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ABSTRACT

TOUGH2-CSM is a numerical simulation program for ltaRdimensional, multiphase,
multicomponent fluid flow and heat transfer in pasoand fractured media with
geomechanical effects. TOUGH2-CSM is based on TRHJGH2-MP code, the
massively parallel version of TOUGHZ2, a generalgoge numerical simulation program
for multi-dimensional, multiphase, multicomponeloid flow and heat transfer in porous
and fractured media. In TOUGH2-CSM, the TOUGH2 snasd energy conservation
equations are augmented by a momentum balancei@yulat models geomechanical
effects. This equation is derived by combining emechanical equations relating
stresses and displacements to yield an equatioméan stress as a function of pore
pressure and temperature. In addition, rock ptagsesuch as porosity and permeability
are functions of effective stress, the differeneéneen mean stress and pore pressure,
from theories of poroelasticity and empirical ctatons from the literature. The

TOUGH2-CSM flow equations are solved numericallytibg parallel code.

This report gives the user detailed informatiorhow to run TOUGH2-CSM. There is a
detailed description of the TOUGH2-CSM flow equascand input data, followed by
several example problems. These example problemslescribed in detail and their
input data are presented. TOUGH2-CSM is writterFartran 90 and has been used
primarily to model geological sequestration of @ deep saline aquifers, a primary

option for reducing anthropogenic @émissions into the atmosphere.
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1. INTRODUCTION

TOUGH2-CSM is a numerical simulation program for ltimdimensional, multiphase,
multicomponent fluid flow and heat transfer in pascand fractured media with geomechanical
effects. It has been used to model geological esteption of CQin deep saline aquifers, a
primary option for reducing anthropogenic ££nissions into the atmosphere. Sequestration is
achieved by trapping supercritical €@ the aquifer pore spaces (either as a separaisep
trapped beneath impermeable rock or through capiftaces where C@is an immobile phase)
and dissolution of C&in the saline aqueous phase (which is dependeptessure, temperature,
and salinity). An additional sequestration meckamireaction of C®with minerals present in
the rock, requires a much longer time scale tharother ones and is not modeled by TOUGH2-
CSM.

TOUGH2-CSM is based on the TOUGH2-MP (Zhang, 2008)le, the massively parallel
version of TOUGH2 (Pruess, 1991), a general-purposeerical simulation program for multi-
dimensional, multiphase, multicomponent fluid fl@amd heat transfer in porous and fractured
media. TOUGH2-CSM has two EOS (equation of stateglules from TOUGH2-MP, ECO2N
and EOS2. The ECO2[Pruess and Spycher, 200module calculates fluid properties fop®t
NaCl-CQ, mixtures accurate to within experimental error foessure and salinity conditions of
interest (10 °C T 110 °C;P 600 bar; salinity up to full halite saturation)rohg CO,
sequestration processes. Up to two phases, an @jaeo a C@rich one, may be present as
well as solid salt. The module does not distiniguistween liquid and vapor G@ch phases.
These properties include the partitioning afOHand CQ between the aqueous and a,&ioh
phases, the partitioning of NaCl between the agsieod the solid phases, and density, viscosity,
and specific enthalpy of the aqueous,,€0h, and solid phases. The EOS2 module (Praess
al., 1999) calculates properties op®+CO, mixtures for higher temperatures, accurate in the
range 0 °C T 350 °C. As in ECO2N, up to two phases, an aquaadsa C@rich one may

be present and the module does not distinguishdegtwauid and vapor C&ich phases.

In TOUGH2-CSM, the TOUGHZ2 mass and energy consenvaquations are augmented by a
momentum balance equation that models geomechagiifegits. This equation is derived by



combining the geomechanical equations relatinggssé® and displacements to yield an equation
for mean stress as a function of pore pressurd¢eangderature. In addition, rock properties such
as porosity and permeability are functions of dffecstress, the difference between mean stress
and pore pressure, from theories of poroelastasity empirical correlations from the literature.

This report provides a comprehensive descriptionhef mathematical formulation, numerical
methods used, and specifications for preparing timgata for TOUGH2-CSM, along with
illustrative sample problems. Section 2 covers #@UGH2-CSM mathematical model
including the derivation and discussion of the goiegy mass, momentum, and energy
equations, their discretization and solution, amel dbove rock property correlations. Section 3
discusses features of the parallel code includimg partitioning, Jacobian matrix storage and
solution, and communication between processorsctidde4 contains a detailed description of
TOUGH2-CSM input data and input files. Section iScdsses options for primary variable

initialization, and Section 6 contains several epka® problem.



2. MATHEMATICAL MODEL

2.1 TOUGH2-CSM Geomechanical Equations

The TOUGH2-CSM geomechanical equations are baseth@rclassical theory of elasticity
extended to multi-porosity non-isothermal median the theory of elasticity, the stress-strain

behavior of an isothermal elastic material is désck by Hooke’s law:

(2.1)

where G is shear modulus and is the Lamé parameter. Hooke’s law is extendeddn-
isothermal fluid-filled porous rocks by includingterm dependent on pore pressure, where

is the Biot coefficient (Biot and Willis, 1957)nd one dependent on temperature (Norris,
1992), , WhereT, is reference temperature for a thermally unstcastateK is
bulk modulus, and is linear thermal expansion coefficient. Finalfgr a multi-porosity
medium, a common example of which is the doublegity medium consisting of a network of
fractures and rock matrix, the additional terms suenmed over the multi-porosity continua

yielding:

(2.2)

where subscripf refers to a multi-porosity continuum such as fnaeetor matrix and each
temperature term is weighted by, the multi-porosity continuum volume fraction. gEgssions
for the generalized Biot coefficientsfor a double-porosity (fracture-matrix) medium baween
presented by Wilson and Aifantis (1982):

o #i$%%
P (2.3)
& 4y #.

where (9 the solid modulus, 39 the modulus of the porous medium without thettrees,

subscript 1 refers to the fractures, and subs2rtptthe matrix.



Two other fundamental relations in the theory o&ér elasticity are the relation between strain

tensor and the displacement vedtor

!EL #H+H (2.4)
and the static equilibrium equation:
+- .50 (2.5)

where”, is the body force. We combine Equations 2.2, & 2.5 to obtain the thermo-multi-

poroelastic Navier equation:
+1 2 ++-%  + & %0 (2.6)

Equation 2.6 has two terms containing the displacgmector and taking the divergence of it

results in an equation that has one term contaitneglivergence of the displacement vector:
+&1 2 +& 4+ +-.% 0 (2.7)

The divergence of the displacement vector is tha sl the normal strain components, the

volumetric strain:

34 347 34
+) 9 5 5. 66 s n (2.8)

The trace of the stress tensor is an invariantinigathe same value for any coordinate system.
We obtain the following when we take the trace gu&ion 2.2, Hooke’s law for a thermo-

multi-poroelastic medium:

< (2.9



wheremean stress,< , is the average of the normal stress componédritsally, combining Equations

2.7-2.9 yields an equation relating mean stres® pressures, temperatures, and body force:

> 7@ x  &128@
ne < ! A@

+1 2B 0 (2.10)

Equations 2.9 and 2.10 are the governing geomecdlaaguations for TOUGH2-CSM, and

mean stress and volumetric strain are the geom@eiawmariables associated with those
equations. Equation 2.10 is a statement of momemnservation in terms of mean stress and
other variables and Equation 2.09 is a properigtian, relating volumetric strain to mean stress

and other variables.
2.2 TOUGH2-CSM Conservation Equations

The TOUGH2-CSM conservation equations are basetheWOUGH2 formulation (Pruess

al., 1999) of mass and energy balance equations tlsatride fluid and heat flow in general
multiphase, multicomponent, multi-porosity system$:luid advection is described with a
multiphase extension of Darcy’s law; in additiorrth is diffusive mass transport in all phases.
Heat flow occurs by conduction and convection, lteer including sensible as well as latent
heat effects. The description of thermodynamicddmmns is based on the assumption of local
equilibrium of all phases. Fluid and formationgraeters can be arbitrary nonlinear functions of
the primary thermodynamic variables. We modify tlirmulation to include geomechanics. In
addition to the mass and energy balance equatrensolve a momentum balance equation for
mean stress that was derived in the previous se@fquation 2.10), we add mean stress to the
primary thermodynamic variables, and we add voluimedtrain to the calculated properties.
The conservation equations for mass, momentumeaacgy can be written in differential form

as:

D
X +..*E FE (2.11



whereMX is conserved quantityper unit volumeg® is source or sink per unit volume, afl is

flux. Mass per unit volume is a sum over phases:
E
GE HIJ, Lk (2.)2

whereH is porosity,Sis phase saturatioh,is mass density, arXlis mass fraction of component

k. Energy per unit volume accounts for energy ckrand fluid and is the following:

GNA "H OL H JIdPx (2.13)
whereL is rock densityoOis rock specific heat,T is temperature, and is phase specific

internal energy, andll is the number of mass components. Advective rflasds a sum over

phases:
Be 1., MR (2.14)
and phase fluk, is given by Darcy’s law:

E
xS TWO’M + wykl Wl (2.15)

wherek is absolute permeabilitk, is phase relative permeability,is phase viscosityy is pore
pressureP. is phase capillary pressure, afiis gravitational acceleration. Capillary pressisre
relative to a reference phase, which is the gaspbase. The gas phase absolute permeability

increases as pressure is lowered according to lthkekberg effect (Klinkenberg, 1941):
S S, " L% waz (2.16)

whereb is the Klinkenberg constant argl is infinite pressure permeability. Diffusive mass

flux is given by:



& H ool ddR+MR (2.17)

where .9 the porous medium dependent tortuosity factdi§ the phase saturation dependent
tortuosity factor, anddf is themolecular diffusion coefficient for componenin phasel.

Energy flux includes conductive and convective congnts:
CNAL K€ K (2.18)

where is thermal conductivity anld is phase specific enthalpy.

The momentum balance equation (Equation 2.10)stst@ment of momentum conservation and
is written as the divergence of a momentum fluhe Thomentum accumulation term is small

compared to momentum flux term and has been negl@éatour formulation.
2.3 Discretization of Single-Porosity TOUGH2-CSM Caoservation Equations

In this section, we restrict our discussion of thtized TOUGH2-CSM conservations equations
to the single-porosity case. We discuss the npaltesity case later when we describe multi-
porosity flow models. For the single-porosity gade summation in Equation 2.2 is over one

porous continuum and the subscripts for that sunamatre omitted in what follows.

The TOUGH2-CSM mass, energy, and momentum balaqaatiens are discretized in space
using the integral finite difference method (Namalsan and Witherspoon, 1976). In this method,
the simulation domain is subdivided into grid bls@nd the conservation equations (Equation
2.11) are integrated over grid block voluiviewith flux terms expressed as an integral over grid
block surfacd y using the divergence theorem:

%quEdi nZ".*E “thdf tfk/" FEdi (2.19

Volume integrals are replaced with volume averages:



% , .
h, GEdi G gig (2.20)
and surface integrals with discrete sums over saréaeraged segments:

hye "Eendf 1o, g (2.21)

where subscript denotes an averaged quantity over volwheAnn is the area of a surface
segment common to volum¥®g andVy, and double subscriptin denotes an averaged quantity
over areaA,m The definitions of the geometric parameters usedhis discretization are
illustrated in Figure 2.1.

Vn

N

Anm

Vm

Figure 2.1. Parameter definitions for the intedrate difference
method, adapted from Pruess et al. (1999).

Strictly speaking, the integrals in Equation 2.J®lg to fixed grid block geometry. Because
volumetric strain is a variable in our geomechanioemulation, grid block volume as well as
grid block distances and areas are no longer fiXxétk introduce volumetric strain dependence
into the volumes, areas, and distances that ah&®the integrals in Equations 2.20 and 2.21 are

evaluated. These dependencies are based on thiialefof volumetric strain:
ig Yy i gve' Yy (2.22)

wheréfjy. is grid blockn volume at zero strain andyy is grid blockl average volumetric

strain. Changes in volumetric strain also causen@bds in grid block areas and distances. We



account for these by first defining analogs of Boua2.22 for areas and distancesandD) in

terms of average area and distance stray¥dqrs%o):

Ocg py<g O <gvc'  py<g %0%%% (2.23)
and:
Ug tvg U gvc tYg (2.24)

where v is the average of volumetric strains< and py, Substituting Equation 2.22 into

the volume integral (Equations 2.20) yields:
*GEdi G Eigye" (2.25)
']k g'gye Yg .
and substituting Equation 2.23 into the surfacegrdl (Equations 2.21) yields
% n
I“h( .*E 'mdf | O< <gYC pY<g . gE< (2.26)
Next, we relate area and distance strains to vdiunstrain. Because our geomechanical
formulation is in terms of volumetric strain onlye must make an assumption to do this. We

assume either isotropic or uniaxial volumetricistraFor isotropic volumetric strain, area strain

and volumetric strain are related by:

gI<

mn ; % mn p ZZ)
and since strains are small:

- (2.28)

>

Distance strain and volumetric strain are relatgd b



n ’ % n t > ZQ)
and since strains are small:
Yz
¢ X = (2.30)
For uniaxial volumetric strain, distance strairthe strain direction would be equal to volumetric
strain and distance strain in other directions wdok zero; area strain in the strain direction

would be zero and area strain in the other dirastisould be equal to volumetric strain.

The integral finite difference approximation to tlaelvective mass flux for componeht

(Equations 2.14 and 2.15) is the following:

ErV$up — ™ ANy
Og< -gE< { S | } JUY|

g< W, o< Thv= 12y vk At y= 12wy L KYg<Zg< B QgYC pYg<

(2.31)
wheregnm is the component of gravitational acceleratiompog between grid blockn and grid
block n. The pressure and capillary pressure gradienistén Equation 2.15 are approximated

as their difference divided by grid block distan¢bg andD,) that depend on distance strain.
Analogous expressions can be obtained for enerdyldfusive mass fluxes as well.

Applying the integral finite difference method teetgeomechanical equations yields an equation
for grid block volumetric strain in terms of gridlobk mean stress, pore pressure, and

temperature:

Yg <Yg g g (2.32)

and a discrete sum of momentum fluxes over gridkbkurface segments:
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The TOUGH2-CSM conservation equations are assentiyjlagsing Equations 2.25 and 2.36 to
approximate the volume and surface integrals inaign 2.19, replacing the time derivative by
the standard first order finite difference approaiion, and evaluating the fluxes and source/sink

terms fully implicitly. The resulting set of nonkar of algebraic equations in residual form is:

n KA' n ’ "
,,..gETKA! 1G g 'Yg 2 1G g Yg 2 —1l o g<Yc pY<g - gE<
igve"  wgFEZY 0 (2.34)
wherel is time level. These equations, expressed irovdéotm as:
%o&Al (2.35)
where &4 is the primary variable vector at time lewel, are solved by the Newton-Raphson
method. The Newton-Raphson method is an itergreeedure used to solve systems of non-

linear equations. Denoting iteration number byssulpt p, the following system of equations

result from applying the Newton-Raphson methoddadfion 2.34:
BN K S KA BB (2.36)

where the Jacobian matrix® is defined as:

(2.37)

The Jacobian matrix is evaluated by numerical ckfiéation:



3-76[ 126D Y6AY. 7 26
36. y.

(2.38)

where is the increment for primary variabke The iteration is converged when all residuals

R are less than a prescribed tolerancg;

”. Z6tj__ ”n ~
cz6P—

%% (2.39)

2.4 Multi-Porosity Flow Model

Flow in multi-porosity media is modeled using thdN@ approach (Pruess and Narasimhan,
1985). The MINC approach is a generalization of ttouble-porosity concept, originally
developed by Barenblagt al., (1960) and Warren and Root, (1963) among othersultiple
porous continua. The double-porosity approachseduto describe fluid flow in fractured
reservoirs, an idealization of which is shown igufe 2.2. In these reservoirs, the fractures have
larger permeability and smaller porosity relatiosehose of the porous rock matrix. As a result,
a pressure change in the reservoir would travelutjin the fractures much faster than through
the rock matrix. The double-porosity approach assithat global fluid and heat flow occurs
mostly though the fractures with a quasi-steadyarge between the fractures and matrix that is

dependent on pressure and temperature differemtesén them.

For many systems, such as those with complex, pmalse flow or large matrix volumes, the
assumption of quasi-steady exchange between tbieifes and matrix is not a good one because
the time scale associated with flow through therixas too large. We use the MINC approach
to describe flow in these systems. In the MINCrapph, flow within the matrix is described
more accurately by subdividing the matrix into eestolumes, as shown in Figure 2.3, with
flow occurring between adjacent nested matrix vasras well as between the fractures and the
outer matrix volume. Flow within the matrix is edenensional and transient and the MINC

approach reduces to the double-porosity one ittieeonly one matrix subdivision.
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Figure 2.2. Idealized double porosity model ofecfured reservoir showing fractures and
matrix blocks, adapted from Pruess et al. (1999).
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Figure 2.3. Idealized MINC grid showing fractureslarested matrix volumes, adapted
from Pruess et al. (1999).



Consider a simulation domain discretized iNogrid blocks withNyx components. When using
the single-porosity approaciNy mass conservation equations, one momentum conigerva
equation, and one energy conservation equatioass@ciated with each grid block for a total of
Ny(2 + Ny) equations for the entire simulation domain. Wheimg the MINC approach witRx
multi-porous continua in each grid blockly mass conservation equations and one energy
conservation equation are associated with eachuparontinuum, and one momentum equation
is associated with the entire grid block for a ltafaN,(1 + N# (1+Ny)) equations for the entire
simulation domain. The number of conservation &quoa for single-porosity and multi-porosity

simulations are summarized in Table 2.1.

Table 2.1. Summary of conservation equations fanglsiporosity and multi-porosity

simulations.
Porosity Number Porous Mass and Energy Momentum Total Total Equations
Grid Continua/ Conservation Conservation Equations/
Blocks  Grid Block Equations/GB Equations/GB GB
Single N, 1 1+N, 1 2+Ny (2+NYN,
Multi Ny N (1+NJN 1 (1+N) N +1 ((@+N) N +D)N,

The discretized multi-porosity TOUGH2-CSM conselmat equations have a somewhat
different form than the single porosity ones. Wheplying the integral finite difference method
to the multi-porosity geomechanical equations, megrate over a grid block volume as before.
However, this integral encompasses all multi-payosdntinua in the grid block volume. When
applied to Equation 2.9 we obtain an equation foat glock volumetric strain in terms of grid
block mean stress, and pore pressure and tempem@twach multi-porosity continuum in the
grid block:

'Yg <Yy Yg Yg Yg (2.40)

where the double subscripih denotes porous continuunin grid blockn. When applied to the

momentum conservation equation (Equation 2.10) btaiio:
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When applying the integral finite difference methtmd the multi-porosity mass and energy
conservation equations, we integrate over a poconinuum volume rather than the entire grid

block volume and obtain:

. KA! " K t,
1GYg ;Y9 2 1G Yg ;Yg 2

=™ g E i "
g<Yc pY<g * Yg< YgYc

J vy~ <

KA
v F %gB 0 (2.42)

wherei vqyds zero strain volume of porous continupim grid blockn.
2.5 Geomechanical Boundary Conditions

The momentum conservation equation (Equation 2id@)e divergence of a momentum flux
and applying the integral finite difference methodt yields an integral of momentum flux over
the grid block surface that is approximated assardte sum over surface averaged segments.
Grid block surface segments are common to anothdrkgock or border the surroundings.
The Equation 2.41 summation term as is appliesitiace segments that are common to another
grid block. For grid block surface segments thatlbothe surroundings, we modify that term by
applying the geomechanical boundary conditions.

There are four terms that comprise the momentum tloe body force, and the mean stress,
pressure, and temperature difference terms. THg fmwce term contains the dot product of the
body force, which points in the direction of theagtational vector, with the vector pointing

between grid blocks n and m, as shown in Figure ¥V& neglect this term for surface segments

bordering the surroundings. For such a segmeatyditor pointing between grid blocks n and



m is arbitrary so we assume it is orthogonal to ghavitational vector. Surface segments
bordering the surroundings generally have no flilidving through them (fluid loss to the
surroundings is generally represented as a conptassure sink), so there would be no pore
pressure communication between a grid block andgtineundings. Consequently, we neglect
the pressure difference term as well. Finally, assume temperature and mean stress of the

surroundings are the grid block’s initial values.

We apply the above boundary conditions to the Egua.41 summation term and obtain the

form for a surface segment bordering the surrougxdin

_>PR@ € 7€ & 1?7&@ R v oYK? vk
A@ g &t kv~ 1?y wyk IA@ g g &t ky~1?y wvk

fB 0<ch ! pYQ (2-43)

where superscript 0 refers to grid block initialueaandD, is replaced by,

2.6 Rock Property Correlations

We describe the dependence of permeability andsfigron effective stress and other quantities
in this section. Effective stress was initiallyfided as the difference between average stress and
pore pressure by Terzhagi (1936) and was geneddby@iot and Willis (1957) as:

< (2.44)

where is the Biot or effective stress coefficient. Gdations have been developed for porosity
as a function of effective stress and other quastiand permeability as a function of either
porosity or effective stress. There are numerocwsngles of the above correlations, with each
developed for a specific set of conditions. Wecdbs those that have been incorporated into
TOUGH2-CSM below.

We developed an expression for porosity startirty ws definition. Porosity is the ratio of fluid
volume to bulk volume, and since fluid volume paadid volume equals bulk volume, porosity

can be written as:



oo Jj_ (2.45)

whereV is bulk volume and/s solid volume. Gutierrez and Lewis (2001) preseérmepressions
for solid volume change with pressure and effectitress. These expressions can be integrated

to yield an expression for solid volume:

H . > I’)) T '
e Y I v S . .

oe (2.46)

where subscript refers to reference conditions. Equation 2.2&tesl bulk volume to volumetric
strain, and when combined with Equations 2.45 ad@ gield porosity as a function of pressure,

temperature, and effective stress:

1% 7 SIA EL M 2= €267 e
H " (2.47)

—
—* zYT

An example of reference conditions for Equation72gtthe initial conditions for a simulation,
where volumetric strain, porosity, mean stress,@edsure are specified.

Rutqvist et al. (2002) presented the following filmrc for porosity, obtained from laboratory
experiments on sedimentary rock (Davies and Dali@39):

H H, H, H, % (2.48)

whereH. is zero effective stress porosity, is high effective stress porosity, and the expbaen

is a parameter. They also presented an assoéuateiibn for permeability in terms of porosity:

N

S S, t- (2.49)



For fractures, they defined an aperture wigijfior directioni as:
G ¢ oyp £C j R7j TRe- (2.50)

where subscript O refers to initial conditiofi§,, is the aperture change, and the expoddsta

parameter. Fracture porosity is correlated to ghann¢, as:

I A WAy
H H C/—Y’Q*/ WYA/ vY~ (251)

and direction permeability is correlated to fracture aperturetbier direction$ andk as:

1A Y
S S YT AT (2)52

McKee et al. (1988) derived a relationship betwperosity and effective stress from hydrostatic

poroelasticity theory by assuming incompressibtk rgrains:

(2.53)

where| gis average pore compressibility. They also relgermeability and porosity using the

Carman-Kozeny equation:

> vV

S§ (2.54)

1?5 W

These relationships fit laboratory and field datadranite, sandstone, clay, and co@istensen
(1986) studied the relationship between effectivess and permeability for tight gas sands and

approximated permeability as:



$9 ual = (2)55

where exponentiah is 0.5,D is a parameter, and ' is effective stress for zero permeability,
obtained by extrapolating measured square root geagifity versus effective stress on a semi-

log plot.

Verma and Pruess (1988) presented a power law &siprerelating permeability to porosity:

E?E, ¥?> ) 9
E_?E} > } (256

whereSx andHy are asymptotic values of permeability and porosigpectively, and exponent

nis a parameter.

Permeability and porosity are used to scale capil@essure according to the relation by

Leverett (1941):

_E - (2.5%



3. METHODOLOGY AND CODE ARCHITECTURE

The TOUGH2-CSM code is a parallel computer prograkparallel computer program solves a
problem by subdividing it into a number of smallenes, solving those smaller ones
concurrently, and then assembling the overall smutrom those of the subdivisions. Solving a
problem in parallel is often faster than solvingetially. Amdahl’s law gives a theoretical upper
limit, S for the speedup of a parallel program in whiclis the fraction of the program’s run

time spent on non-parallelizable parts ad is the number of problem subdivisions (or

processors):

= (3.1)

«

One deficiency in Amdahl’s law is the assumptioattthe parallelizable part scales linearly with
the number of problem subdivisions. Parallel paogg often require problem subdivisions to
communicate with each other, and the overhead m$sdcwith this communication could

severely diminish the speedup factor as the nurabproblem subdivisions becomes large. In
addition, the computational work needs to be eveidiributed among subdivisions in order for

this speedup to occur.

For a typical TOUGH2-CSM simulation, most of themgautation time is spent in three parts:
updating thermophysical parameters, assemblingdlebian matrix, and solving the algebraic
equations, with the latter dominating for extremialsge problems. The algebraic equations are
solved in parallel using the AZTEC package (Tumonetral., 1999). AZTEC includes a number
of Krylov iterative methods, such as conjugate gmaid(CG), generalized minimum residual
(GMRES) and stabilized biconjugate gradient (BiC@S8Y. In order to maximize
computational speed and efficiency, a parallel stmn needs to distribute computational time
uniformly for these three parts. In order to dottleparallel scheme must take into account
domain decomposition, grid block reordering, andicieiht message exchange between
processors. These important parallel computingegii@s and implementation procedures are

discussed below.



3.1 Grid Domain Partitioning and Grid Block Reordering

A successful parallel computing scheme requires effitient and effective method for
partitioning grids. Such a scheme would distribyried blocks evenly to different processors and
minimize the number of connections common to déférprocessors. This distribution would
balance computational work among the processors ramimize the time consumed in

communication between processors.

In TOUGH2-CSM, the simulation domain is subdividetb grid blocks and communication

between grid blocks occurs at the interfaces batwkem. This can be represented as a grid
with each grid block as a node and grid block fatses as connections. The grid configuration
is arbitrary so the grid is said to be unstructufgdm the connection information, an adjacency

matrix can be constructed that is stored in a cesgad storage format (CSR).

In the CSR format, the adjacency matrix of a glodamain withn grid blocks andm
connections is represented by two arragslj andadj. Thexadjarray has a size oft+1, whereas
the adj array has a size &m For grid block numbering starting frofiy the adjacency list of
grid blocki is stored in arragdj, starting at indexadj(i) and ending at indexadj(i+1)-1. Array
adj stores adjacency lists in consecutive locatiors amayxad] points to the start of a grid
block adjacency list. Figure 3.1 shows a 15 glatk domain including connections (as well as

a partition among four processors) and Table Bistiates its corresponding CSR format arrays.
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Table 3.1. Globakadjandadj arrays for grid in Figure 3.1.

Grid block | xadjarray | adj array Grid block | xadjarray | adj array
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Algorithms from the METIS software package (Kargpand Kumar, 1998) are used to partition
the grid. The package contains three algorithasiay, VK-way, andRecursiveK-way is used
for partitioning a grid into a large number of p#ohs (more than 8). This algorithm seeks to
minimize the number of edges that are common tterdifit partitions. If a small number of
partitions is desired, thRecursivepartitioning method, a recursive bisection aldort should
be usedVK-wayis a modification td-way and seeks to minimize the total number of edgais th
are common to different partitions. Boiiway and VK-way belong to multilevel partitioning
algorithms.

Figure 3.1 shows a partitioning of the grid intaufgarts. Grid blocks are assigned to different
processors through partitioning methods discusbedea Grid blocks assigned to a processor
are referred to as thegdateset. Theupdateset is further divided into two subseisternal and
border. The internal set consists of grid blocks with no connectionggtm blocks that are
assigned to another processor. Thmder set consists of grid blocks with at least one
connection to a grid block that is assigned to lagoprocessor. Those grid blocks connected to
the border set that are not assigned to the procésgalled theexternalset. Theborder set
requires information from the other processorsrpa simulation but thmternal set does not.

Table 3.2 summarizes the partitioning in Figure 3.1

Table 3-2. Partitioning and grid block sets forufg 3.1 grid.

Update External
Internal Border
Processor 1 2 1,34 58,9, 10
Processor 2 6,7 5,8 1,4,9, 13,14
Processor 3 11 9,10, 12 3,4,8,13
Processor 4 15 13,14 8,9 12




A processor’'s update and external sets have a mabering. The connection information for
these sets is stored in similar CSR format arraythé global arrays discussed above. Each
processor stores only the rows of the Jacobianixnttat correspond to itapdateset. These
rows form a sub matrix whose columns corresporubth theupdateset and thexternalset for

the processor.

3.2 Organization of Input and Output Data

TOUGH2-CSM input data includes hydrogeologic parterse and constitutive relations of
porous media and fluids, such as absolute andvwelpermeability, porosity, capillary pressure,
thermophysical properties of fluids and rock, amidial and boundary conditions of the system.
Other processing requirements include the spetitaof space-discretized geometric
information (grid) and various program options (qguiational parameters and time-stepping
information). For a large-scale, three-dimensiamaldel, a computer memory on the order of
gigabytes is generally required and the distributd the memory to all processors is necessary
for practical application of TOUGH2-CSM.

To efficiently use the memory of each processongatering that each processor has a limited
memory available), the input data files for the TGHR-CSM simulation are organized in

sequential format. There are two large groups td Bkocks within a TOUGH2-CSM mesh file:

one with dimensions equal to the number of gricckdo the other with dimensions equal to the
number of connections (interfaces). Large datakd@re read one by one through a temporary
full-sized array and then distributed to differ@nbcessors. This method avoids storing all input
data in a single processor (whose memory spacebm&yo small) and greatly enhances the 1/0
efficiency. Other small-volume data, such as sitmacontrol parameters, are duplicated onto

all processors.

All data input and output are carried out through tnaster processor. Time series outputs,
however, are written out by the processors at wthehspecified grid blocks or connections for

output are located.



3.3 Assembly and Solution of Linearized Equation Stems

In the TOUGH2-CSM formulation, the discretizatiansgpace using the integral finite difference
method leads to a set of strongly coupled nonlidégebraic equations, which are linearized by
the Newton method. Within each Newton iteratiorpstee Jacobian matrix is first constructed
by numerical differentiation. The resulting systemlinear equations is then solved using an
iterative linear solver with different preconditiog procedures. The following gives a brief

discussion of assembling and solving the linearempahtion systems with parallel simulation.

The discrete mass, momentum, and energy balanegi@usisolved by the TOUGH2-CSM code

can be written in a residual form as:

XS0 (3.2)
where-[*" is the primary variable vector at time level. The Newton-Raphson method is an
iterative procedure used to solve systems of nogali equations. Denoting iteration number by

subscriptp, the following system of equations result from Igpm the Newton-Raphson method

to Equation 3.2:
o A L R (3.3)
where the Jacobian matrix—[ is defined as:

1--[ 2 % (3.4)

and-f' is the primary variable vector at time lel#l and iteratiorp.
The Jacobian matrix and the right-hand side of Egna3.3 need to be recalculated for each

Newton iteration, and that computational effort nieeyextensive for a large simulation. In the

parallel code, the assembly of this linear equasipstem is shared by all processors, and each



processor is responsible for computing the rowthefJacobian matrix that correspond to grid
blocks in the processorgspdate set. Computation of the elements in the Jacobiatrixnis

performed in two parts. The first part consistshef computations related to the individual grid
blocks (accumulation and source/sink terms). Sualtutations are carried out using the
information stored on the current processor, withoeed of communication with other
processors. The second part includes all the catipos related to the connections or flow
terms. Grid blocks in théorder set need information from those in tb&ternalset, which

requires communication witheighboring processors. Before performing theseptaations, an

exchange of relevant information is required. Fod d¢plocks in theborder set, each processor
sends their information to the relevamtocessors, which contain these grid blocks inrthei

externalset.

The Jacobian matrix for each processor’s grid kdaskstored in the distributed variable block
row (DVBR) format, a generalization of the VBR faatnAll matrix blocks are stored row-wise,

with the diagonal blocks stored first in each blook. Scalar elements of each matrix block are
stored in column major order. The data structuresists of a real-type vector and five integer-
type vectors, forming the Jacobian matrix. Detad&gdlanation of the DVBR data format can be

found in Tuminaro et al. (1999).

The linearized equation system arising at each blewstep is solved using an iterative linear
solver from the AZTEC package. There are sevefférént solvers and preconditioners from
the package for users to select and the optiorlgdacconjugate gradient, restarted generalized
minimal residual, conjugate gradient squared, prassd-free quasi-minimal residual, and bi-
conjugate gradient with stabilization methods. Terk for solving the global linearized
equation is shared by all processors, with eacltgssor responsible for computing its own
portion of the partitioned domain equations. Toamaplish the parallel solution, communication
between a pair of processors is required to exchat@fa between the neighboring grid
partitions. Moreover, global communication is alequired to compute the norms of vectors for

checking the convergence.

During a parallel simulation, the time-step sizausomatically adjusted (increased or reduced),



depending on the convergence rate of the Newtomadetin the TOUGH2-CSM code, time-
step size is calculated at the master processar @tlecting necessary data from all processors.
The convergence rates may be different in diffepotessors. Only when all processors reach
stopping criteria will the time march to the narte step.

3.4 Communication between Processors

Communication between processors working on grclblconnections that cross partition
boundaries is an essential component of the pheddjerithm. Moreover, global communication

is also required to compute norms of vectors, domted by all processors, for checking the
convergence. In addition to the communication tgiphace inside the linear solver routine to
solve the linear equation system, communicatiowéeh neighboring processors is necessary to
calculate the Jacobian matrix. A subroutine is usadanage data exchange between processors.
When the subroutine is called by a processor, ahange of vector elements corresponding to
the processor'externalset is performed. More discussion on the prototyglgeme used for
data exchange is given in Elmroth et al. (2001)adidition, non-blocking communication was
introduced to the Aztec package and Newton itemat{@hang and Wu, 2006) to further improve

them.

3.5 Updating Thermophysical Properties

The thermophysical properties of fluid mixturesc@edary variables) needed for assembling the
governing conservation equations are calculateleaend of each Newton iteration step based
on the updated set of primary variables. At theestime, the phase conditions are identified for
all grid blocks, the appearance or disappearangghases is recognized, and primary variables
are switched and properly re-initialized in respotsa change of phase. All these tasks must be
done grid block by grid block for the entire simida domain. The computational work for
these tasks is readily parallelized by each pracesandling its corresponding sub domain. A
tiny overlapping of computation is needed for th&l dlocks at the neighboring sub domain

border to avoid communication for secondary vagabl



3.6 Program Structure and Flow Chart

In TOUGH2-CSM, dynamic memory allocation, modulk@say operations, matrix manipulation,
and other FORTRAN 90 features are implemented & phrallel code. In particular, the
message-passing interface (MPI) library of MesdRassing Forum (1994) is used for message

passing.

In summary, all data input and output are carriadtbrough the master processor. The most
time-consuming computations (assembling the Janobveatrix, updating thermophysical
parameters, solving linear equation systems.) @&wiltlted to all processors involved. The
memory requirements are also distributed to allc@ssors. Distributing both computing and
memory requirements is essential for solving lasgale problems and obtaining better parallel

performance. Figure 3.2 shows an abbreviated pnodjaw chart.



| P(All): Declare variables and arrays but do not allocate any space

v

| P(M): Read input data, ignore MESH data |

v v

P(M): Broadcast parameters to P(All) | P(><M): Receive parameters from P(M)

v

| P(M): Grid partitioning |

v

P(M): Set up global DVBR matrix |

v

| P(M): Distribute DVBR matrix to P(All) | P(><M): Receive local DVBR matrix fr. P(M)|

v v

| P(AlD): Allocate memory for MESH data |

v v

| P(M): Read and distribute MESH data | | P(><M): Receive local MESH data |

v v

| P(All): Exchange external set of data [ A

| P(All): Set up local Jacobian matrix |

v

| P(AlD): Solve linear equation system |

v

| P(All): Update all parameters |

v

Converged?

Next time step?

| P(All): Send results to P(M) for output End

Figure 3.2. TOUGH2-CSM flow chart. P(M) stand foaster processor, P(><M)
stands for the others, and P(All) stands for alcpssors



Table 4-1. TOUGH2-CSM input data bloéks

KEYWORD FUNCTION

TITLE

_ One data record (single line) with a title for Simulation problem
(first record)

MESHM | Optional; parameters for internal grid generattmotigh MESHMaker

ROCKS Hydrogeologic parameters for various reservoir dasa

MULTI Optional; specifies number of fluid components bathnce equationgrid
block; applicable only for certain fluid propertg@S) module

START Optional; one data record for more flexible initzakion

PARAM Computational parameters.

RPCAP | Optional; parameters for relative permeability aagillary pressure

TIMES Optional; specification of times for generatingnpoiut

*ELEME | List of grid blocks (volume elements)

*CONNE | List of flow connections between grid blocks

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

INDOM Optional; list of initial conditions for specifieservoir domains

*INCON Optional; list of initial conditions for specifiaigl blocks

GRMOD | Optional; setting individual properties for specidirid blocks

NOVER | Optional; if present, suppresses printout of versiombers and dates of the
(optional) | program units executed in a TOUGH2-CSM run

TIMBC Optional; introducing a table for time-dependemgsure boundary

RTSOL Optional; provide linear solver parameters

FOFT Optional; list of grid blocks for time-dependentout

GOFT Optional; list of source/sink grid blocks for tindependent output

COFT Optional; list of connections for time-dependentpott

DIFFU Optional; introduce diffusion coefficients

SELEC Optional, provide parameters for requirements cigg modules

ENDCY

Record to close TOUGH2-CSM input file and initi#ite simulation.
(last record)

ENDEFI Alternative to “ENDCY” for closing TOUGH2-CSM inpdile; flow
simulation to be skipped; useful if only mesh getien is desired

$Blocks labeled with a star * can be provided assgte disk files, in which case they
would be omitted from the INFILE file.



4. DESCRIPTION OF INPUT FILES

4.1 Preparation of Input Data

Input for TOUGH2-CSM is provided through a file nednINFILE or separate additional files
(e.g. MESH, GENER, INCON, INCNST), organized intoamber of data blocks, labeled by
five-character keywords (Table 4-1). The parafisigram may also receive additional data
input through optional input files (See Section 404 details). A summary of input data

keywords is shown in Figure 4.1.
4.2 Input File Format
This section presents the data input formats fodGBI2-CSM.

TITLE is the first record of the input file, containiagheader of up to 80
characters, to be printed on the output. This @anded to identify a
problem. If no title is desired, leave this recbtank.

MESHM introduces parameters for internal mesh generainohprocessing.
The MESHMaker input has a modular gtree organized
by keywords. Detailed instructions for prepgrifESHMaker

input are given in Section 4.3.

Record MESHM.1

Format(A5)
WORD

WORD enter one of several keywords, such as RZZIZ[R, XYZ, MINC, to
generate different kinds of computational meshe#dditonal data

described in given in Section 4.3 will be required.



Record MESHM.2 A blank record closes the MESHM ddtek.

ENDFI is a keyword that can be used to close a TOUGHRt@tput file when
no flow simulation is desired. This will often besad for a mesh
generation run when some hand-editing of the mabtl&/needed before

the actual flow simulation.

ROCKS introduces material parameters for different nesie domains.

Record ROCKS.1

Format (A5, 15, 7E10.4)
MAT, NAD, DROK, POR, (PER (),  =1,3), CWET, &/

MAT material name (rock type).
NAD if zero or negative, defaults will take effeftr a number of parameters
(see below);

1: will read another data record to override ddfaul

2: will read two more records with domain-speciparameters for

relative permeability and capillary pressure funicsi.

3. will read a record with domain-specific parametefor rock

mechanics and stress-porosity, stress-permeatzlayions.

DROK rock grain density (kg/#).



POR default porosity (void fraction) for all elenmignbelonging to domain
"MAT." Option "START" is necessary for using defiapiorosity. Default

porosity may be overridden in GRMOD section.

PER(I) | =1, 2, and 3; default absolute permegbiilong the three principal
axes, as specified by ISOT in block CONNE. Defgdtmeability may
be overridden in GRMOD section.

CWET formation heat conductivity under fully liglisaturated conditions
(W/m C).
SPHT rock grain specific heat (J/kg C). Domainstm8PHT > 16 will not be

included in global material balances. This prowisi® useful for boundary
nodes, which are given very large volumes so their thermo-dynamic
state remains constant. Because of the large volimokision of such

nodes in global material balances would make thenbas useless.

Record ROCKS.1.1 (optional, NAD1 only)

Format (5E10.4)
COM, EXPAN, CDRY, TORTX, GK

COM pore compressiblity (B, used for porosity correlations requiring this

parameter. Set to zero otherwise.

EXPAN linear thermal expansion coefficient (1/ .C)Set to zero for constant

temperature simulation or if not used.

CDRY formation heat conductivity under desaturatmmhditions (W/m C),
(default is CWET).



TORTX tortuosity factor for binary diffusion.

GK Klinkenberg parameter b (Ha for enhancing gas phase permeability
according to the relationshig¥s= Kiq * (1 + b/P).

Record ROCKS.1.2 (optional, NAD2 only)

Format (15, 5X,7E10.4)
IRP, (RP(1), 1= 1,7)

IRP integer parameter to choose type of relgigreneability function
(see Appendix B).

RP(I) | = 1-7, parameters for relative permeapfiiitnction (Appendix B).

Record ROCKS.1.3 (optional, NAD2 only)

Format (15, 5X,7E10.4)
ICP, (CP(l), 1 =1,7)

ICP integer parameter to choose type of capifmessure function

(see Appendix C).

CP(I) | = 1-7, parameters for capillary pressunection (Appendix C).

Record ROCKS.1.4 (optional, NAD only)

Format (215,5E10.4)
IRPOPT, IRKOPT, POIRAT, YOUNGM, CBIOT, TREF, SOLMOD



IPOPT

IKOPT

POIRAT

YOUNGM

CBIOT

TREF

SOLMOD

Option for porosity variation with primavgriables. See Appendix D.

Option for permeability variation with pramy variables. See Appendix E.

Poisson’s ratio.

Young’'s modulus, Pa.

Biot coefficient.

Reference temperature, °C, used in nosotal Hooke’s law.

Inverse of rock grain modulus, Pa, zegnifies incompressible rock.

Record ROCKS.1.5 (optional, NAD only)

RCKPAR())

Format (8E10.4)
(RCKPAR(l), 1=1,8)

I=1-8, parameters for porosity and peatnility variation options.

Repeat records 1.1-1.5 for each reservoir domains.

Record ROCKS.2 A blank record closes the ROCKS& Hhick.

MULTI

permits the user to select the number and nafubalance equations that
will be solved. The keyword MULTI is followed bysingle data record.

Record MULTI. |




NK

NEQ

NPH

NB

ISTCAL

START

PARAM

Format (515)
NK, NEQ, NPH, NB, ISTCAL

number of mass components.

number of balance equations per grid block. RBQ = NK, only NK
mass balances and no energy or momentum equatitrie\golved. For
NEQ =NK + 1, NK mass balances and either one eneggyation or one
momentum equation will be solved (see ISTCAL belowpr NEQ =NK
+ 2, NK mass balances, one energy equation, anchongentum equation

will be solved.

number of phases that can be present.

number of secondary parameters in the PAR-aothgr than component
mass fractions (NB = 6 for no diffusion; NB=8 faffdsion).

flag which shows whether the momentum equa{iSTCAL=1) or energy
balance equation (ISTCAL=0) will be solved for NEQIK + 1.

(optional)

A record with START typed in columns 1-5 allows eone flexible
initialization. More specifically, when START isggent, INCON data can
be in arbitrary order, and need not be presenalfayrid blocks (in which
case defaults will be used). Without START, thenastrbe a one-to-one
correspondence between the data in blocks ELEMBNGON.

introduces computation parameters, time stepjpifogmation, and default

initial conditions.

Record PARAM.1




NOITE

KDATA

MCYC

MSEC

MCYPR

MOP(I)

MOP(1)

Format (212,314,2411,E9.4,4E10.4).
NOITE, KDATA, MCYC, MSEC, MCYPR, (MOP(l), | = 1, 24 TEXP,
BE

specifies the maximum number of Newtonia@rations per time step
(default is 8)

specifies amount of printout (default is 1).

=0 or 1: print a selection of the most importaatiables.

= 2: in addition, print mass and heat fluxes #od velocities.

= 3:in addition, print primary variables anditheghanges.

If the above values for KDATA are increased by ffintout will occur

after each Newton-Raphson iteration (not just aftervergence).

maximum number of time steps to be calculatethe value 9999 is

interpreted as infinity.

maximum duration, in CPU seconds, of theutation

(default is infinite).

printout will occur for every multiple of MYPR steps (default is 1).

| = 1,24 allows choice of various optionshich are documented in
printed output from a TOUGH2-CSM run.

if unequal 0, a short printout for non-cergent iterations will be
generated in the OUTPUT file.



MOP(2)
MOP(3)
MOP(4)
MOP(5)

MOP(6)

MOP(7)

MOP(2) through MOP(6) generate additional printomt various
subroutines, if set unequal 0. This feature showlidbe needed in normal
applications, but it will be convenient when a usaspects a bug and
wishes to examine the inner workings of the code amount of printout
increases with MOP(I) (consult source code listifgss details). This

additional printout appears in the processor DEGUtRS.
CYCIT (main subroutine).

MULTI (flow- and accumulation-terms).

QU (sinks/sources).

EOS (equation of state).

LINEQ (linear equations).

=1: Jacobian matrix and right hand side.

=2: Jacobian matrix and right hand side, andnary variables and

primary variable increments.

if unequal 0, a printout of input data via# provided.

Calculation choices are as follows:

MOP(9)

MOP(10)

determines the composition of produceddflwith the MASS option (see
GENER, below). The relative amounts of phases aterchined as

follows:
=0: according to relative mobility in the soarelement
=1: produced source fluid has the same phase asitign as the

producing element.

chooses the interpolation formula for rematductivity of rock as a

function of liquid saturation ($



MOP(11)

MOP(12)

=0: C($ = CDRY + SQRT(§ [CWET - CDRY)])
=1: C($) =CDRY +$* (CWET - CDRY)

determines evaluation of mobility and peaiyibkty at interfaces.

=0: mobilities are upstream weighted with WUP e(d98ARAM.3),

permeability is upstream weighted.

=1: mobilities are averaged between adjacent alesnpermeability is

upstream weighted.

=2: mobilities are upstream weighted, permetghiti harmonic

weighted.

=3: mobilities are averaged between adjacent alesnpermeability is

harmonic weighted.

=4: mobility and permeability are both harmowieighted.

determines interpolation procedure for tidependent sink/source data

(flow rates and enthalpies).
=0: triple linear interpolation; tabular data aresed to obtain
interpolated rates and enthalpies for the begin@ind end of the time

step; the average of these values is then used.

=1: step function option; rates and enthalpiestaken as averages of

the table values corresponding to the beginningesnadof the time step.

=2: rigorous step rate capability for time depemdgeneration data.



MOP(15)

MOP(16)

MOP(17)

A set of time tand generation rates jprovided in data block GENER is
interpreted to mean that sink/source rates areepise constant and
change in discontinuous fashion at table pointecBipally, generation is
assumed to occur at constant rateluring the time interval j[tt.,], and
changes to g at t+1. Actual rate used during a time step that endsreg

t, with t t ts, is automatically adjusted in such a way thatltota

cumulative exchanged mass at time t

t i

Q= ade= (1. D+ gt

i
is rigorously conserved. If also tabular data fothalpies are given, an

analogous adjustment is made for fluid enthalpypreserve ghdt.

determines conductive heat exchange wiffermeable confining layers
=0: heat exchange is off.

=1: heat exchange is on (for grid blocks that havaon-zero heat

transfer area; see data block ELEME).
provides automatic time step control. Tiatep size will be doubled if
convergence occurs within ITERMOP(16) Newton-Raphson iterations.

It is recommended to set MOP(16) in the range -of 2

chooses scaling-option for preconditiortimg Jacobian matrix
(MA28 only).

=0: no scaling.



MOP(18)

MOP(21)

MOP(22)

MOP(23)

MOP(24)

TEXP

=7: scaling.

selects handling of interface density.

=0: perform upstream weighting for interface sign

>0: average interface density between the two blotks. However,

when one of the two phase saturations is zeroregrst weighting will be

performed.

allows one more iteration if solution cenyes with 1 Newton iteration

= 0: one more iteration needed

= 1: perform one more itena

used by dispersion module T2DM.

used by dispersion module T2DM.

determines handling of multiphase diffudivees at interfaces.

=0: harmonic weighting of fully-coupled effectivaultiphase

diffusivity.

=1: separate harmonic weighting of gas and ligundse diffusivities.

parameter for temperature dependence of lgasepdiffusion coefficient.



BE

(optional) parameter for effective strength nhanced vapor diffusion; if
set to a non-zero value, will replace the paramgteupH o for vapor

diffusion.

Record PARAM.2

TSTART

TIMAX

DELTEN

DELTMX

ELST

GF

REDLT

SCALE

Format (4E10.4, A5, 5X,3E10.4)
TSTART, TIMAX, DELTEN, DELTMX, ELST, GF, REDLT, SCAE

starting time of simulation in seconds (deifas 0).

time in seconds at which simulation shoutds (default is infinite).

length of time steps in seconds. If DELTEN & negative integer,
DELTEN = -NDLT, the program will proceed to read NDrecords with
time step information. Note that - NDLT must be\pded as a floating
point number, with decimal point.

upper limit for time step size in secondefault is infinite)

writes a file for time versus primary variabli®r selected elements at all
the times, when ELST = RICKA.

magnitude (m/s&} of the gravitational acceleration vector.

Blank or zero gives "no gravity" calculation.

factor by which time step is reduced in ca$econvergence failure or
other problems (default is 4).

scale factor to change the size of the mésfa(lt = 1.0).



Record PARAM.2.1, 2.2, etc.

DLT())

Format (8E10.4)
(DLT(I), I =1, 100)

Length (in seconds) of time step I.

This set of records is optional for DELTEN = - NDLA negative integer.
Up to 13 records can be read, each containing 8 step data. If the
number of simulated time steps exceeds the numbddlLd(l), the

simulation will continue with time steps equal ke tlast non-zero DLT(I)
encountered. When automatic time step control aseh (MOP(16) > 0),
time steps following the last DLT(l) input by thesar will increase
according to the convergence rate of the NewtorhRap iteration.
Automatic time step reduction will occur if the ni@xm number of
Newton-Raphson iterations is exceeded (parametedTEO record

PARAM.1)

Record PARAM.3

RE1

RE2

Format (6E10.4)
RE1, RE2, U, WUP, WNR, DFAC

convergence criterion for relative error (défa109).
convergence criterion for absolute error (akfal).
pivoting parameter for linear equation solutiomthwthe MA28 direct

solver. U must be in the range OU < 1, and the default is U = 0.1.

Increased value for U will make criterion for piveelection more



WUP

WNR

DFAC

stringent, resulting in better numerical stabilitythe expense of increased

computing time for matrix decomposition.

upstream weighting factor for mobilities andthetpies at interfaces
(default = 1.0 is recommended). OWUP 1.

weighting factor for increments in Newton/Raph - iteration
(default = 1.0 is recommended). 0 < WNR.

increment factor for numerically computingigatives

(default value is DFAC = 10 kI2 where k, evaluated internally, is the

number of significant digits of the floating poimtocessor used; for 64-bit

arithmetic, DFAC 10°9).

Record PARAM.4  introduces a set of primary variablehich are used as default

INDOM

initial conditions for all grid blocks that are na¢signed by means
of data blocks INDOM or INCON or in the GRMOD sexuti
Option START is necessary to use default INCON.

Format (4E20.14)
DEP(l), I =1, NK+1

The number of these primary variables, NK+1, isnmaly assigned
internally in the EOS module. These primary vdgabdo not include
mean stress. Different sets of primary variablesia use for different
EOS modules.

introduces domain-specific initial conditions. Beewill supersede default
initial conditions specified in PARAM.4, and can lowerwritten by
element-specific initial conditions in data blodkGON. Option START

is needed to use INDOM conditions.



Record INDOM. |

Format(A5)
MAT

MAT name of a reservoir domain, as specified itaddock ROCKS.

Record INDOM.?2

Format(4E20.13)
Xl, X2, X3, X4

A set of primary variables assigned to all griddi® in the domain
specified in record INDOM. |. Different sets of ary variables are used

for different EOS modules.

Record INDOM.3

A blank record closes the INDOM data block. Repeabrds INDOM. |
and INDOM.2 for as many domains as desired. Therord is arbitrary
and need not be the same as in block ROCKS.

INCON introduces element-specific initial conditions.

Record INCON.1

Format (A5, 10X, E15.8)
ELEM, PORX



ELEM

PORX

five-character code name of a grid block.Grid blocks are ordered in
some sequence and this character code is the lgdkl bumber expressed
in base 62 with leading zeroes to make it five abears long. The base
62 digits are the numerals 0-9, the uppercaserdefeZ, and the lower
case letters a-z. The number of these charaatiesas 916,132,832.

porosity

Record INCON.2 specifies primary variables.

Format (4E20.14)
Xl, X2, X3, X4

A set of primary variables for the element spedifie record INCON.I.

INCON specifications will supersede default coratis specified in

PARAM.4, and domain-specific conditions that mayéddeen specified
in data block INDOM. Different sets of primary vaies are used for
different EOS modules.

Record INCON.3 A blank record closes the INCON datek. Alternatively, initial

FOFT

condition information may terminate on a recordhwit++' typed in the
first three columns, followed by time stepping imf@tion. This feature is
used for a restart run from a previous TOUGH2-CSiwugation.

(optional) introduces a list of elements (gritbdks) for which time-
dependent data are to be written out for plottiocatfile called FOFT

during the simulation.

Record FOFT.1




Format(A5)
EOFT(I)

EOFT is an element name. Repeat for up to 100 elmnene per record.

Record FOFT.2 A blank record closes the FOFT diaiekb

COFT (optional) introduces a list of connections ¥dnich time-dependent data
are to be written out for plotting to a file call€dOFT during the

simulation.

Record COFT.1

Format(A10)
ECOFT(I)

ECOFT is a connection name, i.e., an orderedgfawo element names.

Repeat for up to 100 cotiods, one per record.

Record COFT.2 A blank record closes the COFT diatekb

GOFT (optional) introduces a list of sinks/sourcesvithich time-dependent data
are to be written out for plotting to a file call@ddOFT during the

simulation.

Record GOFT.1

Format(A5)
EGOFT(l)



EGOFT is the name of an element in which a sinkitsois defined.
Repeat for up to 100 sinks/sources, one per redbitten no sinks or
sources are specified here, by default tabulatidifoer made for all.

Record GOFT.2 A blank record closes the GOFT diamiekb

NOVERSION (optional)

One record with NOVER typed in columns 1-5 will pogss printing of a

summary of versions and dates of the program wsé&sl in a TOUGH2-CSM

run.

DIFFUSION (optional; needed only for NB) introduces diffusion coefficients.

Record DIFFU.1

Format(8E10.4)
FDDIAG(l,1), I=1,NPH

diffusion coefficients for mass component #1 inglhases (I=1: gas; 1=2:

aqueous; etc.)

Record DIFFU.2

Format(8E10.4)
FDDIAG(I,2), I=1,NPH

diffusion coefficients for mass component #2 inmlhses (I=1: gas; 1=2:

aqueous; etc.)



provide a total of NK records with diffusion coeifnts for all NK mass components.

SELECTION (optional) introduces a number of integer diwhting point parameters
that are used for different purposes in differe@UUGH2-CSM modules.

Record SELEC.1

Format(1615)
IE(]), 1=1,16

IE(1) number of records with floating point numbérat will be read (default is

IE(1) = 1; maximum values is 64).

Record SELEC.2, SELEC.3, ..., SELEC.IE(1)*8

Format(8E10.4)
FE(I), 1=1,IE(1)*8
provide as many records with floating point numtesspecified in 1E(1),

up to a maximum of 64 records.

RPCAP introduces information on relative permeabilitydanapillary pressure
functions, which will be applied for all flow donres for which no data

were specified in records ROCKS.1.2 and ROCKS A.8atalog
of relative permeability and capillary pressurediions is presented in

Appendix B and Appendix C, respectively.

Record RPCAP.1

Format (15,5X,7E10.4)
IRP, (RP(I), | =1, 7)



IRP integer parameter to choose type of relgiarneability function

(see Appendix B).

RP(I) | = 1-7 parameters for relative permeabilitgction (Appendix B).

Record RPCAP.2

Format (15,5X,7E10.4)
ICP, (CP(I),1=1,7)

ICP integer parameter to choose type of capijaessure function

(see Appendix C).

CP(I) | = 1-7 parameters for capillary pressunection (Appendix C).

TIMES permits the user to obtain printout at speciftedes (optional). This

printout will occur in addition to printout spe@fi in record PARAM.1.

Record TIMES.1

Format (215,2E10.4)
ITI, ITE, DELAF, TINTER

ITI number of times provided on records TIMES.BMES.3, etc.,

(see below; restriction: ITI 100).

ITE total number of times desired (ITHITE 100; default is ITE = ITI).

DELAF maximum time step size after any of the prib®d times have been

reached (default is infinite).



TINTER

time increment for times with index ITI, IH1, ..., ITE.

Record TIMES.2, TIMES.3, etc.

TIS(I)

ELEME

Format (8E10.4)
(TIS(), 1 =1, ITI)

list of times (in ascending order) at winjgrintout is desired.

introduces element (grid block) information.

Record ELEME.1

ELEM

MATR

VOLX

Format (A5,10X,A5,6E10.4,9X,I1)
ELEM, MATR, VOLX, AHTX, PMX, X, Y, Z, ISPOR

five-character code name of a grid block.id@locks have an ordering
and this character code is the grid block numberessed in base 62 with
leading zeroes to make it five characters longe base 62 digits are the
numerals 0-9, the uppercase letters A-Z, and theerdaase letters a-z.
The number of these character codes is 916,132,832.

a five-character material identifier correggag to one of the reservoir
domains as specified in block ROCKS. If the firlstee characters are
blanks and the last two characters are numbers tthey indicate the
sequence number of the domain as entered in ROGHK&t blank the
element is by default assigned to the first donmainlock ROCKS.

element volume (9).



AHTX

PMX

ISPOR

interface area (@) for heat exchange with semi-infinite confiningilse

permeability modifier (optional, active only wh a domain ‘SEED’ has
been specified in the ROCKS block). Will be usedrastiplicative factor
for the permeability parameters from block ROCKSimultaneously,
strength of capillary pressure will be scaled éSQRT(PMX). PMX=0

will results in an impermeable block.

Radom permeability modifiers can be generatednalgr. The PMX may
be used to specify spatially correlated heterogesdields, but users need
their own preprocessing programs for this, as TOQ&S$SM provides no

internal capabilities for generating such fields.

Cartesian coordinates of grid block cent@iisese may be included in the

ELEME data to make subsequent plotting of resuttsenconvenient.
flag for MINC preprocessor. See SectionfdrSurther details.

=0: primary grid block may be subdivided into MIN@®cks by MINC

preprocessor

=1: primary grid block may not be subdivided iZWGNC blocks by

MINC preprocessor

Default value is zero. The MESH file may be editedhset values of one
where needed.

Repeat record ELEME.1 for the number of elemensirele.

Record ELEME.2 A blank record closes the ELEME dd¢mk.




CONNE introduces information for the connections (ifdees) between elements.

Record CONNE.1

Format (A5,A5,15X,15,5E10.4)
ELEM1, ELEM2, ISOT, D1, D2, AREAX, BETAX, SIGX

ELEM1 five-character code name of the first griddi.
ELEM2 five-character code name of the second lgjodk.
ISOT set equal to 1, 2, or 3 to specify absoluteneability (PER(ISOT)) for the

connection between grid blocks ELEM1 and ELEMZ2, h®ER is
initially read in block ROCKS. This allows assignmieof different
permeabilities for different directions. Values &4for greater signify an
intra block connection for MINC media. MINC subiions are
numbered consecutively, starting from 1 (fractuoeNMINC, the number
of MINC media (2 for fracture- matrix). These mtslock connections are
between consecutive MINC media (fracture-matrimisC medium 1 to
2). ISOT is set to two plus the larger MINC medivmamber (4 for
fracture-matrix connections). The absolute pedoigy for these
connections is the average of the three permaabilior the larger MINC
medium number. Negative ISOT values signify cotines needed for
the Jacobian matrix but have no fluid flow assadatvith them. These
connections are needed for MINC media. See Sedctibnfor more

details.

D1, D2 distance (m) from first and second elemeggpectively, to their common

interface.

AREAX interface area (H).



BETAX

SIGX

cosine of the angle between the gravitatiaeeleration vector and the
line between the two elements. GF * BETAX > 0 (s0jresponds to first
element being above (below) the second element.

“radiant emittance” factor for radiative heéetnsfer, which for a perfectly
“black” body is equal to 1. The rate of radiativeah transfer between the
two grid blocks is

Grac = SIGX*s g* AREAX* (T,4- T4

where , = 5.6687e-8 J/mK4 s is the Stefan-Boltzmann constant, and T
and T are the absolute temperatures of the two gridkslo8IGX may be

entered as a negative number, in which case theludbsvalue will be
used, and heat conduction at the connection wiupmpressed. SIGX =0

will result in no radiative heat transfer.

Repeat record CONNE.1 for the number of connectitmssred.

Record CONNE.2 A blank record closes the CONNE datxck. Alternatively,

GRMOD

connection information may terminate on a recorthwi++’ typed in the
first three columns, followed by element cross4mefeing information.
This is the termination used when generating a ME®BHvith TOUGH2-
CSM.

sets properties for a grid block range. Propsréire set for a grid block
index range KJI given by

KJI = (I-1)*NUMI + (J-1)*NUMJ + (K-1)*NUMK + KJIO



where index | varies from I1 to 12, index J variesm J1 to J2, and index
K varies from K1 to K2. For MINC (Multiple Interting Continua)
simulations, KJI refers to the primary grid (befosebdivision into
multiple interacting continua) and the parameteiN® refers to one of
the continua. Continua in a MINC grid block arewsssd to be numbered
consecutively from 1 to NMINC (number of multiplentéracting
continua), for example, in a double-porosity fraetmatrix system,

fracture is 1 and matrix is 2.

Record GRMOD.1

TYPE

NUMI

NUMJ

NUMK

KJIO

JMINC

Format (A5, 5X,5110)
TYPE, NUMI, NUMJ, NUMK, KJIO, JMINC

must be “COEFS.”

gridblock index multiple for I.

gridblock index multiple for J.

gridblock index multiple for K.

gridblock index offset.

MINC index, 1 IMINC NMINC.

Record GRMOD.2.1

Format (A5, 15,6(110),E10.4)
PROP, ISOT, I1, 12, J1, J2, K1, K2, VALUE



PROP Property identifier, must be PERM, pexility, .

IDIR Permeability direction, ISOT =1, 2, ar 3
11 Start index for gridblock index mulgpl.
12 End index for gridblock index multiple
J1 Start index for gridblock index mulé@.
J2 End index for gridblock index multipgle
K1 Start index for gridblock index mulaK.
K2 End index for gridblock index multipke

VALUE Property value.

Record GRMOD.2.2

Format (A5, 5X,6(110),E10.4)
PROP, I1, 12, J1, J2, K1, K2, VALUE

PROP Property identifier, options are:
MFCO2 - mass fraction GO
MFESLT - mass fraction NacCl;
POROS - porosity;
PRESS - pressure, Pa;
PVARZ2 - primary variable position 2;
PVAR3 - primary variable position 3;
TEMPR - temperature, °C;



STRES - mean stress, Pa.

11 Start index for gridblock index mulgpl.

12 End index for gridblock index multiple
J1 Start index for gridblock index mulé@.
J2 End index for gridblock index multiple
K1 Start index for gridblock index mulgK.
K2 End index for gridblock index multipke
VALUE Property value.

Record GRMOD.2.3

Format (A5, 5X,6(110),110)
PROP, I1, 12, J1, J2, K1, K2, IVALUE

PROP Property identifier, options are:
BNDST - boundary status for mean stress equat@oges are
0: gridblock does not border surroundings;
1: gridblock borders surroundings;

MATRG - material region.

11 Start index for gridblock index mulgpl.

12 End index for gridblock index multiple



J1 Start index for gridblock index mullé@.

J2 End index for gridblock index multipgle
K1 Start index for gridblock index mulaK.
K2 End index for gridblock index multipke

IVALUE Property value.

Record GRMOD.3 A blank record closes the GRMOD thiak.

Data specified from a GRMOD.1 record are in effgatil they are overwritten by that
from a subsequent record. Any number of GRMOD nm#xaonay appear. Entered grid
block properties overwrite previous ones.

GENER introduces sinks and/or sources.

Record GENER.1

Format (A5, A5, 15X, 15, 5X, A4, Al, 3E10.4)
ELEM, SNAM, LTAB, TYPE, ITAB, GX, EX, HX

ELEM code name of the element containingsih&/source.

SNAM code name of the sink/source. This codmends arbitrary and contains

five characters.

LTAB number of points in table of generation rat&rsus time. Set 0 or 1 for
constant generation rate. For wells on deliverghiliLTAB denotes the

number of open layers, to be specified only foritb#ommost layer.



TYPE

specifies different options for sinks and rees. For example, different
fluid components may be injected, the nature ofcWwhidepends on the
EOS module being used. Different options for coasidy wellbore flow

effects may also be specified.

HEAT introduces a heat source or sink
WATE component 1 (water), injection only
COM1 component 1 (water), injection only
COoM2 component 2, injection only

COM3 component 3, injection only

COMn component N, injection only

MASS mass production rate specified.

DELV - well on deliverability, i.e., production ogcs against specified
bottomhole pressure. If the well is completed inrentihan one layer, the
bottommost layer must be specified first, with nembf layers given in
LTAB. Subsequent layers must be given sequentiaflya total number of
LTAB layers.

RSTR reference stress at a specified elevationtamgberature,

used only for mean stress initialization.

DELT heat loss occurs against a specified tempegatu



ITAB

GX

EX

HG

unless left blank, table of specific enthakpiwill be read (LTAB > 1
only).

constant generation rate; positive for injectioegative for production;
GX is mass rate (kg/sec) for generation types CANMDM2., and MASS;
it is energy rate (J/s) for a HEAT sink/source. Raills on deliverability,

GX is productivity index PI (); for reference stress calculation, GX is
reference stress (Pa); for heat loss against afiggetemperature, GX is

heat transfer coefficient (J/s?m

fixed specific enthalpy (J/kg) of the fluid fonass injection (GX>0). For
wells on deliverability against fixed bottomhole epsure, EX is
bottomhole pressureywp (Pa), at the center of the topmost producing
layer in which the well is open; for reference ssrecalculation, EX is
reference temperature; for heat loss against afiguetemperature, EX is

specified temperature.

thickness of layer (m; wells on deliverabilityithv specified bottomhole

pressure only). For reference stress calculatidh,igdreference elevation

(m).

Record GENERL.I.I (optional, LTAB > | only)

F1

Format (4E14.7)
FI(L), L=I, LTAB

generation times

Record GENER.1.2 (optional, LTAB > 1 only)




Format (4E14.7)
F2(L), L=1, LTAB

F2 generation rates.

Record GENER.1.3 (optional, LTAB > 1 and ITAB nolaik only)

Format (4E14.7)
F3(L), L=1, LTAB

F3 specific enthalpy of produced or injecteddlui

Repeat records GENER.1, 1.1, 1.2, and 1.3 for timeber of sinks/sources desired.

Record GENER.2 A blank record closes the GENER Hhick.

Alternatively, generation information may terminaie a record

with ‘+++’ typed in the first three columns, foll@d by element

cross-referencing information.

ENDCY closes the TOUGH2-CSM input file and initiates gaulation.

Note on closure of blocks CONNE, GENER, INCON, antNCNST

The ordinary way to indicate the end of any of #®ve data blocks is by means of a blank
record. There is an alternative available if therumakes up an input file from files MESH,
GENER, SAVE, or SAVEST which have been generatedalpyrevious TOUGH2-CSM run.
These files are written exactly according to thecdations of data blocks ELEME and
CONNE (file MESH), GENER (file GENER), INCON (filesSAVE), and INCNST (file
SAVEST), except that the CONNE, GENER, INCON, aN€CNST data terminate on a record

with "+++" in columns 1-3, followed by some crosfarencing and restart information.



TOUGH2-CSM will accept this type of input, and g case there is no blank record at the end

of indicated data block.



TOUGH2-CSM INPUT FORMATS

R foco-*oi- Qoo % .3--- - B----%----B..- ... .- *._._7----*._..8

TITLE
oo oeoolecc-*oo-Qooo*ooi3cca*ooofooo-*o- 5o *o_.foc-*o---J----%_...8
ROCK

MAT | NAD DROK POR PERM(1) PERM(2) PERM(3) CWET SPHT

COM EXPAN CDRY TORTX GK

IRP RP(1) RP(2) RP(3) RP(4) RP(5) RP(6) RP(7)

ICP CP(1) CP(2) CP@3) CP@4) CP(5) CP(6) CP(7)
IPOPT| IKOPT POIRAT YOUNGM CBIOT TREF SOLMOD

RCKPAR(1) RCKPAR(2) RCKPAR(3) RCKPAR(4) RCKPAR(5) RCKPAR(6) RCKPAR(7) RCKPAR(8)

SR f-co %o Qoo % .3--- % -B----%----B..- *%._ .. .- *._._7----*._..8

MULTI
NK | NEQ | NPH | NB [ISTCAL |
START
----*----1----*----2----*----3----*----4----*----5----*----6----*----7----*----8
PARAM
(1)[(2)[MCYC|MSEC|MCYPR] MOP(l),1=1,24 TEXP BE
TSTART TIMAX DELTEN/NDLT DELTMX ELST | GF REDLT SCALE
DLT(1) DLT(2) DLT(3) .. ..
.. .. .. .. .. .. DLT(M) M 8*NDLT
RE1 RE2 U WUP WNR DFAC
DEP(1) DEP(2) DEP(3) DEP(4)

INDOM
MAT

X1 | X2 | X3 | X4
se--*----]e---*ee--200-o*oo--8-0c-*on--Q4o---*ooo-B5-ve*oeee ¥ ----8
INCON
ELEM | PORX |

X1 | X2 | X3 | X4

RCAP

IRP RP(1) RP(2) RP(3) RP(4) RP(5) RP(6) RP(7)

ICP CP(1) CP(2) CP(3) CP(4) CP(5) CP(6) CP(7)
s---*----]e---*ee--200--*----8-0c-*----4----*----5----*-o--f---*o (% ----8
ELEM
ELEM [ MATR | VOLX | AHTX | PMX | X | Y | z

ELEM2 | D1 | D2 | BETAX | SIG

GENER

ELEM| SNAM | | LTA ] TYPE | GX | EX | HX
F1(1) F1(2) F1(3) F1(LTAB)
F2(1) F2(2) F2(3) F2(LTAB)
F3(1) F3(2) F3(3) F3(LTAB)

Figure 4.1. TOUGH2-CSM keyword format.



TOUGH2-CSM INPUT FORMATS (continued)

GRMOD

COEFS| NUMI NUMJ NUMK KJIO JMINC
PROP| IDIR 11 12 Ji J2 K1 K2 VALUE
PROP 11 12 Ji J2 K1 K2 VALUE
PROP 11 12 Ji J2 K1 K2 IVALUE

FDDIAG(1,1) FDDIAG(2,1) .. FDDIAG(NPH,1)
FDDIAG(1,2) FDDIAG(2,2) .. FDDIAG(NPH,2
Rl B T Al s Tl Tl SRRl o Rl R tll ¢ Rttt ettt +
SELEC
IEQQ) | I1EQ) IEQ) | IE(D) EQ) JEQ ] EQ [IED [ ED [ IEQD EQ) | E@ | EQ@® [EQ | 1EQ [ IEQ)
FE(1) FE(1) FE(1) FE(1) FE(1) FE(1) FE(1) FE(1)
FE(1) FE(1) FE(1) .. FE(8*IE(1))
Tl R T Al s Tl Tl BTl o Rl Rl ¢ Rl el ettt +
TIMES
Tl ITE DELAF TINTER
TIS(1) TIS(2) .. | | | | TIS(ITI)
Al R T Al R s Tl Tl Bl Rt o Rl R tll ¢ Rl el ettt +
FOFT
EOFT
COFT
ECOFT
GOFT
EGOFT
NOVER
ENDFI
ENDCY
(1)=NOITE
(2)=KDATA
(3)=ITAB

Figure 4.1. TOUGH2-CSM keyword format, continued.

4.3 Input Formats for MESHMAKER

The MESHMaker module performs internal mesh ger@rand processing. This module has
not been parallelized and is run on the mastergssmr only. The input for MESHMaker has a
modular structure and a variable number of recatdsegins with keyword MESHM and ends
with a blank record. The output for MESHMaker iseat file containing first record ELEM,
then volume element data, a blank line, followedrdgord CONNE, then connection data, and

finally a blank line.



There are three submodules available in MESHMakeywords RZ2D or RZ2DL invoke
generation of a one or two-dimensional radially syetric R-Z mesh; XYZ initiates generation
of a one, two, or three-dimensional Cartesian X-¥i&sh; and MINC calls a modified version
of the GMINC program (Pruess, 1983) to subpartitoprimary porous medium mesh into a
secondary mesh for fractured media, using the ndedfidmultiple interacting continua” (Pruess
and Narasimhan, 1985). The meshes generated uegenokd RZ2D or XYZ are internally
written to text file MESH. The MINC processing optrs on the data in file MESH and outputs
a text file called MINC, so that invoking the RZ2id XYZ options, or assignment of ELEME
and CONNE blocks in the INPUT file, must precede MMESHMaker/MINC data. A summary
of the MESHMaker keywords is shown in Figure 4 /e shall now separately describe the
preparation of input data for the three MESHMakéymsodules.



MESHMAKER - Two-dimensional R-Z Grids

P - _1_ * __2_ - * _3_ - * _4__ - % * - * _ _7_ - - % _ _ 8
MESHM
RZ2D
RADII
NRAD
RC(1) | RC(2) | RC(3) | | RC(NRAD)
EQUID
NEQU | DR |
LOGA
NLOG | RLOG | DR |
LAYER
NLAY
H(1) | H(2) | | | H(NLAY)
MESHMAKER - Rectilinear Grids
____*____1____*____2_ % _3_ % Y/ R * _ * _ Iy A, 8
MESHM
XYZ
DEG
NX | NO1 DEL
DX(1) DX(2) DX(NO1)
NX [ NO2 DEL
DX(NO1+1) | DX(NO1+2) DX(NO1+NO2)
NY [ NO DEL
DY(1) DY(2) | | DY(NO)
NZ [ NO DEL
DZ(1) DZ(2) | | DZ(NO)
MESHMAKER - MINC Processing for Fractured Media
I * __2_ % _3_ % Y/ R * _ * _ Iy A, 8
MESHM
MINC
PART
NRAD
PART | TYPE | DUAL
J [WOLlWHER|  PAR(1) PAR(2) PAR(3) PAR(4) PAR(5) PAR(6) PAR(7)
VOL(1) VOL(2) VOL(NVOL)

Figure 4.2. MESHMaker keyword format.




4.3.1 Generation of Radially Symmetric Grids

Keyword RZ2D (or RZ2DL) invokes generation of aiedlg symmetric mesh. Values for the
radii to which the grid blocks extend can be preddy the user or can be generated internally
(see below). Nodal points will be placed half-wagtvieeen neighboring radial interfaces. When
RZ2D is specified, the mesh will be generated blyiroas; i.e., in the ELEME block, we will
first have the grid blocks at smallest radius fhrlayers, then the next largest radius for all
layers, and so on. With keyword RZ2DL, the mesh Wwé& generated by layers; i.e., in the
ELEME block, we will first have all gridblocks fdhe first (top) layer from smallest to largest
radius, then all grid blocks for the second laygrd so on. Apart from the different ordering of
grid blocks, the two meshes for RZ2D and RZ2DL identical. Assignment of inactive grid
blocks would be made by using a text editor onRZ&2D-generated MESH file, and moving
groups of elements towards the end of the ELEMEIIpast a dummy element with zero
volume. RZ2D makes it easy to declare a verticdlima inactive, facilitating assignment of
boundary conditions in the vertical, such as a igggnally equilibrated pressure gradient.
RZ2DL, on the other hand, facilitates implementatad areal (top and bottom layer) boundary

conditions.
RADII is the first keyword following RZ2D; it introdusedata for defining a set
of interfaces (gridblock boundaries) in the radiaéction.
Record RADII.|
Format(15)
NRAD
NRAD number of radius data thaill vibe read. At least one radius must be

provided, indicating the inner boundary of the mesh

Record RADIIL.2, RADII.3, etc.




Format(8E10.4)
RC(l), I =1, NRAD

RC(I) a set of radii in ascendingetd

EQUIDistant introduces data on a set of equal radiaements.

Record EQUID. L

Format(l5, 5X, E10.4)

NEQU, DR
NEQU number of desired radial incraetse
DR magnitude of radial increment.

Note: At least one radius must have been definadhck RADII before EQUID can be

invoked.

LOGAR ithmic introduces data on radial increments thatease from one to the
next by the same factorR,+1=fe¢ Ry).

Record LOGAR. |

Format(A5, 5X, 2E10.4)
NLOG, RLOG, DR

NLOG number of additional interfaeelii desired.
RLOG desired radius of the last (¢sty of these radii.
DR reference radial increment: thetfir® generated will be equal to

f « DR, with f internally determined such that tlast increment will bring

total radius to RLOG. f<1 for decreasing radialrements is permissible.



If DR is set equal to zero, or left blank, the lasirement DR generated

before keyword LOGAR will be used as default.

Additional blocks RADII, EQUID, and LOGAR can beesjified in arbitrary order.

Note: At least one radius must have been defindokdbd OGAR can be invoked. If DR
=0, at least two radii must have been defined.

LAYER introduces information on horizontal layers, arghals closure of RZ2D

input data.

Record LAYER. |

Format(15)
NLAY

NLAY number of horizontal grid layers

Record LAYER.2

Format(8E10.4)
H(l), I = 1, NLAY

H(1) a set of layer thicknessémm top layer downward. By default, zero
or blank entries for layer thickness will resultassignment of the last
preceding nonzero entry. Assignment ofzero layer thickness, as
needed for inactive layers, can be accomplishieg specifying a
negative value.

The LAYER data close the RZ2D data block. Note trad blank record must follow to
indicate termination of the MESHM data bloéiternatively, keyword MINC can



appear to invoke MINC-processing for fractured ragdee below).

4.3.2 Generation of Rectilinear Grids

XYZ invokes generation of a Cartesian (rectilineagsm
Record XYZ.|
Format(E10.4)
DEG
DEG angle (in degrees) betwedme Y-axis and the horizontal. |If

gravitational acceleration (GF in record PARARM is specified
positive, -90° < DEG < 90° corresponds to grid faygoing from top
down. Grids can be specified from bottom layer ypsktting GF  or
BETA negative. Default (DEG = 0) copesads to horizontal Y-

and vertical Z-axis. X-axis is always horizontal.

Record XYZ.2

Format(A2, 3X, 15, E10.4)
NTYPE, NO, DEL

NTYPE set equal to NX, NY or NZ for ggfging grid increments in X, Y, or Z
direction.

NO number of grid increments desired.

DEL constant grid increment for Ngdid blocks, if set to a non zero

value.



Record XYZ.3 (optional, DEL = 0. or blaonly)

Format(8E10.4)
DEL(l), =1, NO

DEL(I) a set of grid increments the direction specified by NTYPE in
record XYZ.2. Additional records with formats dYZ.2 and XYZ.3 can
be provided, with X, Y, and Z-data in arbitramger.

Record XYZ.4 a blank record closes the XYZ datxkl

Note that the end of block MESHMaker is also markga blank record. Thus, when
MESHMaker/XYZ is used, there will be two blank red® at the end of the

corresponding input data block.

4.3.3 MINC Processing for Fractured Media

MINC invokespost processingf a primary porous medium mesh from fM&SH. The

input formats in data block MINC are identical tbose of the GMINC program
(Pruess, 1983), with two enhancements: therensadalitional facility for specifying

global matrix-matrix connections (“dual permealiljt further, only active elements
will be subjected to MINC-processing, teeainder of the MESH remaining
unaltered as porous medium grid blocks. Th@wutrom MINC processing is a text
file named MINC. This file is renamed MESH whereddo simulate fractured or multi-

porosity media.

PART is the first keyword following MINC; it will be followed on the
same line by parameters TYPE and DUAL with inforioraion thenature

of fracture distributions and matrix-matrix connens.

Format(2A5, 5X, Ab)
PART, TYPE, DUAL



PART

TYPE

identifier of data block with partitioning f@emeters for

secondary mesh.

a five-character word for selectingne of the six different

proximity functions provided in MINC (Pruess, 1983)

ONE-D:

TWO-D:

THRED:

STANA:

STANB:

STANC:

a set of plane parallel infinite fractur@sth matrix block

thickness between neighboring fractures equal tR([BA

two sets of plane parallel infinite dtares, with
arbitrary angle between them. Matrix blolcickness
is PAR(]) for the first set, and PAR(2) for the sed set. If
PAR(2) is not specified explicitly,it will be setgeal to
PAR(I).

three sets of plane parallel infinite fraets at right angles,
with matrix block dimensions of PAR(l), PAR(2), and
PAR(3), respectively. If PAR(2) and/or PAR(3) aretn
explicitly specified, they will be set equal to P@ARand/or
PAR(2), respectively.

average proximity function for rock loadingf Stanford
large reservoir model (Lam et al., 1988).

proximity function for the five bottom laygrof Stanford

large reservoir model.

proximity function for top layer of Stanfotdrge reservoir

model.



Note: a user wishing to employ a different proxymiiinction than provided in MINC
needs to replace the function subprogram PROX(XJarmeshm.f with a routine of the

form:

FUNCTION PROX(x)

PROX = (arithmetic expression in x)
RETURN

END

It is necessary that PROX(X) is defined even wheexgeeds the maximum possible
distance from the fractures, and that PROX = higs tase. Also, when the user supplies
his/her own proximity function subprogram, the paeter TYPE has to be chosen equal
to ONE-D, TWO-D, or THRED, depending on the dimensility of the proximity

function. This will assure proper definition of thenermost nodal distance (Pruess,

1983).

DUAL is a five-character word for selectinget treatment of global

matrix flow.

blank: (default) global flow occurs only thrdug the fracture
continuum, while rock matrix and fractures interdatally by

means of interporosity flow (double-porosity model)

MMVER: global matrix-matrix flow is permitted oniy the vertical;
otherwise like the double-porosity modeffor internal
consistency this choice should only wade for flow

systems with one or two predominantly veftiracture sets.

MMALL: global matrix-matrix flow in all diredons; for internal
consistency only two continua, representmgtrix and

fractures, should be specified (“dual-permeabi)ity”



Record PART.I

Format (213, A4, 7E10.4)
J, NVOL, WHERE, (PAR(I), 1=1,7)

J total number of multiple interacting continua<(36).

NVOL total number of explicitly provided volumeafttions (NVOL < J).
If NVOL < J, the volume fractions with indices NV@®L, ..., J will
be internally generated; all being equal and chaeseh as to yield
proper normalization to 1.

WHERE specifies whether the sequentiallyec#ped volume fractions begin
with the fractures (WHERE = ‘OUT ‘) or in the imier of the matrix
blocks (WHERE ="IN .

PAR(), I=1,7 holds parameters for fracture spagsee above).

Record PART.2.1, 2.2, etc.

VOL(l)

Format (8E10.4)
(VOL(I), I =1, NVOL)

volume fraction (between 0 and 1) of contimu with index | (for
WHERE = ‘OUT ‘) or index J+ | - | (for WHERE = ‘IN. NVOL
volume fractions will be read. For WHERE ='OUT I=1s
the fracture continuum, | = 2 is the matgrntinuum closest to the
fractures, | = 3 is the matrix continuum adjacent £ 2, etc. The sum of

all volume fractions must not exceed 1.



4.4 Special Input Requirements for TOUGH2-CSM

In some cases, TOUGH2-CSM needs to be run in batate. To run a job in batch mode, the
user submits a job to a computer and the computeedsiles the job in a queue. When the
requested number of processors is available, thevjth be run. In batch running mode, all data
are provided in input files, since run-time comnuoation is not feasible. For both batch and

interactive mode, the input files for the paratleh include:

MESH AND MINC FILES

The purpose of replacing file MESH (or blocks ELENMEd CONNE in an input file) with

MESHA and MESHB is to reduce the memory requirenfentthe master processor and to
enhance 1/O efficiency. Both MESHA and MESHB areauy files. These two files contain all
information provided by file MESH. There are twoogps of large data blocks within a
TOUGH2-CSM mesh file: one with dimensions equatite number of grid blocks, the other

with dimensions equal to the number of connectiartsrfaces).

INFILE

This file is in the same data format as a TOUGH2AQ/put file, as discussed in Section 4.2. In
this input file, data are organized in blocks thet defined by five-character keywords typed in
Columns 1-5. The first record must be a problete tf up to 80 characters. The last record
usually is ENDCY. Data records beyond ENDCY will lgmored. The most important data
blocks include ROCKS, MULTI, PARAM, ELEME, CONNENCON, GENER, and GRMOD.

All input data in INFILE are in fixed format andastdard metric (Sl) units. Detailed information

about this file format can be found in Section 4.2

The blocks of ELEME, CONNE, GENER and INCON care&remely large. It is good practice
to provide these blocks through separate data #eslternative input for ELEME and CONNE
blocks is through the MESH file or through two bindiles: MESHA and MESHB. The two



binary files are intermediate files which are cegaby TOUGH2-CSM during its first run for a
model. If MESHA and MESHB exist in the working feld the code will ignore MESH file and
read information directly from these two files.tlfe mesh is changed, MESHA and MESHB
must be deleted from the working folder to make ¢hanges take effect. The two files have
completely different data formats from the ELEMEJa@ONNE blocks. The detailed format

information is given in the following.

MESHA, MESHB

The purpose of replacing file MESH (or blocks ELENMBd CONNE in an input file) with
MESHA and MESHB is to reduce the memory requirenfentthe master processor and to
enhance 1/O efficiency. Both MESHA and MESHB aredoy files. These two files contain all
information provided by file MESH. There are twoogps of large data blocks within a
TOUGH2-CSM mesh file: one with dimensions equatite number of grid blocks, the other
with dimensions equal to the number of connectipnterfaces). To read and use computer
memory efficiently, the input data are organizedseguential and binary format. Large data
blocks are read one by one through a temporansizdl array and then distributed to processors
one by one. This method avoids storing all inputida one single processor and enhances the

I/O efficiency and total storage capacity.

The file MESHA is written (to file unit 20 that waspened as an unformatted file) in the

following sequence:

write(20) NEL,NCON

write(20) (EVOL(il),il=1,NEL)
write(20) (AHT(il),il=1,NEL)
write(20) (PMX(il),il=1,NEL)
write(20) (GCOORD(il,1),il=1,NEL)
write(20) (GCOORD (il,2),il=1,NEL)
write(20) (GCOORD (il,3),il=1,NEL)
write(20) (IMINC(il),il=1,NEL)



write(20) (DELL(il), il=1,NCON)
write(20) (DEL2(il), il=1,NCON)
write(20) (AREA(il), il=1,NCON)
write(20) (BETA(il), il=1,NCON)
write(20) (SIG(il), iI=1,NCON)
write(20) (ISOX(il),il=1,NCON)
write(20)(ELEMA(il), il=1,NCON)
write(20)(ELEM2(il), il=1,NCON)

where
NEL
NCON
EVOL
AHT

PMX
GCOORD
IMINC
DEL1, DEL2

AREA
BETA

SIG

ISOX

ELEM1
ELEM2

total gridblock number, in 8-byte integer.
total connection number, in 8-byte integer.
element volume (), in 8-byte real
interface area (A) for heat exchange with semi-infinite confiningdsein
8-byte real.
permeability modifier, in 8-byte real.
cartesian coordinates (X=1,Y=2,Z=3) oflglbck center, in 8-byte real.
MINC continuum number, in 8-byte integer.
distance (m) from first and secondwaat, respectively, to their common
interface, in 8-byte real.
interface area (f) in 8-byte real.
cosine of the angle between the gravitai@tceleration vector
and the line between two elements, in 8-bgtd.r
“radiant emittance” factor for radiativeeat transfer, in 8-byte
real.
specify absolute permeability for the coctian, in 4-byte integer.
code name for the first element of a conieectin 5 characters.
code name for the second element of a camreah 5 characters.

The file MESHB is written (to file unit 30, unforrtiad) in the following sequence:



write(30) NCON,NEL

write(30) (ELEM(il),il=1,NEL)
write(30) (MA12(il),il=1,NEL)
write(30) (NEXZ(il),il=1,NCON)
write(30) (NEX2(il),il=1,NCON)

where
ELEM code name of the element, in 5 characters.
MA12 material identifier of the element, in 5 cheters.
NEX1, NEX2 first and second element number ofdbenection, in 4-

byte integer.

MESHA and MESHB can also be created directly frore9H file through a preprocessing
program. For extremely large problems, generatiodB®SHA and MESHB is the bottleneck of
memory requirement for a simulation using TOUGH2MC 8y using a preprocessing program,

the bottleneck for memory requirement can be awbide

PARAL.prm

PARAL.prm is an optional file providing TOUGH2-CSsbme parameters. If this file does not
exist in the working folder, the code will take delt parameters. These parameters are needed if
a user wants to try different options with the latdinear solver, partitioning algorithms, and

main program. The following is an example of the.fi

1008680, 4000000, 0
AZ_solver AZ_bicgstab
AZ_scaling AZ_BJacobi

AZ precond AZ_dom_decomp
AZ tol 1.0e-6

AZ overlap O

AZ_max_iter 250



AZ _conv AZ_rhs

AZ_ subdomain_solve AZ_ilut
AZ_output AZ_none
EE_partitioner METIS_Kway
EE_output 100

END OF INPUTS

The three numbers at first line are:

MNEL.: Estimated total gridblocks, must be largearthmodel gridblock number.

MCON: Estimated total connections, mustaoger than model connection number.

PartReady: A parameter to inform the progrhat tlomain partitioning was
done by a preprocessing program or wid Hone inside
TOUGH2-CSM. If PartReady=0, the parallel codell perform
domain partitioning during running the codd. PartReady>0, the
code will not perform domain partitioning andrition data will be
read directly from file “part.dat” at
the working directory. Default PartReady=0.

The default values of MNEL and NCON are 500,000 ar&00,000. The two parameters are
required only in generating MESHA and MESHB and wleemodel has more than 500,000
gridblocks or 2,300,000 connections.

From the second line and below, each line provadparameter. These parameters give options
or parameters for running the Aztec and METIS pgekaand SAVE and SAVEST file output

frequency control. The parameters can be in angrotflone parameter is not present, its default
value will be used. Each line in the file consistdwo terms. The first term is parameter's name

and the second term is its value. Detailed cordétite parameters is discussed below.



AZ solver  specifies solution algorithm, availabtdvers:

AZ cg conjugate gradient (only applicable to syrtmogositive
definite matrices).

AZ gmres  restarted generalized minimal residual.

AZ_cgs conjugate gradient squared.

AZ_tfqmr transpose-free quasi-minimal residual.

AZ_bicgstab bi-conjugate gradient with stabilizatio

AZ lu sparse direct solver (single processor anly)

AZ scaling specifies scaling algorithm, user cdecdrom:

AZ none no scaling.

AZ Jacobi  point Jacobi scaling.

AZ BJacobi block Jacobi scaling where the blocle siarresponds to the VBR
blocks.

Az_row_sum scale each row so the magnitude @l@sents sum to 1.

AZ_sym_diag symmetric scaling so diagonal elemargsl.

AZ_sym_row_sum symmetric scaling using the matix sums.

AZ precond specifies preconditioner. Available setss include:

AZ_none no preconditioning.

AZ Jacobi  k step Jacobi (or block Jacobi for DVBRtrices).

AZ_Neumann Neumann series polynomial.

AZ lIs least-squares polynomial.

AZ_sym_GS non-overlapping domain decomposition i(add Schwarz) k step
symmetric Gauss-Seidel.

AZ_dom_decomp domain decomposition precond#igadditive Schwarz).

AZ_tolspecifies tolerance value used in conjuncttioth convergence tests.



AZ_type_overlap determines how overlappinigdeumain results are
combined when different processors have computed
different values for the same unknown. Availabliestons

include:

AZ_standard the resulting value of an unknown esednined by the
processor owning that unknown.
AZ_symmetric average the results obtained fromfetBht processors

corresponding to the same unknown.

AZ overlap determines the submatrices factored h withe domain

decomposition algorithms.

AZ_max_iter maximum number of iterations.
AZ_conv determines the residual expression usaxbmvergence check and
printing. Available selections include: AZ r0, Ads,

AZ_Anorm, AZ noscaled, AZ_sol, AZ weighted.

AZ_subdomain_solve specifies the solver to useamh subdomain when
AZ_ precond is set to AZ_dom_decomp, available
selections include: AZ_lu, AZ_ilut, AZ_ilu, AZ_rilu
AZ_bilu, and AZ_icc.

AZ_reorder determines whether RCM reordering ldlldone in
conjunction with domain decomposition incomplete

factorizations, 1 yes; 0 no.

AZ pre_calc indicates whether to use factorizatidormation from

previous calls to AZ_solve, three selections: Aalc,



AZ recalc, and AZ_reuse.

AZ_output specifies information to be printedadable selections:
AZ_all, AZ_none, AZ_warnings, AZ_last, and >0.

EE_partitioner specifies the partitioner to bed)seser can select

partitioners from:

METIS_Kway uses the multilevel k-way partitioninglgorithm. The
objective of this partitioning method is to miniraizhe
edgecut. It should be used to partition a grapb atarge

number of partitions (greater than 8).

METIS_Vkway uses the multilevel k-way partitioninglgorithm. The
objective of this partitioning method is to miniraizhe

total communication volume.

METIS_Recursive  uses multilevel recursive bisectibhe objective of this
partitioning method is to minimize the edgecut,sthi
function should be used to partition a graph intenzall

number of partitions (less than 8).

EE_output Output control for solution results. TBR&VE file will be written
every EE_output time steps. If EE_output=0, no SAWEWIll be
written out until last time step. A special value666888 for this
parameter will evoke debugging run, which will ppocd more

informative output.

More options or parameters for the Aztec paralleddr equation solver can be specified. For
further discussion, readers may refer to Tumindral.e(1999). Table 4-2 presents the default
values used in TOUGH2-CSM



Table 4-2. Default values of the options and patarse

Parameters or options Values
AZ_solver AZ_bicgstab

AZ scaling AZ_Bjacobi

AZ pecond AZ_dom_decomp
AZ_tol 1x10°

AZ_type_overlap

AZ_standard

AZ max_iter 500

AZ conv AZ 10

AZ subdomain_solve AZ ilut

AZ reorder 1

AZ pre_calc AZ_calc
AZ_output AZ_none
EE_partitioner METIS_Kway
EE_output 200




INCON

During initialization of a TOUGH2-CSM run, all gridlocks are first assigned to the default
thermodynamic conditions specified in data blockRAM in file INFILE. The default initial
conditions may be superseded by thermodynamic tiondiassigned to individual grid blocks in
disk file INCON.

The INCON file is set up either by the user or gaterl by a previous TOUGH2-CSM run
through an output file SAVE (compatible with forreabf file or data block INCON for
initializing a continuation run). The INCON file wdbe obtained by simply renaming SAVE file
to INCON. If the INCON file is set up by the uséetgrid blocks must be entered sequentially.
Thermodynamic conditions specified in INCON or dakack PARAM are overwritten by those
specified in the GRMOD section of the INFILE. Thethermodynamic conditions do not

include mean stress, which is discussed below.

INCNST FILE

Mean stress can be initialized in three ways: $ation in the GRMOD section of the INFILE,
assigned to individual grid blocks using the INCNS8IE, a companion file to INCON, or
calculated from a reference mean stress and tetoperat a given elevation using the RSTR

option in the GENER section.

The INCNST file is set up either by the user oregated by a previous TOUGH2-CSM run
through an output file SAVEST (a companion fileSAVE and compatible with formats of file
INCNST for initializing a continuation run). The @NST file can be obtained by simply
renaming SAVEST file to INCNST. If the INCNST file set up by the user the grid blocks must
be entered sequentially. Thermodynamic conditigpecified in INCNST are overwritten by
those specified in the GRMOD section of the INFILE.

Use of the RSTR option in the GENER section is diesd elsewhere.



GENER
The format of file GENER is the same as the blarkiat described in Section 4.2.
part.dat
If parameter “PartReady” in “PARAL.prm” has a valiaeger than 0, the parallel code will read
file “part.dat” from working directory during runrte. The file contains domain-partitioning
results. It is read by the following code:
open (unit=50,file="part.dat',form="formatted’,st&t'old’)
read(50,133) nparts,edgecut,NEL
read(50,144) (part(il),il=1,NEL) 133 format(3110)
133 format(3110)
144  format(10I8)

where

nparts  number of portions, equal to the numbgrotessors used, that the

domain has been partitioned into.

edgecut number of cut edges.

nel total number of gridblocks in the simulaticonthin.

part partition for each gridblock, an integer \&indicating the
processor associated with each gridblock.



The file “part.dat” can be generated by the usesugh a preprocessing program.

4.5 MINC File Configuration

In Section 4.3.3, the MINC preprocessor data reguénts are described. A MESH file (or
blocks ELEME and CONNE in an input file) containipgmary grid information is input to the
preprocessor and the output from the preprocessaffile called MINC, dorm of MESH file,
that contains grid block and connection information the fracturedor multi-porosity grid
created from the primary one. Subdivision of amamy grid into a MINC onewith three
subdivisions (NMINC=3}Js illustrated in Figure 4.3.

ISPOR=0 ISPOR=1 ISPOR=0 ISPOR=0

Primary grid:

MINC grid: El | — | | — |

Figure 4.3: Subdivision of primary grid into a MINgDie with NMINC=3
and one grid block that is not subdivided (ISPOR=1)



Grid blocks with ISPOR=0 are subdivided into thk&®C blocks, and those with ISPOR=1 are
not subdivided. MINC block numbering is shown iigute 4.4 with the numbering starting at
the outermost block.

Primary Number 1 2
1
2
:
MINC Number
MINC Number

Figure 4.4. Primary and MINC numbering for the t\@fimost grid blocks in Figure
4.3. The MINC numbering of the rest of those igufe 4.1 is identical to the left one
shown.

Adjacent MINC subdivisions within a primary gridogk are connected. For primary grid block
1 in Figure 4.2, for example, MINC blocks 1 andatd 2 and 3, are connected. These
connections are written to the MINC file with IS@guals 2 plus the connection’s larger MINC
subdivision number, or 4 and 5, respectively. @ations between primary grid block pairs

give rise to connections in the MINC file as weor the configuration shown in Figure 4.5,

Primary Number 3 4
1 1
2 2

MINC Number MINC Number

Figure 4.5. Primary and MINC numbering for the tiightmost grid blocks in Figure
4.3.



MINC subdivisions 1 are connected (dual porositydeip or like MINC subdivisions are

connected (dual permeability model). These conmestare written to the MINC file with ISOT

specifying absolute permeability (PER(ISOT)) foe tthirection associated with the connection.
For the configuration shown in Figure 4.2, MINC divisions 1 are connected (dual porosity
model) or MINC subdivisionl of primary grid blocki€ connected to each MINC subdivision of
primary grid block 1 (dual permeability model) .hése flow connections are written to the
MINC file with ISOT specifying absolute permealylfPER(ISOT)) for the direction associated

with the connection.

Additional connections are written to the MINC filieie to the presence of volumetric strain in
Equations 2.41 and 2.42. Volumetric strain (ad a&lmean stress) is only assigned to primary
grid blocks and depends on MINC subdivision presswand temperatures from Equation 2.40.
Connection terms contain volumetric strain fromhbptimary grid blocks and accumulation
terms contain volumetric strain from the primariddslock. Consequently, the Jacobian matrix
needs connections between a MINC subdivision aretyewther MINC subdivision in the
primary grid block, and between a MINC subdivisenmd every other MINC subdivision in the
other primary grid blocks connected to its primgrid block. These connections that have not
previously been written to the MINC file are wriitéo it with negative ISOT (the magnitude
being unimportant). Two examples of these conoastare: between MINC subdivisions 1 and
3 in primary grid block 1 in Figure 4.2; and betwgwimary grid block 2, MINC subdivision 3
and primary grid block 3, MINC subdivision 2 in kg 4.3.

4.6 Output from TOUGH2-CSM

TOUGH2-CSM produces a variety of output, most ofiackhcan be controlled by the user.
Information written in the initialization phase ¢m the standard output file includes parameter
settings in the main program for dimensioning aflppem-size dependent arrays, and disk files
in use. This is followed by documentation on segtirof the MOP-parameters for choosing
program options, and on the EOS-module. During @tx&a, the parallel program can optionally
generate a brief message for Newtonian iteratiomk tane steps. At the end, a summary of

subroutines used and parallel computation inforomatare provided. In TOUGH2-CSM,



standard output at user-specified simulation timesime steps is generated by a subroutine
called FINALOUT, contained in the EOS module. Theput files in TOUGH2-CSM are named
OUTPUT and OUTPUT_DATA. The first file provides gem initialization, time-stepping,
and parallel computing information, and the secbledgives a complete report of grid block
thermodynamic state variables and other importamarpeters. Grid block output from each

processor is assembled into one for the global grid

EEE

EEE

EEE Number of processors = 8

EEE Time perform model computaion = 36.9248&8420
EEE of which spentin lin. solv. = 25.6461488275

EEE and spent on other = 11.27873@295
EEE
EEE Total number of time steps = 49

EEE Average time in Aztec per time step = 0.528328853623

EEE Average time spent on other per time step.230178108020705
EEE

EEE Total number Newton steps = 110

EEE Average number of Newton steps per time skep4489795918367
EEE Average time per Newton step = 0.2331467345691

EEE Average time spent on other per Newton st.202533884481950
EEE

EEE Total number of iter in Aztec = 6686

EEE Average number of iter per call to Aztec 808181818182

EEE Average time per iter in Aztec = 3.83579730BEB8E-003

EEE

EEE Partitioning algorithm used: METIS_Kway
EEE Number of edges cut = 2411

EEE

EEE Average number elements per proc = 2050 @000
EEE Maximum number elements at any proc = 0852

EEE Minimum number elements at any proc = 9901

EEE Allocated LNEL = 2727

EEE Average number connections per proc = 67303000000
EEE Minimum number connections at any proc = 6048

EEE Maximum number connections at any proc = 6404

EEE Allocated LMNCON = 6404

EEE

EEE Average number of neighbors per proc = 42800000000
EEE Maximum number of neighbors at any proc= 6



EEE Minimum number of neighbors at any proc= 3

EEE

EEE Average number of external elem. per proc521.500000000000
EEE Maximum number of external elem. per proc = 651

EEE Minimum number of external elem. per proc = 404

EEE

EEE Maximum size for local matrix (in Kbyte) = 193.00000000000
EEE Maximum size data in matvec (in Kbyte) = 3.80000000000
EEE

EEE ====

EEE

EEE Linear Solver Used: BICGSTAB

EEE Scaling method: No Scaling

EEE Preconditioner: Domain Decomposition

EEE with overlap type: Standard

EEE and size of overlap: 0

EEE and subdomain solver: ILUT

EEE without RCM reordering

EEE Residual norm: ||r]|2 / ||b]|2

EEE Max. number of iterations: 250
EEE Tolerance: 1.000000000000000E-006
EEE

EEE

Figure 4-1 Example for output of parallel computinfprmation

The parallel computing information is written outan the end of OUTPUT file. Figure 4-1
shows an example of a portion of the output. Thgpuuprovides detailed information of the
number of processors used, timing for tasks, cosldopnance for each time step, Newton
iteration, and linear iteration, algorithm used domain partitioning, and domain decomposition
results. At the end of the list in Figure 4-1, Anesolver, preconditioner, and options and
parameters selected for solving the linear equatiare presented. This information is very

important for evaluating the parallel code perfonce

Some informative output generated by other thantengsocessor is written to fort.36. The user
may get additional information for the program rfuom this file. Other output files include

SAVE, SAVEST, and FOFT_P.xxx. The SAVE containsraiy variables for a restart run, and
has the same format as INCON; the SAVEST contaimsgpy variables related to mean stress

calculation for a restart run, and has the samadbas INCNST. The requested time-dependent



data for gridblocks (identified with FOFT), connects (COFT), and source/sinks (GOFT) are
written out to file FOFT_P.xxx. The extension narxx is a number indicating the processor
number by which the file is written. TOUGH2-CSM cgenerate multiple time-dependent data
output from different processors.



5. PRIMARY VARIABLE INITIALIZATION

Primary variables are initialized at the start afimulation. These variables, for the ECO2N
fluid property module, are pressure, £0ass fraction or saturation, salt mass fractiosabid

salt saturation, temperature, and mean stressmaBrivariables besides mean stress can be
initialized in record PARAM.4 for the entire simtittn domain, in record INDOM for each
material region, or in GRMOD for selected grid Hoctervals. Mean stress can be initialized as
well in GRMOD for selected grid block intervals. orFthese initialization modes, primary

variable values are arbitrary.

In many instances, it is desirable for the simaolainitialization to be hydrostatically stable such
that if the system were isolated, the primary u@&a would not change over time. Assignment
by value of primary variables results in a hydrostdly stable system only in a limited number
of cases, for example, initializing as constantspuee and mean stress in a system without
gravity. In what follows, the procedure for inltzation of a hydrostatically stable system with

gravity present is described.

5.1 Hydrostatic Stability

In a hydrostatically stable system, the primaryialdes would not change over time if the
system were isolated. Primary variable changeninsalated system would result from mass,
energy, or momentum, fluxes in the system, anddidsyatically stable system would require
these fluxes to be zero throughout the simulatioma&@n. The condition for zero mass flux is

zero fluid flow potential. For phase

+ + xwbl Wl O (5.1)

If diffusion is included then concentration grademould be zero as well. The condition for

zero energy flux is zero temperature gradient.

+ 0 (5.2)



The condition for zero momentum flux is obtainednfr the momentum equation (Equation
2.10):

> 12@ x  &1728@
A@ T ne

t 0 (5.3)

For multiple porosity systems, we assume primargiabées of MINC subdivisions are all

identical.

5.2 TOUGH2-CSM Implementation

We generate a set of hydrostatically stable primaagiables by running a TOUGH2-CSM
simulation with the INFILE modified. We do not sel for mean stress. If we originally
intended to solve for it, we set ISTCAL in the MUILSection to zero and NEQ to one less. We
remove the contents of the GENER Section and reptlaem with a deliverability well (DELV
option) that produces fluid against a referencesguree in a reference grid block. We assign
pressures to all grid blocks, corrected for defitat are higher than the reference pressure. We
run this simulation, where fluid is produced thrbuge deliverability well, until equilibrium at
which flow potential satisfies Equation 5.1 and pemature and concentration gradients (if we
are solving the energy equation and if there iksgibn, respectively) are zero. The SAVE file
from this simulation contains the equilibrated pgmnvariables and is used for primary variable
initialization in out actual simulation by renamiitdNCON and replacing the bottom three lines
with a blank one. We restore the original contaitthe GENER Section and if mean stress is
solved for, we set ISTCAL in the MULTI section taeand NEQ to the original value. Mean
stress initialization is calculateded in TOUGH2-C®W solving Equation 5.3 with a reference
mean stress (and temperature) specified at a nekerelevation. This data are input using the
RSTR option in the GRMOD Section. In this meaessrinitialization, other primary variables
are considered to be constant and would be spedifithe INCON file.



6. SAMPLE PROBLEMS

Five sample problems are included with the TOUGH&MCuser's manual. These problems
may be used as benchmarks for testing the codesrpmance on their computers and the input
data files can be used as templates to facilitet@gvation of input data for new simulations.
The first two problems, simulation of one-dimensibrtonsolidation of a double-porosity
medium and simulation of the Mandel-Cryer effecg eompared with analytical solutions. The
rest are comparisons of TOUGH2-CSM to publishedufations. The third, simulation of GO
injection into a layered aquifer, is run withoutwsiog the momentum equation. The fourth, In
Salah Gas Project simulation, is a simulation of,@ection into a depleted gas field and
features a match of simulated surface uplift. Bm#he fifth is asimulation of deformation and
fluid circulation in a volcanic caldera structune which the mass, momentum, and energy
equations are solved. This problem uses the EQ&® property module; the others use the
ECO2N module.

6.1 One-Dimensional Consolidation of Double-PorositMedium

6.1.1 Problem Description

In this one-dimensional consolidation problem, direction stress is applied to the top of a
fluid-filled double-porosity (fracture and matrixjock column, instantaneously inducing a
deformation and a pore pressure increase. Flad it allowed to drain out of the column top
and the pore pressure increase dissipates. Antmadlsolution to this problem was presented
by Wilson and Aifantis (1982). In their analyssrain is uniaxial and z-direction stress is

constant throughout the process.

We simulated this problem is two steps. The sitep was the load application to produce the
pore pressure increase. We started from an unsttatate where pore pressures (fracture and
matrix) and mean stress were both equal{ v &yvd and imposed a greater mean stress

at the column top (y,) that induced a pore pressure increas@)(in the column after the



system equilibrated. For uniaxial deformation misothermal, double-porosity system, mean

stress, z-direction stress, and pore pressuraglated by:

L he 6.1)

< Sre

Using Equation 6.1, we calculated the constanteetion stress (.y.) from the imposed mean

stress (<y1) and the equilibrated pore pressureg ).

The second step was simulation of fluid drainagehe column was initially at the above

equilibrated state. We set the pore pressurdgeatdlumn top to the initial pore pressureg.).

We also set the mean stress at the column topatocticulated from Equation 6.1 using the
constant z-direction stress..{.) and the initial pore pressures. Fluid then drdiout of the

column top as the pore pressures in the colummnediuto the initial values.
6.1.2 TOUGH2-CSM Simulation Details

Our simulation domain is one-dimensional and 40ny. We discretized this domain into a
uniform primary grid containing 400 grid blocks. eVéreated the grid’s MESH file by running
TOUGH2-CSM with the INFILE shown in Figure 6.1. ibg this MESH file as input, we then
ran TOUGH2-CSM with the INFILE shown in Figure 8@ generate the MINC file for the
double porosity grid. Each grid block of the prmagrid is subdivided into two porous
continua, fracture and matrix, with the same voluriibe MINC grid is dual permeability; each
primary grid connection spawns a fracture-fracamd a matrix-matrix connection, and there is a
fracture-matrix connection for each primary griddd. We renamed this MINC file MESH in

order to run the double porosity simulation.

MESHMAKERL ————%————2——— %3 % 4k Bk N __F____%____3g
XYZ
0.0
MX 400 1.0
NY 1 5.0
NZ 1 5.0
ENDFI————l-———%——— 2 %3 % 4 % 5k kT __%____3

Figure 6.1. INFILE for primary grid generation.



MESHMAKER] ————%——— 2 _%____3____ % ___4____%____ 5 ____% ___G———k____T____%____g
MINC

PART ONE-D MMALL
2 10UT 0.1
0.5

ENDFI————lo———%_ 2 % ____3____ % ___ Ak B % ___§f o k____J____%____g

Figure 6.2 INFILE for MINC grid generation.

We next simulated the load application. The INFisEhown in Figures 6.3. Material domain
properties are entered in the ROCKS section witmalo 1, ROCK1, being the fractures and
domain 2, ROCK2, the matrix. The MULTI section ains the number of primary variables
and the flag indicating that mean stress is a pymariable, (NEQ=4 and ISTCAL=1,
respectively, in Figure 4.1). The GENER sectiornspty since there are no sources or sinks.
Properties are assigned to grid block ranges irGIR&OD section with the first COEFS record
specifying fracture grid blocks (JMINC=1) and thecend matrix grid blocks (JMINC=2).
Material region is assigned using the MATRG keywomtkan stress is assigned using the
STRES keyword with mean stress at the top (gridiolb) at 8+18 Pa and the rest at 5<1Pa.
The external force is applied to the system toghsotop fracture and matrix grid blocks are

connected to the surroundings using the BNDST kegwth a value of one.

Finally, we simulated fluid drainage. The load leggiion simulation output a SAVE file that
was renamed INCON and the bottom three lines weptaced with a blank line. The INCON
file, shown in Figure 6.4, contains porosity andnary variables (except mean stress) for all
grid blocks, including the equilibrated pore pressy and a blank line at the bottom. These
primary variables are initial values for the fliddainage simulation. The INFILE for the fluid
drainage simulation is shown in Figure 6.5. Griiocks 00001and00002 (fracture and matrix

the top grid block) contain deliverability wells #te initial pore pressure through which the



system drained. Mean stress is initialized in@®&MOD section with those top grid blocks set
to the value calculated from Equation 6.1 usingapplied z-direction stress and the initial pore
pressure (7.4+F0Pa). The rest are initialized with the uniformamestress from the end of the
load application simulation (8*1(Pa). Comparison of simulated fracture pressuré wie

analytical solution is shown in Figure 6.6, withcelent agreement.

TITLE ONE-DIMENSION CONSOLIDATION OF DOUBLE POROSITY COLUMN

ROEKS==s=lsras¥oara e selererfceradesraficereBesericesabereafeeraffiosealoesa
ROCK1 3 2.e03 0.008 8.9E-13 8.9E-13 8.9E-13 2.0 1.E03
1.0E-10
7 0.45000 9.6E-4 1.
7 0.45000 L+ BE=3 8.0E-05 5.E8 1.
0 0 0.20000 8.0E09 0.100000 25.0 0.0
0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
ROCK2 3 2.e03 0.064 8.9E-17 8.9E-17 8.9E-17 2.0 1.E03
1.0E-10
7 0.45000 9.6E-4 1.
7 0.45000 1+ BE=-3 8.0E-05 5.E8 1.
0 0 0.2000 8.,0E09 0.9000000 25.0 0.0
0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
L LB L B B e e e s X i ke e T e e et
3 4 3 6 1
SELEC 2. 3 4 5 6 7 8 9 10 11. 12 13. 14 15 16
1 0 0 0 0 0 0 0
«8 8
sTART--——-1----%——--—-2———-¥%_ 3 ¥ ¥ ___ B K H——F T *____8
PARAM====lsres¥earalrrarieesaBrrerfossadasraeicaraBeree o sabereafearaifvesa o rng
19999 99991000001000200 4 100
0 2.0000e04 1.0000e+0 1.0000e+1 9.81
1.E-5 1.E00
5.00e6 0.0 0.0 25
SsOLWR——1-——-%— -2 % 3% 4 % K % 5 *  F % -8
2 Z1 0o 8.0e-1 1.0e-7
GENER====lsrerfeareRepae@ice e e rerfcese e eere Beree e e ne bererfeesae foreaoara )
b L B e e B i b e L B e T s e B
L R B e e e )
e o L (8 B e B e e e s T R e e e e B e e e
COEFS 1 1 1 1 1
BHNDST 1 1 1 1 1 1 1
MATRG 1 400 1 1 1 1 1
STRES 1 1 1 ik ik 1 8.000E6
STRES 2 400 1 1 1 1 5.000E6
COEFS 1 1 1 1 2
MATRG 1 400 1 1 1 1 2
BHNDST 1 1 1 1 1 1 1
STRES 1 1 1 1 1 1 8.000E®
STRES 2 400 1 E * 1 5.000E6
o B L e
L B B e e L L e 1

Figure 6.3. INFILE for load application simulation.



INCON

00001 0.80000000E-02
0.6161909570611E+07 0.0000000000000E4+00
00002 0.64000000E-01
0.6161909570611E+07 0.0000000000000E+00
00003 0.80000000E-02
0.6161909570611E+07 0.0000000000000E+00
00004 0.64000000E-01
0.6161909570611E+07 0.0000000000000E4+00
00005 0.80000000E-02
0.6161909570611E+07 0.0000000000000E+00

000Cs 0.64000000E-01
0.6161909570611E+07 0.0000000000000E+00
000Ct 0.80000000E-02
0.6161909570611E+07 0.0000000000000E+00
000Cu 0.64000000E-01

0.0000000000000E+00

0.0000000000000E+00

0.0000000000000E+00

0.0000000000000E+00

0,0000000000000E+00

0,0000000000000E+00

0.,0000000000000E+00

0.6161909570611E+07 0.0000000000000E+00 0.0000000000000E+00

0.2500000000000E+02

0.2500000000000E+02

0.2500000000000E+02

0.2500000000000E+02

0.,2500000000000E+02

0.,2500000000000E+02

0.2500000000000E+02

0.2500000000000E+02

Figure 6.4. INCON file containing initial primaryaviables (except mean stress) and porosity.

PARAM————l————%— 2k 3k gk Bk fo———h_ % ____8
19999 99991000001000200 4 100
0 2.0000e04 1.0000e+0 1.0000e+1 9.81
1.E-5 1.E00
5.00e6 0.0 0.0 25,
T By e e T
2 Z1 00 g.0e-1 1.0e-7
GEMER————1————%—— 23Kk 5k KT ___k____§
00001PRO 1 DELY 2.2E-11 5.00E6
00002PRO 2 DELV 2.2E-15 5.00E6
TIMES ————l————%————2————k____3____k____ 4k Bk Gk _F____*____§
4
500.0 1000.0 1500.0 2000.0

FOFT ————1-————%—— 2% __ 3 ____ % __ 4 __ % __ 5 __ % ___ g % ___ 7 ___*% ___g
GOFT ————lo———¥%— Q%3 %4 K5k Gk ___F____k____g
COFT ————l-———® 2k 3k 4k Bk Gk Tk ____8
GRMOD————1-————%——— 2 _%____3____ % __ 4 __ % 5 __ % ___§g % T ___%____g
COEFS 1 1 1 1 1
BNDST 1 1 1 1 1 1 1
MATRG 1 400 1 1 1 1 1
STRES 1 1 1 1 1 1 7.419E6
STRES 2 400 1 1 1 1  8.000E6
COEFS 1 1 1 1 2
MATRG 1 400 1 1 1 1 2}
BNDST 1 1 1 1 1 1 1
STRES 1 1 1 1 1 1 7.419E6
STRES 2 400 1 1 1 1  8.000E6
ENDCY-————1————%——— 2% ___3____ % __ 4 % ___E____ % ___§_ % ___J____ % ___8
ENDFI————l-———%— 2k 3k 4k KA fo———h_ T __k____§

Figure 6.5. INFILE for fluid drainage simulatioffortion above PARAM keyword is identical to thatHigure 6.3.
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Figure 6.6. Comparison of fracture pressure argytsolution (solid lines) to simulation (pointsyrfone-
dimensional consolidation of double-porosity column



6.2 Mandel-Cryer Effect

6.2.1 Problem Description

A constant compressive force is applied to thedba fluid-filled poroelastic material, inducing
an instantaneous uniform pore pressure increase@mgression. Afterwards, the material is
allowed to drain laterally. Because the pore pmessiear the edges must decrease due to
drainage, the material there becomes less stifftlamc is a load transfer to the center, resulting
in a further increase in center pore pressure rimthes a maximum and then declines. This
pore pressure behavior is called the Mandel-Crifece(Mandel, 1953) and Abousleiman agtd

al., (1996) present an analytical solution to thevabproblem that we compare our simulated
results to.

We simulated this problem is two steps. The fitsp was to simulate the application of force
that induced the pore pressure increase. We dtia® an unstrained state where pore pressure
and mean stress are both equal{ ), imposed a greater mean stress,() at the top to
produce a pore pressure increase, and let thensyesjailibrate (to pore pressure). We next
simulated fluid drainage. The system was initigtythe above equilibrated state, mean stress
<y1 and pore pressure, and we imposed the initial pore pressure on dkerdl boundaries to

allow the system to drain.

6.2.2 TOUGH2-CSM Simulation Details

Our simulation domain is two-dimensional and 1008quare. We discretized this domain into
a uniform a 200 x 200 xy-grid with 5 m square dridcks. We created the grid’'s MESH file by
running TOUGH2-CSM with the INFILE shown in Figuger.

TITLE Mandel-Cryer Effect

MESHMAKE Rl S ik e i g e e S o i e sl o e e e By e e e e o o e e i e i =
XYZ
0.0
NX 200 5.0
HY 200 5.0
NZ 1 1.0
ENDFI————l-———%— %3k 4% Kk Kk ___J____%_ __.3g

Figure 6.7. INFILE for grid generation.



We next simulated the load application. The INFisEShown in Figures 6.8a and 6.8b. Figure
6.8a shows the beginning of INFILE, starting witte tROCKS section and ending with the
SOLVR section. Material domain properties are mutean the ROCKS section. The material
domain is named SAND, porosity is 0.094, the thtfieectional permeabilities are 1dm?, and
porosity and permeability are constant. The MUIsEkttion contains the number of primary
variables and the flag indicating that mean stiessprimary variable (NEQ=4 and ISTCAL=1,
respectively, in Figure 4.1). Figure 6.8b shows ¢éimd of INFILE. There GENER section is
empty since there are no sources or sinks. The GBMection contains initial mean stress,
5+1C° Pa for the top layer and 1Pa for the rest. The external force is applietheosystem top
so the top row of grid blocks is connected to thieaindings using the BNDST keyword with a

value of one. The load application simulation was until the system equilibrated.

Finally, we simulated fluid drainage. The load laggiion simulation outputted a SAVE and a
SAVEST file. The bottom three lines of those filesre replaced with a blank line and they
were renamed INCON and INCNST, respectively. Td of the INCNST file is shown in
Figure 6.9. The INCON and INCNST files containtiadi primary and other variables for the
fluid drainage simulation. The GENER section af thIFILE for the fluid drainage simulation
is shown in Figure 6.10. Each grid block in th® welumns on either side of the grid contains a
deliverability well at the initial system pressiyf®® Pa) through which the system drained. The
fluid drainage simulation was for 50,000 seconiige compared pressure at the middle of the
system with the analytical solution, shown in Fg@.11. The simulated results (grid block
005DQ exhibit the pore pressure maximum characteristithe Mandel-Cryer effect and lie

extremely close to the analytical solution.



[TITLE Mandel-Cryer Effect
BOEKSs—ar il wmfisr s 2w m S s e e Tesale o b wales s e o lw et
SAND 3 2260.e00 0.094 1.0e-13 1.0e-13 1.0e-13 2.51 920.
0.0 0.0
0.00 0.00 1.0 1.0
0.457 0.20 0.05 19.86 1.0
0 0.25 5.0e9 1.0 60.0
.0e00 0.0e-00 0.0 0.0 0.0 0.0 0.0 0.0

[= =N

MULTEL:s ——f—e—s¥e—a—2s—s¥a PPt —w—ab bbbl wT a8
3 4 3 6 1
BELEC v e Do B BB T B B T Elwww T2 B LI Benon 1B
1 0 0 0 0 0 0 0
+ 8 +8
o L e L e . B e - e e e B | e Bl ca gy
PABAM: —oil—e—a¥e—a—Pa—ade—w3w—adeadda—aPeo-bua¥mbaa¥de—olv—o¥—a—8
10090 99991000001000200 4 110
0 5.0000e04 0.1000e02 5.0000E02 9.81
LiE-B 1.EQ0
1.000e5 0.0e-2 .000000e-03 60.0
e I I e & e e = e L “maaimasiaiecaaess
2 Z1 ao 8.0e-1 1.0e-7

Figure 6.8a. Beginning of INFILE.

GEMNER————l-———%—— 2% 3_ & 4k 5k ____f_ Kk ___T____k____38

TIMES ————l-———%———— Q%3 _k____ 4k Kk kT ___k____8
1
0.6000e08

L L R e e s
005CDh
005Ck
005Cu
005D4
005DE
005D0D
005DY
005D1
005Ds
005E2
005DC

GOFT ————l-———%—— 2% 3 % __ 4k ___ Kk ___f_ Kk ___J____%____38
COFT ————1l-———%— 2 %3 & ___ 4 % 5 % % T ___k____3

GRMOD-———1-————%——— 2 %3 % __ 4k ___ Kk ___f_ K ___J____%____38
COEFS 200 1 1 1 1

BNDST 1 200 1 1 1 1
STRES 1 200 1 1 1 5.00E06
STRES 1 200 200 1 1 1.00E05

N

ENDCY————1-———%—— 2 %3 & ___ 4k K % % ___F____k____38

ENDFI-————1-———%——— 2 % ____3____&____ 4 % ___ 5 ___ % % ___F____%____38

Figure 6.8b. End of INFILE.



INCON
00001 0.4994649263847E+07
0.9991539857812E+00 0.5000000000000E+07
00002 0.4982548323385E+07
0.9991539857812E+00 0.5000000000000E+07
00003 0.4972413330365E+07
0.9991539857812E+00 0.5000000000000E+07
00004 0.4963553976789E+07
0.9991539857812E+00 0.5000000000000E+07
00005 0.4955616257183E+07
0.9991539857812E+00 0.5000000000000E+07
000086 0.4948392887031E+07
0.9991539857812E+00 0.5000000000000E+07
00007 0.4941749680916E+07
0.9991539857812E+00 0.5000000000000E+07
00008 0.4935593134908E+07
0.9991539857812E+00 0.5000000000000E+07
00009 0.4929854456884E+07
0.9991539857812E+00 0.5000000000000E+07
0000A 0.4924480922554E+07
0.9991539857812E+00 0.5000000000000E+07
0000B 0.4919430824530E+07
0.9991539857812E+00 0.5000000000000E+07
oooocC 0.4914670333550E+07
0.9991539857812E+00 0.5000000000000E+07
0000D 0.4910171448189E+07
0.9991539857812E+00 0.5000000000000E+07
0000E 0.4905910600172E+07
0.9991539857812E+00 0.5000000000000E+07
0000F 0.4901867672797E+07
0.9991539857812E+00 0.5000000000000E+07
0000G 0.4898025290059E+07
0.9991539857812E+00 0.5000000000000E+07
0000H 0.4894368289434E+07
0.9991539857812E+00 0.5000000000000E+07
0000I 0.4890883322278E+07
0.9991539857812E+00 0.5000000000000E+07
0000J 0.4887558545793E+07
0.9991539857812E+00 0.5000000000000E+07
0000K 0.4884383381191E+07
0.9991539857812E+00 0.5000000000000E+07
0000L 0.4881348321631E+07
0.9991539857812E+00 0.5000000000000E+07
0000M 0.4878444777394E+07
0.9991539857812E+00 0.5000000000000E+07

Figure 6.9. Top of INCNST file.
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GENER————1-———%————2———%____3____ % ___4___ % ___ K ____% ___§f_ % ___J____%____§g
00001DEL 2 1 DELY  1.00E-101.0000e+050.5000E+01

00002DEL 2 1 DELY 1.00E-101.0000e+050.5000E+01
00003DEL 2 1 DELY 1.00E-101.0000e+050.5000E+01
00004DEL 2 1 DELY 1.00E-101.0000e+050.5000E+01
00005DEL 2 1 DELY 1.00E-101.0000e+050.5000E+01
0003ADEL 2 1 DELY 1.00E-101.0000e+050.5000E+01
0003BDEL 2 1 DELY 1.00E-101.0000e+050.5000E+01
0003CDEL 2 1 DELY 1.00E-101.0000e+050.5000E+01
0003DDEL 2 1 DELY 1.00E-101.0000e+050.5000E+01
0003EDEL 2 1 DELY 1.00E-101.0000e+050.5000E+01
00ALXDEL 2 1 DELY 1.00E-101.0000e+050.5000E+01
00ALYDEL 2 1 DELY 1.00E-101.0000e+050.5000E+01
00ALZDEL 2 1 DELY 1.00E-101.0000e+050.5000E+01
00AMODEL 2 1 DELY 1.00E-101.0000e+050.5000E+01
00AMI1DEL 2 1 DELY 1.00E-101.0000e+050.5000E+01
00APBDEL 2 1 DELY 1.00E-101.0000e+050.5000E+01
00AP7DEL 2 1 DELY 1.00E-101.0000e+050.5000E+01
00APSDEL 2 1 DELY 1.00E-101.0000e+050.5000E+01
00APODEL 2 1 DELY 1.00E-101.0000e+050.5000E+01
00APADEL 2 1 DELY 1.00E-101.0000e+050.5000E+01

Figure 6.10. GENER Section of INFILE.
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6.3 CO;, Injection into a Layered Saline Aquifer

6.3.1 Problem Description

This three-dimensional model of G@jection in a layered saline aquifer (Zhang et2011) is
based on the first industrial scale £€dorage project at the Sleipner Vest field in Nogth Sea
and investigates COmnigration in heterogeneous reservoirs with altengasand-shale zones.
The simulation domain is a quarter symmetry elend®0 m x 6000 m x 184 m. There are four
alternating sand-shale zones with the sand 30 ok #nd the shale 3 m thick. Below those
alternating sand-shale zones is a 52 m thick sané.z A 50 m long horizontal well in the y-
direction is located at the origin, 30 m below twtom shale layer. The outer boundaries are
maintained at hydrostatic pressure and the i@fection rate is 7.925 kg/s. Initial pressuretet
well is 110 bars, initial temperature is 37 °C, amitlal CO, and salt mass fractions are 4.541 x

10 and 0.032, respectively.

6.3.2 TOUGH2-CSM Simulation Details

We built our grid by discretizing the z-directianto 100 layers. All layers are 1 m thick except
the bottom layer, which is 4 m thick, and the tbpee 30 m thick sand zones are discretized into
10 m thick layers. There are 69 subdivisions mxh and y-directions. The first ten are 10 m
wide, followed by 59 at 100 m. The resulting gadb9 x 69 x 100 with 476,100 grid blocks.

Figure 6.12a shows the beginning of the INFILE. téial SAND1 is the sand and material
SAND?2 is the shale. We ran this simulation witheatving the momentum equation, so the
stress calculation flag (ISTRC in Figure 4.1) ie tdULTI Section is zero and the number of
equations per grid block (NEQ in Figure 4.1) isthr Figure 6.12b show the end of the INFILE.
The GENER Section contains deliverability wellshgtrostatic pressure located on the outer
boundaries and the five injectors comprising thezootal well. Primary variables initialized in
the PARAM section were overwritten by those frorte INCON, obtained by hydrostatic
initialization of the system using the method disea in Section 5.2. The sand and shale

material regions are set in the GRMOD section.ufead.13 shows the GQaturation profile at



150 m in the x-direction. This profile is similar one reported in the reference with a different

grid.



TITLE C02 INJECTION INTO THREE DIMENSIONAL LAYERED SALINE AQUIFER

ROCKS——-1---—-#%-——--2——— %3 % 44— — % B F [ KT _F____§
SAND1 3 2260.e00 0.350 3.00e-12 3.00e-12 3.00e-12 2.51 920.
0.0E-10 0.0
7 0.40 0.20 1.00 0.05
7 0.400 0.20 2.793e-4 1.0e07 1.0
0 0 0.25 6.0e9 1.0 0.0
0.000 0.0e-00 0.0 0.0 0.00 0.0 0.00 0.0
SAND2 3 2260.e00 0.1025 1.00e-14 1.00e-14 1.00e-14 2.51 920.
0.0E-10 0.0
7 0.75 0.05 1.00 0.2
7 0.400 0.20 1.613E-5 1.0e07 1.0
0 0 0.25 6.0e9 1.0 0.0
0.000 0.0e-00 0.0 0.0 0.00 0.0 0.00 0.0
moLrf1-———--1---—-*-——-2-——-* 34— —F_ K F ____f—F—TF————*____8
3 3 3 6 0
SELEC: + s e 24se+3 e sedeses5evisbBiveeToeseBessePeeel0evellseel12.4.13,4.14,...15...186
1 0 0 0 0 0 0 0
«8 «8
SIPART - atibsm e B e ¥ B e W) e M B e W B e e T e W B
PARAM———-1--—--#%———-2——*%____3___ % 44— ¥ ___ B F ——H—— W T _*____g
8 19999 99991000001000220 4 110
0 0.632e08 0.1000e02 1.0000e08 9.81
1L.E=b 1.E00
30.00e6 0.032000 0.0454 37.0
SOLY R Tomen¥rnBersreBrse By ranslosr B ¥vrriberrrsTrse T Tl
2 Z1 Qo 8.0e-1 1.0e-7
GEMER--—-—-1-—---%——--2———-#%__ 3% 4% K ___f—— - TF————H*____§

Figure 6.12a. Beginning of INFILE.



GENER-———1-———%——— 2% 3% __ 4 % ___K____k____f____k_ ___J____&____§

01y31DEL 1 1 DELY 0.300E-10 0.939E+07 0.100E+02
01y5MDEL 1 1 DELY 0.300E-10 0.939E+07 0.100E+02
01y6ZDEL 1 1 DELY 0.300E-10 0.939E+07 0.100E+02
01y¥8bDEL 1 1 DELY 0.300E-10 0.939E+07 0.100E+02
01=fsDEL 1 1 DELY 0.120E-10 0.112E+08 0.400E+01
01uTADEL 1 1 DELY 0.,120E-10 0.112E+08 0.400E+01
01wGSDEL 1 1 DELY 0.120E-10 0.112E+08 0.400E+01
01¥3KDEL 1 1 DELY 0.,120E-10 0.112E+08 0.400E+01
01zr2DEL 1 1 DELV 0.,120E-10 0.112E+08 0.400E+01
0001TINJ 1 2 COM3
0.0000209 0.6320208
1.585 1.5850
0002uINJg 1 2 COM3
0.0000e09 0.6320e08
1.585 1.5850
0004WINJ 1 2 COM3
0.0000e09 0.6320e08
1.585 1.5850
00068IHNJ 1 2 COM3
0.0000209 0.6320208
1.585 1.5850
0007KINJ 1 2 COM3
0.0000e09 0.6320e08
1.585 1.5850
L R e R R R B e e S S U]
FERET: —se—sa]ee—se oo g wodes s 6o soia o i —se ok e oo b o 0 eosoffee o s
GOFT —=—=]a—s e e e m ke Fe s e e e s e s e e SR s s e e e
L e R b b R B . L R e S ]
T R e R R & L e S e
COEFS 6900 100 1 1 1
MATRG 1 69 1 69 1 3 1
MATRG 1 69 1 69 4 6 2
MATRG 1 69 1 69 7 9 1
MATRG 1 69 1 69 10 1.2 2
MATRG 1 69 1 69 13 15 1
MATRG 1 69 1 69 16 18 2
MATRG 1 69 1 69 19 48 1
MATRG 1 69 1 69 49 51 2
MATRG 1 69 1 69 52 100 1
o I e R e R R R . R Bl S R S ]

Figure 6.12b. End of INFILE.
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Figure 6.13. C@saturation after 2 years injection, y=5.0 m.



6.4 In Salah Gas Project Simulation

6.4.1 Problem Description

The In Salah Gas Project, located in central Algeis a CQ storage project. Natural gas
produced nearby is high in G@nd this CQis injected back into the water leg of a depletiag
field for geological storage. Surface uplift frd@®O, injection has been measured by satellite-
based inferrometry and Rutqvist et al. (2010) dréservoir-geomechanical analysis of In Salah
CQO; injection and surface uplift using the TOUGH2-FLA®@merical simulator in order to
determine if the uplift can be explained by presstinanges and deformation in the injection
zone only. The TOUGH2-FLAC numerical simulator aslinkage of two existing well
established codes, TOUGH2 (Pruess, 1991) that sohan-isothermal, multiphase, multi-
component, fluid flow problems in complex geologisggstems and FLAC3D (Itasca, 1997),
developed for rock and soil mechanics that can learmbupled thermomechanical and
hydromechanical processes for single-phase floid.fl

The simulated domain was 10x10x4 km with one 1.5Harizontal injection well at 1810 m

depth and in the domain center. The domain caetsist four geological layers. The reservoir
initially contained water and the initial tempenr&and pressure at the injection well were 90 °C
and 17.9 MPa, respectively. The lateral reserbomndaries were maintained at hydrostatic

pressure and CQwas injected at 9.734 kg/sec for three years.

CO; injection causes surface uplift, a change in reseheight. Reservoir height is the sum of

grid block height over a z-direction column of ghilbcks. Defining linear strain, , as:
i@( I® KYc" : (6.2)

wheret@®xis grid block height, we can write surface uplf®,zxy, , as:

I®ekn,  kI® I® kv Ki@m%zf %%%%% (6.3)



where the sum over indéxefers to a z-direction column of grid blocks dahd subscript refers
to initial conditions. Finally, we express linesdrain in terms of volumetric strain by assuming

isotropic strain:
Y2 (6.4)
We use Equations 6.3 and 6.4 to calculate surfplift. u

6.4.2 TOUGH2-CSM Simulation Details

We ran TOUGH2-CSM on a cluster computer to dematsstour parallel code’s ability to
simulate larger problems. Our cluster computertaios 16 nodes; each node has 24 GB of
memory and two Intel® 5620 2.4GHZ 4-core process@sir simulation domainisa5x 5 x 4
km quarter symmetry element of the system disadtinto a 140 x 140 x 60 grid (1,176,000
grid blocks). The areal grid is uniform and theFINE used to generate the grid is shown in
Figure 6.14. The aquifer region is subdivided it&gn 2 m layers and layer thickness gradually

increased away from there.

We first ran a simulation to generate a primaryalde set at hydrostatic equilibrium. The top
of the INFILE used to run this simulation is shownrFigure 6.15. The material regions defined
in the ROCKS Section, SAND1, SAND2, SAND3, and SANIBorrespond, respectively, to the
four geological layers described in the refere@w®llow Overburden, Caprock, Injection Zone,
and Base. We ran this simulation without solvifg tmomentum equation, so the stress
calculation flag (ISTRC in Figure 4.1) in the MULTBection is zero and the number of
equations per grid block (NEQ in Figure 4.1) isethr The GENER Section consists only of
deliverability wells at a reference pressure (IMIHa) located along the top layer (cel@001]
002AX 04tkH, and04vur). We assigned material region 3 (Injection Zotwegll grid blocks
and ran the simulation until the system equilitdat& he extra deliverability wells (more than
one) and uniform material region assignment wemgedo speed up system equilibration. The
material regions other than Injection Zone have p@smeability and would take an excessively

long time to equilibrate.



TITLE Insalah CO2 Injection Simulation

MESHMAKERT ——e W oD oo %o 83 o Bl e o %0 SR W0 B W g R g
XYZ
0.0

N% 5 180.00
NZ 1 181.64
NZ 1 144,97
NZ 1 115.71
NZ 1 92.36
NZ 1 73.72
NZ 1 58.84
N% 1 46.96
NZ 1 37.48
NZ 1 29.92
N% 1 23.88
NZ 1 19.06
NZ 1 15.21
N% 1 12.14
NZ 1 9.69
NZ 1 7.74
N% 1 6.17
NZ 1 4,93
NZ 1 3.93
NZ 1 3.14
N% 1 2.51
NZ 20 2.00
NZ 1 2.96
NZ 1 4,37
NZ 1 6.46
NZ 1 9,55
N% 1 14.12
NZ 1 20.88
NZ 1 30.86
NZ 1 45,63
NZ 1 67.45
NZ 1 99,72
NZ 1 147.42
N% 1 217.94
NZ 1 322.19
NZ 1 476.30
N% 1 704.14
NY 140 36.00
X 140 36.00
ENDFI————1————%——— -2 %3k ____ 4k Kk Kk Tk ____g

Figure 6.14. INFILE for grid generation.



TITLE Insalah CO2 Injection Simulation

ROCKS —— =l Do B i ndben el Bl v vkl el 08
SAND1 3 2260.e00 0.100 1.0e-17 1.0e-17 1.0e-17 2.51 920.
0.0E-10 0.0
3 0.30 0.05
7 0.457 0.30 0.05 1.99E4 1.0
0 0 0.20 1.5e9 1.0 0.0
0.090 5.0e-08 0.0 0.0 22.2 0.0 0.0 0.0
SAND2 3 2260.e00 0.0100 1.0e-19 1.0e-19 1.0e-19 2.51 920.
0.00E-11 0.0
3 0.30 0.05
7 0.457 0.30 0.05 6.21E5 1.0
0 0 0.15 20.e9 1.0 0.0
0.009 5.0e-08 0.0 0.0 22.2 0.0 0.0 0.0
SAND3 3 2260.e00 0.170 1.3e-14 1.3e-14 1.3e-14 2.51 920.
0.0E-10 0.0
3 0.30 0.05
7 0.457 0.30 0.05 1.99E4 1.0
0 0 0.20 6.0e9 1.0 0.0
0.153 5.0e-08 0.0 0.0 22.2 0.0 0.0 0.0
SAND4 3 2260.e00 0.0100 1.0e-21 1.0e-21 1.0e-21 2.51 920.
0.00E-11 0.0
3 0.30 0.05
7 0.457 0.30 0.05 6.21E5 1.0
0 0 0.15 20.e9 1.0 0.0
0.009 5.0e-08 0.0 0.0 22.2 0.0 0.0 0.0
MULTI ———=l~—w—¥F— e &k Be e v Bl w8
3 4 3 6 1
SELEC. .. .2:::¢3:cesd:es:5eseebeeeeTeeeeBeese9es10,4.11...12.4.13...14...15...16
1 0 0 0 0 0 0 0
+8 .8
START -l ®* P ¥ e e b S e R 8
o U L e e e e e e e e e e ]
19199 99991000001000200 4 11
0 0.9480e08 0.1000e05 0.1000e12 2.81
1.E-5 1.E00
45.00eb 0.0e-2 .000000e-03 90.0
SOLVR———— 1 * P e e e b R e 8
2 Z1 ao 8.0e-1 1.0e-7
GEMER~—~——-1----%—~-—--2-———-%___--3 % 4% __§ % __H-———-¥%_F——— % ___38
00001DEL 2 1 DELY 9.360E-014 1.570E+06 10.00
002AXDEL 2 1 DELY 9.360E-014 1.570E+06 10.00
04tKHDEL 2 1 DELY 9.360E-014 1.570E+06 10.00
04vunDEL 2 1 DELY 9.360E-014 1.570E+06 10.00

Figure 6.15. Top of INFILE for generation of prigarariables at hydrostatic equilibrium.



Finally, we simulated C@injection. The previous simulation outputted a FAVile that
contained primary variables at hydrostatic equilibr. The bottom three lines were replaced by
a blank line and the file was renamed INCON. Fagérl6 shows part of the GENER Section.
The RSTR keyword is used to specify a referencenrsass at a reference elevation in order to
initialize mean stress. Deliverability wells (DEL\At hydrostatic pressure are placed in grid
blocks on the outer boundary to approximate thestzom pressure boundary condition there.
The horizontal well is located in an x-directiowrof grid blocks starting at grid blodk000Z
and equal amounts of G@re injected into each one. The total x-directemgth of these grid
blocks is approximately the well length. Figurd®.shows the rest of INFILE, namely the
GRMOD Section. The material regions (MATRG) aré fee layers corresponding to the four
geological zones described above. Temperature doevary with time, since the energy
equation is not solved, but varies by layer andetsfor each using the TEMPR record. The
BNDST keyword specifies grid blocks connected t® shrroundings, those on the lateral outer

faces and top and bottom of the Cartesian grid.

The simulation was run for three years. Figure &i@ws surface uplift after three years of,CO
injection and Figure 6.19 is a comparison of vattdisplacement (surface uplift) versus depth at
the well for TOUGH2-CSM and the reference. The fpwofiles are close to each other. The
grid used in the reference is much coarser thad@@dGH2-CSM grid, consisting of about ten
thousand grid blocks.



GENER-————1-———%————2———_%____3____% ___4____*% ___ K ___ % ___§ % ___J____%_ ___3g

00001REF 1
04 tkHDEL
04tkIDEL
04tkJDEL
04 tLKKDEL
04TtKLDEL
04 TLKMDEL
04 tKNDEL
04tkODEL
04 tkPDEL
04tkODEL

[ RCI S B C I G I G B I

0000ZINJ 1
0.0000e09
0.11588
002C3THJ 1
0.0000209
0.11588
004NXINJ 1
0.0000e09
0.11588
006Z1THJ 1
0.0000e09
0.11588
008KVINJ 1
0.0000e09
0.11588
00AVZINT 1
0.0000e09
0.11588

Figure 6.16. GENER section for INFILE.

0.9480e09
0.11588

0.9480209
0.11588

0.9480e09
0.11588

0.9480e09
0.11588

0.9480e09
0.11588

0.9480e09
0.11588

1

[ R

0.1254el10

0.1254el10

0.1254el10

0.1254el10

0.1254el0

0.1254el10

RS5TR 1.0E+05
DELY 3.600E-015
DELY 3.600E-015
DELY 3.600E-015
DELY 3.600E-015
DELY 3.600E-015
DELY 3.633E-017
DELY 2.899E-017
DELY 2.314E-017
DELY 1.847E-017
DELY 1.474E-017

COM3

0.0
COM3

0.0
COM3

0.0
COM3

0.0
COM3

0.0
COM3

0.0

60.0
1.570E+06
3.323E+06
5.073E+06
6.820E+06
8.564E+06
1.031E+07
1.189E+07
1.314E+07
1.414E+07
1.494E+07

0.3160el10

0.0

0.3160el10

0.0

0.3160e10

0.0

0.3160el0

0.0

0.3160e10

0.0

0.3160el0

0.0

0.0
10.00
10.00
10.00
10.00
10.00
10.00
10.00
10.00
10.00
10.00



GRMOD————1-————%——— 2 %____3____%____ 4 % ___ K ___ % ___§f ___k ___J____% ___8g

COEFS 8400 60 1 1 1

MATRG 1 140 1 140 1 5 1
MATRG 1 140 1 140 6 30 2
MATRG 1 140 1 140 31 40 3
MATRG 1 140 1 140 41 60 4
TEMPR 1 140 1 140 1 1 38.40
TEMPR 1 140 1 140 2 2 43.80
TEMPR 1 140 1 140 3 3 49.20
TEMPR 1 140 1 140 4 4 54 .60
TEMPR 1 140 1 140 5 5 60.00
TEMFPR 1 140 1 140 ] 6 65.42
TEMPR 1 140 1 140 7 7 T0.32
TEMPR 1 140 1 140 8 8 T4.23
TEMPR 1 140 1 140 Q9 Q9 T7.306
TEMPR 1 140 1 140 10 10 79.85
TEMPR 1 140 1 140 50 50 91.51
TEMPR 1 140 1 140 51 51 92.04
TEMPR 1 140 1 140 52 52 92.81
TEMPR 1 140 1 140 53 53 93.96
TEMPR 1 140 1 140 54 54 95.66
TEMFPR 1 140 1 140 55 55 98.16
TEMPR 1 140 1 140 56 56 101.87
TEMPR 1 140 1 140 57 57 103.00
TEMPR 1 140 1 140 58 58 103.00
TEMPR 1 140 1 140 59 59 103.00
TEMPR 1 140 1 140 60 60 103.00
BHDST 1 140 1 140 1 1 1
BHDST 1 140 1 140 60 60 1
BHDST 1 140 1 1 1 60 1
BHDST 1 140 140 140 1 60 1
BHDST 1 1 1 140 1 60 1
BHDST 140 140 1 140 1 60 1
L B A T e L
L i R e B | AR e

Figure 6.17. End of INFILE.
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Figure 6.18. Surface uplift after three years gdétion.
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6.5 Ground Deformation and Heat Flow in Caldera Structue

6.5.1 Problem Description

The Phlegrean Fields caldera, located near Najpédg, undergoes periodic episodes of volcanic
unrest that includes seismic activity and slow gmovement. This unrest is believed to be
caused by pressurization of the magma chamber anfluid migration. The caldera has been
slowly subsiding with periodic short-lived minor liffs after two major episodes of unrest
during 1969-1972 and 1982-1984. Todesco et aD32M) hypothesized that the recent activity
was associated with periods of more intense magnuadgassing that would cause larger
amounts of fluid to enter the caldera, accompatigdground deformation, increased pore
pressure, and higher temperatures. To verify iy modeled hydrothermal fluid flow and
porous medium deformation in a cylindrical systesing the coupled TOUGH2-FLAC
simulator, with fluid components water and carb@xidle and the system heated by an influx of
hot fluids from the bottom. Heat and fluid trandmmulations were first done to match current
conditions that were deduced from geochemical daédding injection rates of 3,000 t/day of
water and 1500 t/d of Gat 350 °C for 4,000 years.  These results seaganitial conditions
for the periods of enhanced degassing, simulatednbneasing the fluid influx for a given
amount of time. The system top was at atmosplpeeassure and ambient temperature (20 °C);
the outer radial boundary and the rest of the bottere impermeable and adiabatic.

6.5.2 TOUGH2-CSM Simulation Details

The simulation domain was 2,500 m in radius an@@ /& in height. The r-z grid was 50 x 50,
grid block height was constant, and grid block ahdhickness varied logarithmically with the

innermost grid blocks 30 m wide. The INFILE fordggeneration is shown in Figure 6.20.

Figure 6.21 shows the beginning of the INFILE foe simulations. The MULTI record shows
two for the number of components (NK in Figure 4.4ince fluid property module EOS2

contains only water and GO The number of primary variables is four and thementum



calculation flag is one. The energy and momentanservation equations are solved along with

the two mass conservation equations.

TITLE Phlegrean Fields Simulation

MESHMAKERl —~—-%-—~~--2—-—-%-—— -3 % f % R % ¥ =T ¥ -8
RZ2D
RADIT
2
0.0 30.0
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49 2500.0
LAYER
50
30.00 30.00 30.00 30.00 30.00 30.00 30.00 30.00
30.00 30.00 30.00 30.00 30.00 30.00 30.00 30.00
30.00 30.00 30.00 30.00 30.00 30.00 30.00 30.00
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30.00 30.00 30.00 30.00 30.00 30.00 30.00 30.00
30.00 30.00
EMDFIL——1-———-%-———-2————%____3___ % ____4____%____§K_ ___*% ___§_ % ___7F____*%____@8

Figure 20. INFILE for grid generation.

TITLE Phlegrean Fields Simulation
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ROCK 3 2000.000 20 1.0e-14 1.0e-14 1.0e-14 2.80 1000.
0.0e-10 0.0
3 0.30 0.05
7 0.457 0.20 0.05 9999 1.0
0 0 0.25 9.0e9 1.0 60. l1.e-10
0.00 0.0 0.0 0.0 0.0 0.0 0.0 0.0
L L I e B e e e e e
2 4 2 6 1
SELEC.++:2¢sse3seeedese:BeeeebenesTeersB8eese9e:.10,,..11,,.12,..13,..14...15...16
1 0 0 0 0 0 0 0
8 +8
START -wrmrl omenfinmrs S e m s T T T T I TR D T TR D T T T T T T
N N e I - e T T e
19000 99991000001000020 4 110
01.26621e110.1000e05 9.81
1.E-5 1.E00
147.e5 100.000 0.0
SOLY R memrlamessfinoss Semes S nn s e mm T e I T D T TR D T T T T T
2 Z1 00 8.0e-1 1.0e-7
] e I - e L R e L

Figure 21. Beginning of INFILE for simulations.
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Figure 6.22. GRMOD section for INFILE.
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Figure 6.22 shows the GENER section of the INFIL&.reference mean stress at a reference
elevation is specified for mean stress initialiaati Below that are fifty deliverability wells
producing fluid to ambient pressure, followed bytyfiwells producing heat to ambient
temperature, with one of each in the top row ofl driocks. Those are followed by five wells
injecting CQ and five wells injecting water, with one of eaalthe five innermost grid blocks in
the bottom row of the grid. The injected fluid lealpy corresponds to the injection temperature

of 350 °C and the well rates are selected suchthieanflux per unit surface area is constant.

We first ran a simulation to generate primary Malga in hydrostatic equilibrium. We
deactivated the momentum conservation equationetting ISTCAL in the MULTI record to
zero, set the number of primary variables to thremoved the C®and water injectors from the
GRMOD section, and ran the simulation until thetsysequilibrated. The simulation output a
SAVE file that was renamed INCON and the bottone¢hiines replaced by blank one.

We then ran the actual simulation with the GRMODBtis® shown in Figure 6.22 and primary
variables input using the above INCON file. Figuée23a shows the TOUGH2-CSM
temperature profiles at 4,000 years and Figure 6. 2%ws the published results; they are
similar. Gas saturation profiles are shown in FegL6.24a and 6.24b, and are also similar. Fluid
injection rates were increased by a factor of mntiie next two years and surface uplift was
calculated over this time interval using Equati@n3 and 6.4. Figures 6.25a and 6.25b show

surface uplift. The maximum value and the ratdeafline of both profiles agree with each other.
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Figure 6.23a: Temperature profile after 4000 y@gestion.
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Figure 6.23b: Temperature profile after 4000 yeamgection Todesco et al. (2003a).
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Figure 6.24a: C® saturation profile after 4000 years injection.



Figure 6.24b: C@ saturation profile after 4000 years injection Teoe et al. (2003a).



Figure 6.25a: Surface uplift after two years of h@g injection rates (10 times).



Figure 6.25b: Surface uplift after two years of Hag injection rates (10 times) from Todesco et(2003a).



7. CONCLUSIONS

We developed a massively parallel reservoir sinoujatalled TOUGH2-CSM, for modeling

thermal-hydrological-mechanical processes in fr@duand porous media brine aquifers. The
starting point for TOUGH2-CSM is the massively pliaf OUGH2-MP code and formulation.

We derived, from the fundamental equations deswgilweformation of porous and fractured
elastic media, a momentum conservation equatioltingl mean stress, pressure, and
temperature, and incorporated it alongside the raadsenergy conservation equations from the
TOUGH2-MP formulation. In addition, rock propedjenamely permeability and porosity, are

functions effective stress and other variables dnatobtained from the literature.

We presented detailed instructions for running TG128CSM. We described in detail the

information contained in the input files neededrtim a TOUGH2-CSM simulation and the

outputs from such as simulation. We illustrate@ gimulator performance using several
example problems that are described in detail,utinog a one-dimensional consolidation

problem of a double porosity column, a two-dimenaicsimulation of the Mandel-Cryer effect,

CQO; injection into a layered saline aquifer, injectiomo the water leg of a depleting gas field,
and a injection of hot fluid into a model of a cald structure. These example problems
provided good matches of analytical solutions anbliphed results and illustrated TOUGH2-

CSM simulation capabilities including its capacity simulate geomechanical and thermal
effects, multiple porosity media, and the paraitede’s ability to solve large problems.
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APPENDIX B. RELATIVE PERMEABILITY FUNCTIONS

IRP=1

IRP =2

IRP =3

IRP =4

IRP =5

Linear functions

ky increases linearly from O to 1 in the range
RP(1) SI RP(3);

krq increases linearly from O to 1 in the range
RP(2) Sg RP(4)

Restrictions: RP(3) > RP(1); RP(4) > RP(2).
k = §*RP(1)

kg = 1.

Corey's curves (1954)

o
I+

||23&

OIJ no2 3&

1.21.
29 .21

where 2
with S, = RP(1); & = RP(2)
Restrictions: RP(1) + RP(2) < 1

Grant's curves

3 1.79.
I

where
with S, = RP(1); & = RP(2)
Restrictions: RP(1) + RP(2) <1

All phases perfectly mobile



kig = ki = 1 for all saturations; no parameters

IRP =6 Functions of Fatt and Klikoff (1959)

- 2% >
°t
-, n2 $>
]
s _1.71.
where 2 o -
with S, = RP(1).
Restriction: RP(1) < 1.
IRP =7 van Genuchten-Mualem model (Mualem, 1976; van Genuten,
1980)
— &
=, o »23Y" o .2 S%f 374(;AS_)/¢~‘(2¢,&\5\

%%%% % %% YRE%R0% %% % %% %" %% ¢, A%?
Gas relative permeability can be chosen as onleedfollowing three

forms, the second of which is due to Corey (1954)

N "7 %%%%NOABEISEE TE E 0%
— T2 3 %2 380400, ApeRild%... E 1 0%ild%... E 0
A &AT [5)

A sEe e TN %% ABY%qrs% EE 10

~n

subject to the restrictiod ™ -.Y -,

2% 1.77. 3, 1.27.
Here, 129 | 129 . 21

Parameters: RP(1) =
RP(2) = &

RP(3) =&

ERDN

Ziy Yy



RP@4) =&
RP(5) = switching parameter
Notation: Parameteris m in van Genuchten’s notation, with m = 1-1/n;
parameter n is often written as

IRP =8 Function of Verma et al. (1985)

_Oi 23>

" O 0% oz

1.29.
where g
121

Parameters as measured by Verma et al. (1985)famswater flow in
an unconsolidated sand:
,=RP(1)=0.2
Ss = RP(2) = 0.895
A =RP(3) = 1.259
B = RP(4) = -1.7615
C = RP(5) = 0.5089
IRP =9,10 ECM function (Pruess and Tsang, 1994)
These two options are the original effective camtim model (ECM),
which use a threshold liquid saturation concepfindd as

Y Uy Uy

where botHJg andUgare void fractions or porosities for matrix and
fractures respectively, defined in terms of thekludlume of formation.

The only difference between IRP =9 and = 10 i$ dption of IRP =9



handles isotropic permeability cases and IRP =ditlles anisotropic
permeability scenarios. In general, the two ECMtreé permeability
functions need (1) matrix continuum and fracturetomum permeability
and (2) a special capillary function (defined irPIE 8 in Appendix VI).

It is assumed that PER(i) and PERF(i), input in RE&Care absolute con
tinuum permeability of matrix and fractures (i =21,3), respectively,

along the three principal axes or directions, dsdd in CONNE. See Table B.1
for parameter definition.

Table B.1. Definition of parameters for IRP=9 and D with ECM relative permeability
functions.

IRP= 9 for ECM option in isotropic fracture systems
IRP= 10 for ECM option in anisotropic fracture syss.
RP(1)= M of van Genuchten’s function for matrix.
RP(2)= 9 residual liquid saturation in matrix.

RP(3)= M of van Genuchten’s function for fractures.
RP(4)= 9 residual liquid saturation in fractures.

ratio of fracture and matrix permeabilities, usetyo
RP(5)= | kkn
for isotropic properties of fracture-matrix systems

RP(6)= o threshold liquid saturation.

RP(7)= |1- ¢ ¢ is fracture porosity.




IRP =11 Generalized ECM function (Wu et al. 1996; Wu 2000)
This is a generalized ECM formulation, which relegdy on thermody
namic equilibrium assumption for fracture and masystems (Wu,
2000). The generalized ECM relative permeabilitychions need
(1) matrix continuum and fracture continuum perniggtand (2) a spe
cial capillary function (defined in ICP = 9 in Appdix VI). It is assumed
that PER(i) and PERF(i), input in ROCKS, are absobtontinuum per
meability of matrix and fractures (i = 1, 2, 3)spectively, along the
three principal axes or directions, as defined @NDIE. Table B.2 de
fines the parameters for the ECM relative permésglinction.

Table B.2 Definition of parameters for IRP=11 withgeneralized ECM relative permeability
functions.

lIRP= 11 For generalized ECM option.
IRP(1)=|my Of van Genuchten’s function for matrix.
IRP(2= |S Residual liquid saturation in matrix.
IRP(3)= |m Of van Genuchten’s function for fractures.
IRP4)= |S Residual liquid saturation in fractures.

>0 krg =1.0 - krl
IRP(5)=
< 0 using Corey's function for krg.

IRP(6)= | S Residual gas saturation in matrix.

IRP(7)= f Fracture continuum porosity.




IRP =12 Generalized Power Law

With  Spmin = RP(1) $max= RP(2) 1= RP(3) $min= RP(4)
Symax= RP(5) g = RP(6)

subject to the restrictiod ™ -.Y -,



APPENDIX C. CAPILLARY PRESSURE FUNCTIONS

ICP=1 Linear function
N OE™" Aéé‘?_(o?C")E
~ % %
Aaay OE
: e - gg > ’711 ) %
AOE "=

48 > 234 &

Bara

Restriction: CP(3) > CP(2).

ICP =2 Function of Pickens et al. (1979)

Bea E ¢ 1/4(;r2éé" e z—:vvoe‘l’°’l/4
with
A=(1+95/S0)(So-S)/(So+ S
B=1-9S
where

Po=CP(1) $=CP(2) %=CP(3)

Restrictions: 0 < CP(2) <1 CP(3); CP@4) O

AaanOE AZA O

ED)

2y )

x=CP®4)

ICP =3 TRUST capillary pressure (Narasimhan et al., 1978)

21 . T AaxosR
AdAYA "
C%‘ﬂ.?ﬂ.) % A
0 AQaYA "

E; E

where
Po=CP(1) $=CP(2) =CP(3)
Restrictions: CP(2) 0; CP@) O
ICP =4 Milly’s function (Milly, 1982)
Bga OROMAG -"0 ©

with

R=CP(4)



ICP =6

ICP =7

where $=CP(1)
Restriction: CP(1) O.
Leverett’s function (Leverett, 1941; Udell and Fitd, 1985)
Bra E c-00 -A%
with
(T) - surface tension of water (supplied internalyf OUGH2-CSM)
f(S) = 1.417 (1 - S*) - 2.120 (1 - S$*% 1.263 (1 - SY
where
S*=(S-S)/(1- %)
Parameters: PO =CP(1) , SCP(2)
Restriction: 0 CP(2) <1

van Genuchten function(van Genuchten, 1980)

1?2Y%

Bea E o .27 "
subject to the restriction
-Brax<Peap O
Here,
S*=(S-S)(L-S)
Parameters: CP(196D " !E

CP(2)=% (should be chosen smaller than the

corresponding parameter in the relative permeglfiinction;



ICP =8

see note below.)
CP(3)=1/R
CP(4)=Rhax
CP(5) =%
Notation: Parametddis m in van Genuchten’s notation, with m =1 -;1/n
parameter n is often written as

Note on parameter choices: In van Genuchten’s atoiv (1980), the pa-

rameter & for irreducible water saturation is the same mrilative
permeability and capillary pressure functions. A®asequence, for S
Srwe havek OandRyp - , which is unphysical because it im-
plies that the radii of capillary menisci go toaas liquid phase is be
coming immobile (discontinuous). In reality, no siaé capillary pressure
effects are expected when liquid phase becomesrtiscious. Accord-
ingly, we recommend always choosing a smallefoSthe capillary pres-

sure compared to the relative permeability function

ECM function (Pruess and Tsang, 1994)
This ECM capillary function should be used with ©ptIRP=9 or 10 of
ECM relative permeability functions. Table C.1dishe definition of the

related parameters.



Table C.1 Definition of parameters for ICP = 8 withECM capillary pressure functions.

ICP= 8 For effective continuum approach option.

CP(1)=| M Of van Genuchten’s function for matrix.

CP3)=| S Residual liquid saturation in matrix.

CP(2)= With units P&, van Genuchten’s parameter for matri.

CP(4)=| P.max | Maximum capillary pressure allowed.

CPB)=| S Satiated saturation in matrix.

CP(6)=| Sn Threshold liquid saturation.

CP(7)= Parameter used to considering air entry effects.




ICP=9 Generalized ECM function (Wu et al. 1996, Wu 2000)
The generalized ECM capillary function should bedusnly with Option
IRP=11 of generalized ECM relative permeabilitydtions. Table C.2
lists the definition of the related parameters.

Table C.2 Definition of parameters for ICP = 8 with the generalized ECM capillary
pressure functions.

ICP= 9 For ECM option.

CP(Q)=] m, Of van Genuchten’s m for matrix.

CPQ)=| S Residual liquid saturation in matrix.

CPQ2)=| n With units P&, van Genuchten’s parameter for matri.

CP(@)=| Pamax | Maximum capillary pressure allowed.

CPB)=| S Residual liquid saturation in fractures.

CP(6)= | mx Of van Genuchten’s m for fractures.

With units P&, van Genuchten's parameter for

CP(N=1 fractures.




APPENDIX D. POROSITY VARIATION OPTIONS
IPOPT =0: Constant porosity
IPOPT =1  Equation 2.48, from Rutqvist et al. (20Q3@ually used with IKOPT=1
RCKPAR(1) = ;
RCKPAR(2) = a
IPOPT =2  Equation 2.51, from Rutqvist et al. (200@sually used with IKOPT=2
RCKPAR(1) = g1
RCKPAR(2) = bg:
RCKPAR(3) =,
RCKPAR(4) = by
RCKPAR(5) = 5
RCKPAR(6) = bgs

RCKPAR(7) = d

IPOPT =3  Equation 2.53, from McKee et al. (1988)
COM =g,
IPOPT =4  Slightly compressible rock with thermapansion, given by
HH" L e |
COM =g,
EXPAN =g
RCKPAR(1) = Ry

RCKPAR(2) = Tef



IPOPT =5  Equation 2.47

SOLMOD = Ks



APPENDIX E. PERMEABILITY VARIATION OPTIONS

IKOPT = 0:

IKOPT =1

IKOPT =2

IKOPT =3

IKOPT =4

IKOPT =5

Constant permeability

Equation 2.49, from Rutqvist et al. (2Dp0Rsually used with IPOPT=1
RCKPAR(5) = ¢

Equation 2.51, from Rutqvist et al. (2Dp0Rsually used with IPOPT=2
RCKPAR(1) = g1

RCKPAR(2) = bg:

RCKPAR(3) =,

RCKPAR(4) = by

RCKPAR(5) = 5

RCKPAR(6) = bgs

RCKPAR(7) = d

Equation 2.54, Carman-Kozeny equation

Equation 2.55, from Ostensen (1986)
RCKPAR(5) = x-direction ™

RCKPAR(6) = y-direction ™

RCKPAR(7) = z-direction””

RCKPAR(8) = n

Equation 2.56, Verma and Pruess (1988)
RCKPAR(6) = k/ko

RCKPAR(7) = / o

RCKPAR(8) = n



