; in a
continuation run, the initial (i.e., att =0, not at the
time of the initiation of the continuation run)
stresses and strains are read from the old file

In Stresses.

geomechanical code name A character variable of maximum length 6

that provides the name of the executable of the
geomechanical code that is coupled with the
TOUGH+ code when coupled geomechanics
=.TRUE.. In the current implementation of the
code, the geomechanical model used in conjunction



property update

with T+H is the FLAC3D commercial simulator
(ITASCA, 2006), i.e.,
geomechanical code name = FLAC3D.
However, the TOUGH+ can easily accommodate
any other geomechanical simulator that conformd
with its data exchange formats and requirements.

When coupled geomechanics =.TRUE.

and the executable of a geomechanical code named
geomechanical code name is present in the
TOUGH+ directory, it is treated as a C subroutine
that is called by the TOUGH+ simulator. If (a)
coupled geomechanics =.TRUE. and (b) the
geomechanical code name is different from
FLAC3D, or does not correspond to any executable
available in the TOUGH+ directory, or is blank, the
TOUGH+ code resets coupled geomechanics
to=.FALSE..

Character variable (flag) denoting the manner of
property update as a result of interdependent
changes in the hydraulic (flow) and geomechanical
properties. The variable property update can
assume the following values: ' Continuous’,
indicating continuous property update (i.e., in every
Newtonian iteration of every timestep) and
participation in the Jacobian matrix;
'Iteration', indicating property updates in
every Newtonian iteration of every timestep, but
without any contribution to the Jacobian; and
'Timestep', indicating a single property update
at the end of each timestep and no contribution to
the Jacobian. The option property update =
'Continuous' yields the most accurate solutions
that are accurate over any pressure range and media
geomechanical property range but results in longer
execution times, while the option

property update = 'Timestep' leadsto
faster solutions, but which are acceptably accurate
in less compressible media and for mild pressure
drops.

Ifaproperty update value other than the

three decribed above is read, then an error message
is printed and the simulation is aborted.

88



89

NumGeomechParam

Integer variable defining the number of
geomechanical parameters that are to be provided
by the geomechanical code (to be read by the
TOUGH+ simulator from the Fr Gmech file),
and which will be used to estimate the updated ¢
and k. Geomechanical codes such as FLAC3D can
provide a very large number of geomechanical
properties and parameters of interest, but in the
current version of the T+H only two (stress and
strain) are needed, and these are stored separetely.
Thus, NumGeomechParam is not needed and can
be set to zero (indicating no additional memory
utilization) when the FLAC3D geomechanical
model is invoked for hydrate simulations that
involve coupled geomechanical effects. However,
the parameter is available for generality and
maximum flexibility in future code developments
that may include the use of additional
geomechanical simulators and constitutive
equations.
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6.0. Physical Properties of System

In this section, the physical properties of the system, including hydrate properties
(block HYDRATE), rock properties (block ROCKS or MEDIA), relative permeability and
capillary pressure properties (block RPCAP), properties specifying multi-component
diffusion (block DIFFU) are described, followed by the description of a procedure for

introducing block-by-block permeability modification.

6.1. Data Block HYDRATE

The parameters describing the hydrate properties and behavior are provided here.

Note that free format is used to read the data in this data block.
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Record HYDRATE . 1

The number of component hydrates NCom is read in this card. Because of the
dearth of quantitative information on the behavior of complex hydrates (as
explained in Section 1.2), NCom = 1 in this version of T+H.

Record HYDRATE. 2

This card reads the following data:

nameG The name of the hydrate-forming gas

hydrN The corresponding hydration number — see Equation (2.1)

moleF The mole fraction in the composite hydrate (for pure hydrates,
moleF = 1)

Record HYDRATE. 3

This record includes N_ThC, which is the number of coefficients of the
polynomial describing the dependence of the thermal conductivity Ky of the
hydrate on temperature 7.

Record HYDRATE . 4

This card includes the coefficients A (n =0,..., Nk, Ne =N_ThC - 1)of the thermal
conductivity polynomial

Ky =Ag+ A; T+ AT+ ..+ A,T" (6.1)

Record HYDRATE. 5

This record includes N_SpH, which is the number of coefficients of the
polynomial describing the dependence of the specific heat C; of the hydrate on
temperature 7.

Record HYDRATE. 6

This card provides the coefficients Bx (1 =0,...,Ne, Noe= N_SpH-1) of the specific
heat polynomial

Cy=By+ BT+ BT°+..+ B,T" (6.2)

Record HYDRATE ., 7

This record includes N _Rho, which is the number of coefficients of the
polynomial describing the dependence of the hydrate density oy on temperature 7.
Record HYDRATE. 8
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This card provides the coefficients D, (n = 0,..., Ne, Noe= N_Rho - 1) of the
hydrate density polynomial.

o =Dy + DT+ DT°+...+ D,T" (6.3)

Record HYDRATE. 9

This card reads the following inhibitor-related data:

inhibitor flag Logical variable, (flag) indicating presence of an
inhibitor when inhibitor flag = .TRUE..
Note that no additional variable values are read past
this pointif inhibitor flag = .FALSE..
Max TShift Real variable describing the inhibitor-induced

reference temperature depression — see Equation
(2.36). When salt (NaCl) is the inhibitor in
question, Max_ Tshift = 2.0EO0.

Y atMax TShift Real variable describing the reference inhibitor
mole fraction in the aqueous phase, corresponding
toMax_ TShift —see Equation (2.36). For NaCl,
Y atMax Tshift = 1.335E-2.

InhibitorMw Real variable describing the molecular weight of the
inhibitor [g mol™]. For NaCl, InhibitorMw =
5.8448E1 gmol™.

InhibitorDens Real variable describinig the inhibitor density [kg
m™]. For NaCl, InhibitorDens = 2.6E3 kg
m>,

InhibitorEnthSol Real variable describinig the specific enthalpy of

the inhibitor dissolution in water [J kg™]. For NaCl,
InhibitorEnthSol = 6.6479E4 Jkg

InhibitorCpCoeff Real array of dimension 3, containing the
coefficients of the inhibitor specific heat C; vs. T’
quadratic equation C; = Cp+ C;T + C,T~. For
NaCl, InhibitorCpCoeff (1,2,3) =
41.293E0 [Jkg'K'],3.3607E-2 [Jkg' K],
and -1.3927E-5 [JTkg'K™].



Record HYDRATE. 10

The integer variable EquationOption in Card HYDRATE. 10 is an option for
the selection of the equation describing the Pe vs. Te and AH® vs. Te

relationships (see discussion in Section 2.9). For EquationOption = 0, the
modified equations of Moridis [2003] are used. For EquationOption = 1,
the equations of Kamath [1984] are employed. For EquationOption = 2,
the Pe vs. Te relationship is computed using the equation of Moridis [2003], while
the AH® vs. Te relationship is obtained from the Kamath [1984] equation. A

value of EquationOption =2 is the preferred option.

Record HYDRATE. 11

The character variable Reaction Type (LEN = 5) in Card HYDRATE.11
describes the type of hydrate reaction, and can take one of two values. For

simulations  under  equilibrium  conditions, Reaction Type =
"EQUILIBRIUM'. Kinetic hydrate reactions are considered when
Reaction Type = 'KINETIC'.

Record HYDRATE .12

The card HYDRATE. 12 is read only if Reaction Type = 'KINETIC',
and includes the following kinetic dissociation parameters:

ActivationEnergy  Real variable describing the activation energy AFa
for the hydrate dissociation [J mol™'] — see Equation
(2.6)

IntrinsicRateConstant Real variable describing the intrinsic
hydration reaction constant Ko [kg m™? Pa™ ']

Area Factor Real variable describing the area adjustment factor
[dimensionless] — see Equation (2.6)

6.2. Data Block ROCKS or MEDIA

This block introduces material parameters for any number of different geologic media

(porous or fractured).
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Record ROCKS . 1

Format (A5, 15, 8E10.4)

mediaName,

NAD, mediaDensG,

mediaPoros, {(mediaPerm(i), i = 1,3),
mediaKThrW, mediaSpcHt, PoMedRGrain

mediaName

NAD

mediaDensG

mediaPoros

Material name (rock type).

Integer variable; if zero or negative, defaults will
take effect for a number of parameters (see below);

> 1: will read another data record to override
defaults.

> 2 and < 5: will read two more records with
domain-specific parameters for relative
permeability and capillary pressure functions.

= 5: In addition to the three records read for NAD >
2, an additional record will be read with the
coefficients of the porosity polynomial ¢/¢ = F, +
FiAP + FoAP? + ..+ F,AP", where ¢is the
reference (initial) default porosity and AP = P-P,is
the deviation from the initial pressure P,. This
equation will be used instead of Equation (2.47) to
estimate the effect of pressure on the medium
porosity.

= 6: In addition to the three records read for NAD >
2, an additional record will be read with the
coefficients of Equations (2.56) and (2.57) that
describe the compressibility of an unconsolidated
porous medium in the presence of cementing solid
phases (such as ice and/or hydrates).

Rock grain density [kg/m3]

Default porosity ¢ (void fraction) for all elements
belonging to domain MediumName for which no
other porosity has been specified in block INCON.
Option "START" is necessary for using the default
porosity.



mediaPerm(i),i=1,..,3 Absolute permeabilities along the three
principal axes, as specified by ConxXi in block
CONNE.

mediaKThrW Formation heat conductivity under fully liquid-
saturated conditions [W/m/°C].

mediaSpcHt Rock grain specific heat [J/kg/°C].

PoMedRGrain Rock grain radius [m]. This is needed for the
estimation of the hydrate surface reaction area when
kinetic hydrate reactions are invoked. If
PoMedRGrain = 0.0e0 (e.g., when no value
is provided), the TOUGH+ code provides a grain
radius estimate using the Kozeny-Carman
approximation (see Section 2.4).

Record ROCKS.1.1 (optional, when NAD > 1 only)

Format (11E10.4)

mediaCompr, mediaExpan, mediaKThrD,
mediaTortu, mediaKlink, mediaOrgCF,
mediaCritSat, mediaPermExpon, mediaBeta,
mediaGama, PhiZeroStress

mediaCompr Pore compressibility o, =(1/¢)(/F), [Pa-l], see
Equation (2.47) — default ap = 0.0.

mediaExpan Pore expansivity aT=(1/¢)(é’¢/é’T)P [1/°C], see
Equation (2.47) — default a7 =0.0.

mediaKThrD Formation heat conductivity under desaturated
conditions [W m'K™'] — default is mediaKThrD =
mediaKThrw.

mediaTortu Tortuosity factor for binary diffusion. If

mediaTortu = 0, a porosity and saturation-
dependent tortuosity will be calculated internally
from the Millington and Quirk [1961] model,
Equation (2.53).

mediaKlink Klinkenberg parameter b [Pa-1] for enhancing gas
phase permeability according to the relationship
k; =k (14 b/P), where kg and k;, are the effective
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mediaOrgCF

mediaCritSat

mediaPermExpon

mediaBeta

mediaGama

permeabilities of the gas and of the liquid (i.e., the
aqueous phase in the case of gas hydrates) phase,
respectively (default is 0).

Not used for hydrate simulations.

Critical mobile phase saturation ¢, i.e., mobile
phase saturation (= S4+S55) at which the
permeability of hydrate and/or ice-bearing medium
becomes equal to zero — needed only when the EPM
model is invoked (see Sections 2.11 and 2.12).

Permeability reduction exponent for solid phase-
bearing systems — See Sections 2.11 and 2.12,
Equation (2.40).

The parameter S used for the computation of
porosity as a function of geomechanical stresses o
according to the equation:

9= o - oo { exp[K - P)] - exp[{p- Po)] }

where @, 1s the medium porosity at zero stress,
and the subscript 0 indicates initial conditions.

NOTE: This ¢ computational option can be invoked
only when all of the following conditions are met:
(a) the option coupled geomechanics
=.TRUE. is activated, i.e., when the TOUGH+
simulations are coupled with a full geomechanical
model such as the FLAC3D code, (b) at least one
medium S# 0, and (c) all media pore
compressibilities ap = 0.

If coupled geomechanics =.FALSE ., this
parameter is ignored and the variations in ¢ are
computed from one of the other computational
options available in TOUGH+. The same occurs
when coupled geomechanics =.TRUE., all
media £ =0, and at the pore compressibility of at
least one medium ap # 0.

The parameter yused for the computation of
intrinsic permeability £ as an empirical function of
variations in the porosity ¢ — See Sections 2.12.2.1,
Equation (2.51).



PhiZeroStress The porosity at zero stress @o—¢. This variable is
used only when the option
coupled geomechanics =.TRUE. is
activated, i.e., when the TOUGH+ simulations are
coupled with a full geomechanical model such as
the FLAC3D code. If coupled geomechanics
=.FALSE., this variable is ignored.

Record ROCKS . 1.2 (optional, NAD > 2 only)

Format (I5, 5X, 7E10.4)

RelPermEquationNum,
(RelPermParam (i) ,i= 1,..,7)

RelPermEquationNum Integer parameter indicating the type of the relative
permeability function of the medium under
consideration (see detailed discussion in Section
6.3.1).

RelPermParam(i),i=1,..,7 Real parameters corresponding to the
relative permeability function described by the
RelPermEquationNum option (see Section
6.3.1).

Record ROCKS . 1.3 (optional, NAD > 2 only)

Format (IS5, 5X, 7E10.4)
PcapEquationNum, (PcapParam(i),i=1,..7)

PcapEquationNum Integer parameter indicating the type of the
capillary pressure function of the medium under
consideration (see detailed discussion in Section
6.3.2).

PcapParam(i),i=1,..7 Real parameters corresponding to the capillary
pressure function described by the
PcapEquationNum option (see Section 6.3.2).

Record ROCKS . 1.4 (optional, NAD = 5 only, to be used when the media
porosity is described as a polynomial function of the pressure
change AP)

98



99

Format (IS, 5X, 7E20.13)

PhiPolyOrder, (PhiCoeff (i), i=0,..,6)

PhiPolyOrder

PhiCoeff (i), i

0,..

, 6

Order n of the polynomial ¢/@ = Fy + F ;AP +
FoAP? + ...+ F,AP". For a constant ¢,
PhiPolyOrder = 0.

NOTE: AP is in MPa, not the usual Pa units of
pressure.

Coefficients I, (n = 0,...,PhiPolyOrder) of the
¢ = HAP) polynomial.

NOTE: The units of F,, must reflect the fact that AP
is in MPa.

Record ROCKS . 1.4 (optional, NAD = 6 only, to be used when cementing solid

phases such as ice and/or hydrates are present in the pores of
unconsolidated media — see Section 2.11.3)

Format (10E10.4)
LoComp, SatAtLoComp,
HiComp, SatAtHiComp, DeltaSat
LoComp The lower limit of the medium compressibility apy,
[Pa'], corresponding to the full
stiffening/strengthening effect of the presence of
cementing solid phases such as ice and/or hydrates
— see Equation (2.56).
SatAtLoComp = Somax, 1.€., the lowest Sg saturation at which ap =
apr, — see Equations (2.56) and (2.57).
HiComp The upper limit of the medium compressibility apr
[Pa'], corresponding to the absence of cementing
solid phases— see Equation (2.56).
SatAtHiComp = Somin, 1.€., the largest Sg saturation at which ap =
apy — see Equations (2.56) and (2.57).
DeltaSat The smoothing factor 6 — see Equation (2.57). A

value of 0= 0.015 is suggested — see Figure 2.10.



Repeat records ROCKS.1l, ROCKS.1.1l, ROCKS.1.2, ROCKS.1.3 and
ROCKS.1.4 for all the porous/fractured media in the domain under
investigation.

Record ROCKS . 2
A blank record closes the ROCKS data block.

Note: The number of media described in ROCKS/MEDIA cannot exceed the
number Max NumMedia specified in the MEMORY data block (See Section
5.1). If this happens, an error message is printed and the simulation is aborted.

6.3. Data Block RPCAP

This block introduces information on relative permeability and capillary pressure
functions, which will be applied for all flow domains for which no data were specified in
records ROCKS.1.2 and ROCKS.1.3. A catalog of relative permeability and capillary
pressure functions is presented in Sections 6.3.1 and 6.3.2, respectively.

Record RPCAP. 1

Format (IS5, 5X, 7E10.4)
DefaultRelPermType, (RPD(i),i=1,7)

DefaultRelPermType Integer parameter describing the type of the default
relative permeability function (see Section 6.3.1).

(RPD(1),I=1,..,7) Real parameters corresponding to the relative
permeability function selected by the
DefaultRelPermType parameter (see Section
6.3.1).

Record RPCAP. 2
Format (IS5, 5X, 7E10.4)
DefaultCapPresType, (CPD(I),i=1,7)

DefaultCapPresType Integer parameter describing the type of the default
capillary pressure function (see Section 6.3.2).
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(CPD(1), i=1,..,7) Real parameters corresponding to the capillary
pressure function selected by the
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