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Abstract

A standard model for hydrodynamicdispersionhas been added to TOUGH2. The

dispersion model, intended for use with the BOS? fluid properties module, accounts for the

effects of hydrodynamic dispersion and moleculardiffusion in two-dimensionalrectangular

domains. Because the model.requiresDarcyvelocityand speciesconcentration.gradient

vectors at all connections, known vector components(perpendicularto the grid block

interfaces) from neighboring connectionsare ~terpolated to form the unknowncomponents

(parallel to the grid block interfaces)at each connection. Thus the dispersivefluxes depend

not only on the primary variables of the two connected'grid blocks but on all primary

variables of the six neighbor grid blocks of each interface. This givesrise to added terms

in the Jacobian matrix relative to standardTOUGH2where fluxes depend only on primary

variables in the two connected gridblocks. For flexibilityin implementingboundary

conditions, the model allows the user to define a flow domain that isa subset of the

calculation domain. The PARAM and SELBCblocks of the TOUGH2 input ftie are used

to specify parameters and boundary conditionoptionsfor the dispersion module. The

dispersion module has been verified by comparingcomputed results to analytical solutions.

As an introduction to applications, we demonstratethe solution of a difficult two-

dimensional flow problem with variable salinityand strong coupling between dispersive

and advective flow.
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1.. Introduction

We have added a general model.for Fickiansolute dispersionto the multiphase

porous media transport code TOUGH2. Used in conjunctionwith EOS7,an equation of

state module for water, brine, and air, the TOUGH2 Dispersion Module (T2DM) models

brine transport includingthe effects of hydrodynamicdispersion and molecular diffusionin

rectangular, two-dimensional regions. Diffusion and hydrodynamic dispersion of vapor

and air in the gas phase are also modeled. The dispersionmodule consists of a main

program and eight subroutineswhich must be.compiledand linked in front of the standard

TOUGH2 Version 1.0. The dispersion module is entirely an extension of TOUGH2. As

such, none of the modeling capabilitiesof TOUGH2 are lost with the use of T2DM, except

for the current restriction to two dimensions and a rectangularmesh. This report presents a

discussion of the dispersion model used and its implementationin TOUGH2, followedby

instructions for using the new module.. Example problems are solved to verify the model

against availableanalytical and numerical solutions.. This report on TIDM is an extension

to existing TOUGH2 documentation (Pruess, 1987, 1991).

2. Mathematical Model

The general conservationequations solvedby the integral finite differencemethod

(IFDM) in TOUGH2 consist of balances between mass accumulation and flux and source

terms over all grid blocks Vn into which the flow domain V has been partitioned (see Fig.

1):

~ f M(K:)dv= l F.n dT +f q(lQ dV

Vn Tn Vn . (1)
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rn

Fig. 1. Single grid blockn with volume Vn and surface area Tn.

In Eq. 1, the index n =1, ..., N corresponds to the grid blocks. The index 1(= 1, ...,

NK+1 corresponds to the NK fluid components and heat. The nth two-dimensionalgrid

block with volume Vn and surface area Tn is shown in Fig. 1. The mass accumulation

term (M) in Eq. 1 is given by

NPH

M(K)= t/JL S/3ppX!ilC)
/3=1 (2)

(see Nomenclature for definition of symbols). The flux term has contributions from both

the phase flux and from dispersion and can be written

NPH

F(K) = L (x~lC)F/3- p~1C)VX~1C))
/3=1 . (3)

The fIrst term on the right-hand side of Eq. 3 is the phase flux term which accounts for the

flux of component 1Carising from advectionof the phases containing 1C.Phase flux is

written as ~multiphase version of Darcy's Law:
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k f3 .

Ff3= Pp Up = -k~ Pf3(VPp- ppg).
Jlf3

(4)

The second term on the right-hand side of Eq. 3 is the dispersiontenn with the dispersion

tensor indicated by the overbar. This report focuseson our implementationof a dispersion

model which, for all phases /3=1, ..., NPH present, accounts for the contribution to the

flux of component K:due to dispersion.

We have employed a general model which accountsfor both moleculardiffusion

and hydrodynamic dispersion (deMarsily, 1986). The bold Din Eq. 3 is the dispersion

tensor, a second order, symmetric tensor with one principaldirection in the average (Darcy)

flow direction, and the other nonnal to it. The dispersionmodel is written in terms of

dispersion coefficients in the longitudinal (DiJ and transverse(Dr) directionsrelative to the

flow direction where

D~p = if> .Sf3.'C.d; + aL up (5)

D~p = if>.Sf3.'C.d; + aTuf3 (6)

Here cf>is the porosity, Sf3is the saturation of phase /3,'ris the tortuosity of the medium, d;

is the molecular diffusivity for componentK: in phase /3, aL is the intrinsic longitudinal

dispersion cOefficient(often called the longitudinaldispersivity,or longitudinaldispersion

length), aT is the intrinsic transverse dispersioncoefficient, and Uf3 is the magnitude of the

Darcy velocity of phase {3. We assume that the dispersivitiesare (a) propertiesof the

porous medium, (b) the same for all phases and, (c) independent of phase saturation. This

is an expedient at present as little is known aboutthe dependenceof dispersivitieson

wettability and saturation of different phases (Sahimiet al., 1986a,b). The dispersion

tensor of Eq. 3 can be written as
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(D1( - D1( )IY - D 1( _I + 0 L,p T,p
P - T,p 2 Up Uf3

Uf3

(7)

or, in tenns of components relative to orthogonalcoordinateaxes i and},

D~ f3
- DK: ~ (DL,

K:
f3

-DK: )
Z], - T,f3uij + T,p2 Ui Uj

Uf3

(8)

where cijis the Kronecker delta function.

Substituting Eq. 7 intoEq. 3 gives the mass flux of component 1Cdue to molecular

diffusion and hydrodynamic dispersionin phase f3:

(DK: DK: )F (lC) - -p n<lC)VX(K:) - -pnnK: VX(lC) - P L,f3- T,p U (u .V X (lC»
)f3,d -. f3 f3 f3 - P-T,f3 f3 f3 2 f3 f3 f3.

. Uf3 .

(9)

This tenn is calculated in the presentdispersionmodule and is added to the phase flux (fIrSt

term in Eq. 3). In TOUGH2, the discretizedmass and energy balance equations are solved

simultaneously taking all couplingterms into account. Because the disperson module

simply augments the flux term by the flux due to dispersion,none of the many capabilities

of the standard TOUGH2 are taken away with the use of T2DM.

3. Implementation

3.1 Interpolation of Velocity and Gradient Vectors

The above dispersion model has been implemented in TOUGH2 with the addition

. of the new subroutine DISF whichcalculates the dispersive fluxes. Two other new

subroutines (DOT, and OUTDF) have been added and minor modifications for interfacing

with the dispersion routines have been made to the main program and to five subroutines.

In the standard TOUGH2 methodology,the geometricdata for grid blocks and their flow
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connections are listed as scattereddata with no referenceto ariyglobal system of

coordinates whatsoever. The dispersive fluxes depend on the vector quantitiesof Darcy

velocity and speciesconcentrationgradient at each interface. In two-dimensionalflow there

are two vector components: the component perpendicularto the interfacecan be calculated

directly from thermodynamicparameters of the two neighboringgrid blocks; the

component parallel to the interfacemust be interpolatedfrom four direct componentsthat

involve thermodynamic parameters of six neighboring grid blocks. In order to perform this

interpolation, some coordinate system must be referenced. Shown in Fig. 2 is the

terminology of the local neighboringgrid blocks, vertices, and interfacesused to calculate

the required interface quantities. In this tenninology, grid'blocknodes are referred to by

lower-case letters while vertices and interfaces are referred to by upper-case letters. For

example, using grid block m as the reference grid block, the lower case grid blocks e, s, w,

and n are the grid blocks to the east, south, west, and north, respectively. The uppercase,

E, S, W, and N are the interfaces to the east, south, west and north. Vertices (intersections

of lines forming boundaries of grid blocks) are given by the upper-case letter pairs

corresponding to their direction away fromm.

In subroutine DISF, the Darcy velocity vector and the gradient vector of the mass

fraction of component K:are interpolatedfrom the interfacecenters onto the vertices and'

then directly onto the center of the interface wherethey will be needed to calculatethe

dispersive flux by Eq. 9. For example, with reference to Fig. 3, the Y-component (D) of

the Darcy velocity vector at interfaceN is given by

UN = UNW + UNE2 (10)

where

UNW = UnWDIN +UWD2N
DIN + D2N

(11)
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Fig. 2. Terminology for the grid blocks and interfaces in the neighborhoodof grid block m

in the y-Z coordinate plane. Lower case letters refer to nodes, upper case letters to

interfaces between grid blocks.
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DIW-*-DIE

Fig. 3. Interfacial distances relevant to the interpolation of velocity and gradient vectors

onto interface N.

UNE=UnEDIN +UED2N
. DIN + D2N

(12)

are the vertex values of the velocity component. Note that DISF requires that nodes be

centered in their grid blocks (DIE =D1W). It is apparent from Eqs. 10-12 that the Y-

component of velocity at interfaceN is dependenton thermodynamicconditions (primary

variables) at all of the six grid blocks marked in Fig. 3. The Z-component of velocity is

known explicitly at N from data given for grid blocks n and m and no interpolationis

required. Analogous interpolationis made at all other interfaces. The component of the

solute concentration gradientvector perpendicularto the interface is calculatedas a fIrst

order finite differenceby taking the differenceof the nodal values dividedby the connectionI

distance. After these direct gradient componentsare calculated,they are interpolatedonto

12
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the interfaces in the same manner as the velocityvectors (Eq. 10). It is importantto note

that the interpolationscheme used in DISF requiresthat all computationaldomainsbe at

least 2 grid blocks on each side in the Y-and Z-directions. The smallestdomaincompatible

with DISF consists of four grid blocks, two in the Y-direction and two in the Z-direction.

As stated above, at each interface onecomponentof the velocityvector, and one

component of the gradient vector are known directly,thus obviatingthe need for

interpolation (Fig. 4).

.

Fig. 4. Velocity or concentration gradient vectorcomponents at grid block interfaces. .

Filled (black) components of velocity are known directly. Unfilled (white) components

must be interpolated. Filled (black) componentsof concentrationgradientvectors can be

calculated directly by differencingof the knowncompositionvalues at the nodes (solid

circles) and dividing by their connection distances. Unfilled (white)componentsmust be

interpolated from the interfaceswhere they can be calculateddirectly.
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In the standard TOUGH2 methodology,the flowrate across the interface between

two grid blocks depends only on the primary variablesand properties of the two connected

grid blocks. The flow term thus gives rise to two NEQ x NEQ submatricesof derivatives

in the Jacobian matrix located in the off-diagonallocationscorresponding to the two grid

blocks involved. Because of the interPOlationin T2DM,six grid blocks are involved in

calculating the dispersive fluxes. This is shown schematicallyin Fig. 5 where we consider

the dispersive flux across the interface N (shownby dark line). The direct vector

components at interfaceN (normal to the interface)dependonly on primaryvariablesin the.

grid blocks shown by the cross-hatch pattern; the interpolatedindirect components (parallel

to the interfac~)depend on primary variables in all six grid blocks shown. Because the

dispersive flux depends on the full vectors, whichare composed of both direct and

interpolated components,T2DM generatesfor each interfacesix NEQ x NEQ submatrices

in the Jacobian matrix. The increased number of non-zeroterms in the Jacobian matrix

inc~easesstoragerequirements and execution timesof the linear equation solverrelative to

the standard TOUGH2. To accommodate the increasedstorage requirements,the user

should set the parameter Jv1NCONequal to three times the actual maximumnumber of

connections. DISF places values into the Jacobian in some of the same places as MULTI,

as well as placing multiple'values into the same locationsin the Jacobian matrix. The linear

equation solver MA28 will efficientlysum these duplicateelements and give an informative

warning message that appears in the fIleLINEQ producedduring execution.

In some applications, the extra terms in the Jacobian arising from the dispersive

flux dependence on neighbor grid blocks are less importantthan the direct terms arising

from the two connected grid blocks. These extra termscan be optionallyneglected by

appropriate specificationof parameter MOP(23) (see section 4.2). Neglecting these terms

produces a sparser though less-accurateJacobian matrixwhich may limit convergencerates

and time-step sizes. However, the linear equations are solved faster for the sparser

Jacobian, which for some flow problems may compensate for the decreased time..:stepsize.

14



y

z

Fig. 5. The grid blocks involved in calculatingdispersive flux at interfaceN. The direct

termsarisefromtheconnected.gridblocks(mandn) sho~ bythecross-hatchpattern. .

The indirect terms arise from the neighborgrid blocks shown by the diagonal1inepattern.
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3.2 Boundary Conditions

In standard TOUGH2 method~logy, the calculation domain boundary coincides

with the flow domain boundary. For many transportproblems, it is useful to define a flow

domain consisting of grid blocks that are a subset of the grid blocks comprising the

calculation domain. This allows a flexibledefinitionof concentrationand Darcy velocity

conditions on the flow domain boundary. For example, if one wishes to assign

concentration boundary conditions, this can be accomplishedby assigning appropriate

brine mass factions to grid blocks outside of the flow domain, and giving these grid blocks

very large volumes, say 1.e40 m3, so that their conditionswill remain unchanged. An

example of such boundary conditions is given.in the variable density transportproblem

below. A sketch of a flow domain within the calculation domain is shown in Fig. 6.

calculation domain boundary

~ flow domain boundary
1

2

~
Q)

~
E
::s
0

~
0
~

3

4

5

6

1 2 3 4 '5 6

column number

Fig. 6. Sketch of flow domain (filled with diagonal lines) within calculation domain~On

the bottom, the flow and calculation domains coincide.
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The dimensions of the flow domain are specifiedin the input file by the parametersNFBL~

NFBR~NFBT~and NFBB where NFBL stands for the column (or row) number of the

flow Qoundaryon the left and similarlyfor the other parameter names where the R~T and B

stand for righ~ top, and Qottom~respectively(see also section 4.2). For example, in Fig.

6~ NFBL =2, NFBR =5, NFBT =2, and NFBB =6. If these parameters are not

specified, they will be defaulted such that the flow domain is the same as the calculation

domain.

Calculation of dispersivefluxes requiresfull vector componentsof the Darcy

velocity and brine mass fraction vectors,u and VX (see Eq. 9). As discussed above,

vector components perpendicularto an interfacebetween grid blocks (the."direct"

components) are always calculateddirectlyfrom thennodYfiamicparametersof the -

neighboring -gridblocks, usingflfSt-order fmite difference expressions. This procedure is

followed regardless of whether the.interfaceis in the interior or on the boundary of the flow

domain. (Note that when the flow domaincoincideswith the calculationdomain, no-flow

interfaces will be present at the boundary~ so that the question of how to calculate direct

vector components does not arise.) Vectorcomponents parallel to an interfacemust be

obtained by interpolation (see Figs. 3-5). Special considerationsare required for

interpolating these "indirect" componentsnear the flow domain boundary, where some of

the vector components needed for interpolationare n.otavailable. It is necessary,therefore,

, to assign the missing components in a way that will properly describe the applicable

boundary conditions.

There are two cases for the missingvector component that must be considered: (i) a

vector component situated right on the boundaryand orientedparallel to it (Fig.7); and (ii)

a vector component perpendicularto the boundaryat an interfacein immediateproximityto

the boundary (Fig. 8). In either case, only two of the four vector components needed

for interpolation can be detennined fromparameterswithin the flow domain. Several

options are available for assigning the two "missing"components. The options allow

17



calculation domain boundary

~ ~
missing component
(assigned via MOP(13))

~
direct component interpolated component

Fig. 7. Interpolation of a parallel vector componentat the flow domain boundary.

~~W . boundary~ flow dOmaIn

tdirect component

calculation domain boundary

tmiSSing component tinterpolated component
(assigned via MOP(13))

Fig. 8. Interpolation of a perpendicular vector component at the flow domain boundary.
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flexibilityin modeling differentphysicalsituationsand are selectedby means of the

parameter MOP(13), as follows. For MOP(13) =0, the missing vector components for

both Darcy velocity and brine mass fraction are assignedto be zero. For MOP(13) =3, the

missing vector components are assigned to be equal to their "nearestneighbors" within the

flow domain, i.e., equal to the vector components shown in solid black in Figs. 7 and 8.

This .optioneffectivelycauses the indirectcomponentsto be interpolatedfrom just the two

nearest neighbors within the floWdomain. Mixed optionscan be selected with MOP(13)=
1 or 2. For MOP(13) =1,the missing Darcy velocity components are assigned to be zero,

and the missing brine mass fractiongradient componentsare assignedequal to their nearest

neighbor values. Conversely, for MOP(13) =2 the missing Darcy velocity components are

assigned to their.nearestneighbor values,while the missingbrine mass fraction gradient

components are set to zero.

We emphasize that the only effectof MOP(13) is to select interpolationoptions

for the indirect vector componentsnear the flow domainboundary, as shown in

Figures 7 and 8. Furthermore, the assignment of missing vector components for

interpolation is the same, regardlessof whether or not the calculationdomain coincides

with the flow domain.

3.3 Restrictions on the Mesh

In order to make the interpolationalgorithmsimple androbust, the 1\1ESHmust be

a rectangular Y-Z grid listed by-columnsas will be generatedinternallyby TOUGH2 by

appropriate specification using MESHJ\1AKER The nodes mustbe centered in the grid

blocks. The feature of TOUGH2 which allows users to make grid blocks inactive by

giving them zero volumeand listingthem at the end of the ELEMEblock is not compatible

with TIDM. Instead, inactive grid blocks should be defmedby giving them effectively
\ .

infinite volumes (e.g., 1.e40m3) by editing the :MESHfile. Future releases of TOUGH2

will provide more flexible options for creating inactivegridblocks. The restriction to

rectangular domains should not prove limiting since any arbitrary properties and volumes

19



can be given to the grid blocks and their connectionsto create an arbitrarilyshaped region

of interest within a rectangular set of grid blocks.

. 3.4 Interface Conductivity

The molecular diffusionterms in Eqs. 5 and 6 require interface values of the

product cpS 'rd. Because the moleculardiffusivityd is spatiallyinvariant, the effective

conductivity term that must be approximatedat each interfaceis actually the product tPS 1:

We have used harmonic weightingto approximatethe effectiveinterface conductivity

terms.

The harmonic weighting schemecan be derivedby conservation of flux across the

interface, in complete analogyto permeabilityweightingin Darcy flow in heterogeneous

porous media. Specifically, consider two grid blocks with connection distances DINand

D2N (Fig. 3). If the concentration at the nodes is givenby Cm and Cn, we may write

Cn - Cm = Cn - CN+CN- Cm (13)

We can furthermore write the diffusive flux at interfaceN as

jN=[- P tPSf37:dVC]N =PNKNd (Cn -Cm)
. (DIN + D2N.

(14)

where KNis the unknown interface value of the product t/JS 7:. For simplicity, we assume

for the time being that the density is constant and consideronly the interface conductivity

term KN. Because the flux is continuous across the interface, the fluxes from m to N and

from N to n are equal to the flux across the interfaceN,jN:

pNtl (Cn - Cm)= t (DIN + D2N)
(15)

pNtl (Cn - CN)=~: Dm
(16)
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pt;d (CN -Cm)=/:.. DIN
(17)

Substituting Eqs. 15-17 into 13and canceling commonterms gives rise to the harmonic

weighting scheme for the interface conductivityKN :

DIN + D2N - DIN + D2N
KN Km Kn

(I8a)

or

KN = Km Kn (DIN+D2N)
Kn DIN +Km D2N

(I8b)

For molecular diffusion, the interface fluid density, assumed constant for simplicity

in the above derivation, is taken to be the average fluiddensity in the two grid blocks. For

hydrodynamic dispersion, upstream weighting of the interface density is used.

4. Using the Dispersion Module

4.1 Compilation

The dispersion module (T2DM) consists of a main program (TOUGH2) and eight

subroutines: CYCIT, MULTI, DISF, DOT, LINEQ, OUTDF, MESHM, and GXYZ.

Table 1, taken from a TOUGH2 output fue, shows revised TOUGH2 routines marked with

a "D", while the new subroutines for dispersion are indicatedby an,exclamation point.

. DISF is the new subroutine whichcalculates the dispersiveflux and augments the flux term

as shown in Eq. 9. There is a small companion subroutineto DISF called DOT, which

calculates ,thecomponents of the unit normal vector to the boundaries of the grid blocks.

All of the above sourcecodes are concatenatedtogetheras the file T2DM.
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Table 1. Summary of programunits in T2DM.
**************************************************************************************************************************

SU'MMARYOF PROGRAMUNITS USED

UNIT

**************************************************************************************************************************

COMMENTSVERSION DATE

10

TOUGH2

INPUT

MESHM

GXYZ
PCAR
FLOP
RFILE

C'iCIT

EOS
COWAT
SAT
VISW
PCAP

BALLA

MULTI

DISF

DOT

LINEQ
CONVER

OUT

OUTDF
WRIFI

1.0

1.0D

1.0

1.0D

1.0D
1.0
1.0
1.0

1.1D

0.11
1.0
1.0
1.0
1.0

1.0

1.1D

0.7 !

0.6 !

1.1D
1.0

1.0

0.5 !
1.0

15 APRIL

12 JUNE

11 APRIL

17 JUNE

30 JUNE
25 MARCH
11 APRIL

23 APRIL

05 MAY

7 August
22 JANU1;RY
22 JANUARY
22 JANU1;RY

4 MARCH

16 JULY

28 APRIL

05 MAY

22 JANUARY

05 MAY
4 MARCH

1 AUGUST

17 JUNE
22 JANUARY

1991

1992

1991

1992

1992
1991
1991
1991

1993

1992
1990
1990
1990
1991

1991

1993

1993

1993

1993
1991

1991

1992
1990

OPEN FILES *VERS*. *MESH*. *INCON*. *GENER*, *SAVE*, *LINEQ*, AND *TABLE*

MAIN PROGRAM

READ ALL DATA PROVIDED THROUGH FILE *INPUT*

EXECUTIVE ROUTINE FOR INTERNAL MESH GENERATION

GENERATE1, 2, OR 3-D CARTESIAN MESH
MAKESTRUCTOREDPRINTOUT OF CARTESIAN MESH
CALCULATE NUMBER OF SIGNIFICANT DIGITS FOR FLOATING POINT ARITHMETIC
INITIALIZE DATA FROM FILES *MESH* OR *MINC*, *GENER*, AND *INCON*

EXECUTIVE ROUTINE FOR MARCHING IN TIME

*EOS7* ... THERMOPHYSICAL PROPERTIES MODULE FOR WATER/BRINE/AIR
LIQUID WATER DENSITY AND INT. ENERGY AS FUNCTION OF TEMPERATURE AND PRESSURE
STEAM TABLE EQUATION: SATURATION PRESSURE AS FUNCTION OF TEMPERATURE
VISCOSITY OF LIQUID WATER AS FUNCTION OF TEMPERATUREAND PRESSURE
CAPILLARY PRESSURE AS FUNCTION OF SATURATION

PERFORM SUMMARYBALANCES FOR VOLUME, MASS. AND ENERGY

ASSEMBLE ACCUM. AND FLOW TERMS, PASS OUT NFLUXDVELM VALUES

CALCULATE FLUX DUE TO HYDRODYNAMIC DISPERSION AND MOLECULAR DIFFUSION.
MAXIMUMNUMBER OF INTERFACES (CONNECTIONS) (MNI) = 4000
MAXIMUMNUMBER OF GRID BLOCKS IN Y-DIRECTION (MNYY) = 41
MAXIMUMNUMBER OF GRID BLOCKS IN Z-DIRECTION (MNZZ) = 41

CALCULATE DOT PROOOCT BE'IWEEN UNIT NORMAL AT INTERFACES AND COORDINATE AXES.
MAXIMUMNUMBER OF INTERFACES (CONNECTIONS) (MNI) = 4000

INTERFACEFOR THE LINEAR EQUATIONSOLVERMA28
UPDATE PRIMARY V1\RIABLES AFTER CONVERGENCE IS ACHIEVED

PRINT RESULTS FOR ELEMENTS, CONNECTIONS, AND SINKS/SOURCES

PRINT our INTERBLOCKFLOWRATES FROM DIFFUSION AND DISPERSION
AT THE COMPLETION OF A TOUGH2 RUN, WRITE PRIMARY VARIABLES ON FILE *SAVE*

**************************************************************************************************************************

The subroutines comprisingT2DM must be compiledand linked in front of the

standard TOUGH2 subroutines,using the BOS7 equation-of-statemodule for saline brines

with gas (pruess, 1991). A typical compilation and linking instruction on an ffiM

RS/6000, for example, will be as follows:

xlf -0 -qautodbl=dblpad t2dm.f t2m.f t2f.f eos7.f meshm.f ma28.f

where the italics indicate the new dispersion moduleconsisting of all of its source files.

During linking, warnings indicatingduplicate subroutinenames may appear on some
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computers, but the linker will use the first subroutine with a given name t. That is the

reason for linking the T2DM subroutinesin front of the standard subroutines. In Appendix

1we present a small test problem useful for checkingproperinstallationof T2DM.

4.2 Input Formats

Input to D1SFis given through the PARAMand SELECblocks of TOUGH2 as

follows:

PARAM.l format(212, 314, 2411,2EI0A)

NOITE, KDATA, MCYC, MSEC, MCYPR, (MOP(l), 1= 1,24), DIFFO,

TEXP

see TOUGH report (Pruess, 1987)and informative

TOUGH2 printout for descriptionof all of the above

parametersexcept the following:

MOP(8) specifiesadditionaldiagnosticprintout from T2DM.

Amount of printout increaseswith larger value of MOP(8).

MOP(13) determines assignmentsof boundary vector components for

interpolation. Affects both the flow domain-boundaryand

calculationdomainboundaryidentically.

0: velocity and concentrationgradientvectors are zero.

1: velocity is zero; concentrationgradient is nearest

neighbor.

2: velocity is nearest neighbor;concentrationgradient is

zero.

3: velocity and concentrationgradient are nearest neighbor.

t Some linkers produce fatal errorswhen encounteringduplicate names. In such a case,
the TOUGH2 routines of which modified versions are included in t2dm.f must be removed

from the Version 1.0 TOUGH2 flles.
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MOP(23) handles treatmentof non-direct tenns in the Jacobian.

0: include non-direct terms.

1: neglect non-directterms.

SELEC
" .

keyword tointroduce a data block with reference brine, geometryand

dispersion data.

SELEC.1 format(8I5)

IE( 1), NGBINP( 1),NGBINP(2),NGBINP(3),NFBL,NFBR,NFBT ,NFBB

IE(1) set equal to 4 to read four additional data records of brine,

geometry, and dispersion data.

NGBINP(1)

NGBINP(2)

number of grid blocks in X (must always be equal to 1).

number of grid blocks in Y.

NGBINP(3)

NFBL

number of grid blocks in"Z.

number of the first ("left") column of grid blockswithin the

flow domain (defaults to 1if zero or blank).

NFBR number of the last ("right")column of grid blockswithin the

flow domain (defaults to NGB1NP(2)if zero or blank).

NFBT number of the fIrSt("top") row of grid blocks within the

flow domain (defaults to 1if zero or blank).

NFBB number of the last ("bottom") row of grid blocks within the

flow domain (defaults to NGB1NP(3)if zero or blank).
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SELEC.2 format(3ElOA)

Po, To, Ph

Po reference pressure, Pa.

Pb

reference temperature, °C.

brine density at (Po,To), kg m-3.

To

For Po,To,and Pbequal to zero or blank, default values of Po=1 x

105 Pa, To=25°C, Ph =1185.1 kg m-3 will be used. If Po < 0,

brine will have the same thermophysicalproperties as pure water, allowing

the brine component to behave as a tracer component (seeEOS7 User's

Guide; Pruess, 1991)

BELEC.3 fonnat(3E10A)

v(i), i=1,3

v(i) coefficientsfor salinity correction in aqueousphase viscosity

(see EOS7 User's Guide; Pruess, 1991). For v(i) =0,

default valueswill be used. Specificationof pure water in

record SELEC.2 will override viscosity specifications.

SELEC.4 fonnat(2E10A)

ALPHAT, ALPHAL

ALPHAT transverse dispersivity, ID.

ALPHAL longitudinal dispersivity, m.

SELEC.5 format(6ElOA)

FDDIAG(NP,NK), NK=1,3; NP=1,2

FDDIAG(NP,NK) Molecular diffusivities:fIrStparametersfor three component

diffusivities in phase 1,then parameters for three component
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diffusivities in phase 2 (seeTable 2). Note that the

tortuosityof each materialin the ROCK block of the input

file must be set to some non-zero value to model molecular

diffusion effects.

Table 2. Molecular diffusivitiesfor two phases and three components.

phase component (NP,NK) input units

5. Sample Problems

5.1 One-Dimensional Transportwith Dispersion

This problem considers the one-dimensionaltransport of a tracer in a homogeneous

saturated porous medium with a steady flow field of 0.1 mlday pore velocity. A tracer

solute is introduced at the left-hand side, as shown in Fig. 9. Transport is by advection

and hydrodynamic dispersion. An analytical solution for this problem is givenin Javandel

et al. (1984). The TOUGH2 solution of this problem is accomplished by specifying

constant pressure boundary conditions which will give rise to a steady-state flow field with

0.1 mlday pore velocity (1.157e-6 mls). The TOUGH2 input file is shown in Fig. 10.

Note that the brine is made a tracer chemicalcomponent,with identical thermophysical

26

gaseous water (1,1) FDDIAG(1,1) m2 s-l

brine (1,2) FDDIAG(1,2) m2 S-l

aIr (1,3) FpDIAG(1,3) m2 s-l

aqueous water (2,1) FDDIAG(2,1) m2 s-l

brine (2,2) FDDIAG(2,2) m2 s-l

air (2,3) FDDIAG(2,3) m2 s-l



ryz
~

~

0 7m

Fig. 9. Domain for one-dimensionaldispersion problem.

properties as pure water, by specification of the referencepressure as a negative number.

Also note that in keepingwith the requirementsof the interpolationschemein DISF, the

domain is pseudo-one-dimensional,and actually is two grid blocks wide. Molecular

diffusivity is set to zero for all components.

The :MESHfilewas created with :MESHMAKERandthen edited "by hand" to give

the left- and right-hand side columns of grid blocks effectivelyinfinitevolumes so that their

pressures and mass fractionsof solute are effectivelyconstant. Then appropriateinitial

conditions are chosen such that brine is injected in the left-handside (grid blocks AlII and

A21 1) and the pressure difference betweenthe left and right sides gives rise to the correct

velocity field. These initial conditions are shown in the input file in Fig. 10.

Results for the transport of the brine tracer at t =20 days are shown in Figs. 11and

12. The analytical solution is shown by the solid lines along with results for three different

discretizations (the coarse discretization of Fig. 10 and two higher-resolutiongrids). The

data points on Figs. 11and 12 are at the nodal points and show the valuesof brine

concentration. Results for the three different discretizationsshow the expected trend

toward diminished numericaldispersionand improvedagreementwith the analytical
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*SAMD1* 1-D HYDRODYNAMIC DISPERSION (NO GRAVITY)
ROCKS 1 * 2 * 3 * 4 * 5 * 6 * 7 *---,-8
FINE 2 2650. .30 1.24E-09 1.24E-09 1.24E-09 1.8 1030.

1.
1.
1.

1
1

O.
1.e6

O.
O.

1.

START l * 2 * 3 * 4 * 5 * 6 * 7 * 8
PARAM 1 * 2 * 3 * 4 * 5 * 6 * 7 * 8

3 110 1101 00 0031 40 0
1.728e6 -1. 2.e4 0.00000

3.e-Ol
1.E-05 LEO

1.0000E5 .00 25.
MDLTI 1 * 2 * 3 * 4 * 5 * G * 7

222 6
TIMES l * 2 * 3 * 4 * 5 * 6 * 7

2
4.32e5 1.728eG

SELEC l * 2 * 3 * 4 * 5 * 6
4 1 24 2
-1.e5

O.e-O 1.e-1
O.e-G O.e-G 0.e-6 0.e-6 O.e-G O.e-G

INCON 1 * 2 * 3 * 4 * 5 * 6 * 7 *
All 1

GENER l * 2 * 3 * 4 * 5 * 6 * 7 *

ENDCY
MESHM 1 * 2 * 3 * 4 * 5
XYZ

NX
NY
NY
NY
NY
NY
NY

NY
NZ

O.
1
1
1
12
2
6
1
1
2

1.
1.e-6
.1250
.25

.3125
.50
.25

1.e-G
1.

ENDFI

Fig. 10. Input fue for the one-dimensional dispersion problem.
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100001.75 1. 25.
A211

100001.75 1. 25.
AI0 1

loE5 O. 25.
A201

loE5 O. 25.



1 .0

0.8

0.6
0u

...........

U
0~4

0.2

0.0

.
~

analytical
coarse grid (24 x 2)
fine grid (43 x 2)

+"' + "'f---"---~-~i " " ~--_: ' " r

,I ' ~ i ' ! i

' L L . . .

0 1 2 3 4

Y (m)
5 6 7

Fig. 11. Brine concentration for one-dimensionaldispersion problem at t =20 days. The

solid line represents the analytical result, open triangles show numericalresults with the

coarse (24 x 2) grid, and filled diamonds show numerical results for the [me (43 x 2) grid.
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0.8

0.6
0u

...........u
0.4

0.2

0.0

1.0 -

~ j 1 - analytical 1

I I I . . v~ryfinegrid(112x 2) I

0 1 2 3 4 5 6 7

Y (m)

Fig. 12. One-dimensional tracer transport results at t =20 days.
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solution as the grid becomes finer. To check the convergence of the dispersion model as

the effects of numerical dispersion are decreased,a very fine grid (112 grid blocks in Y-

direction) was used for this one-dimensionalproblem. The calculatedfront at t =20 days

for this very fine grid is plotted in Fig. 12and shows very good agreementwith the
. .

analytical result. By using the automatictime-stepcontrol optionof TOUGH2 (MOP(16))

and varying the maximum time step size throughinput parameterDELTMX,the effects of

time discretizationelTorswere investigatedand determinedto.be of secondaryimportance

relative to the space discretizationelTOrsfor causingthe observednumericaldispersion.

Results plotted in Fig. 12were calculatedwith DELTMX =2.e4 seconds.
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5.2 Two-Dimensional Transport with Dispersion

This problem considers the two-dimensionaltransport and dispersion of a tracer

introduced into the left-hand side of a homogeneousisotropic, saturatedporous medium

with a steady-state flow field from left to right of 0.1 mIday pore velocity. The tracer is

introduced along a line source of length a =0.5 m as shown in Fig. 13. An analYtical

0 .y 7m

0
~
7
~
~
~

z

-4m

Fig. 13. Two-dimensional tracer transportproblem. Source in upper left-hand comer is of

length 0.5 m. Flow field is uniform and steady. There is no gravity in the problem.

solution for this problem is given in Javandel et al. (1984) along with a code for calculating

the tracer concentration. The two discretizationsused are shown in Fig. 14. Note that the

Y-direction discretization shown in Fig. 14a is the same as for the one-dimensional

transport problem of Fig. 9. The input file for the two-dimensional problem is given in

Fig. IS. Note that a negative reference pressure is specified in the input file (SELEC.2)

making the thennophysical proPertiesof the brine component equal to the propertiesof

pure water. In this way, the brine is effectively a tracer component. Transverse and

longitudinal disPersivities are .025 and .1 m, resPectively. A-maximumtime step size of
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0.0

(a) -1.0

Z(m) -2.0

-3.0

-4.0
0.0 1.0 2.0 3.0 4.0 5.0 6.0 7.0

Y(m)
0.0

(b)
-1.0

Z(m) -2.0

-3.0

-4.0
0.0 1.0 2.0 3.0 4.0 5.0 6.0 7.0

Y(m)

Fig. 14. (a) Coarse and (b) fine discretizationsfor the two-dimensionaltracer transport.

Note that there are two columns of grid blocks on the left- and right-hand sides which are

of effectively infinite volume which are not shown.
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*SAMD2* 2-D HYDRODYNAMIC DISPERSION (NO GRAVITY)
ROCKS 1 * 2 * 3 * 4 * 5 * 6 * 7 * 8
FINE 2 2650. .30 1.24E-09 1.24E-09 1.24E-09 1.8 1030.

1.
1.
1.

1
1

O.
1.e6

O.
o.

1.

START 1 * 2 * 3 * 4 * 5 * 6 * 7 * 8
PARAM 1 * 2 * 3 * 4 * 5 * 6 * 7 * 8

3 280 2801 00 0001 40 0
1.728e6 -1. 1.08e4 0.00000

3.e-01
l.E-05 LEO

1.0000E5 .00 25.
MULTI 1 * 2 * 3 * 4 * 5 * 6 * 7

2 2 2 6
TIMES 1 * 2 * 3 *--~-4 * 5 * 6 * 7

2
4.32e5 1.728e6

SELEC l * 2 * 3 * 4 * 5-~--* 6
4 1 24 18
-1.e5

2.5E-2 l.E-1
0.e-6 0.e-6 0.e-6 0.e-6 0.e-6 0.e-6

INCON 1 * 2 * 3 * 4 * 5 * 6 * 7 *
All 1

Fig. 15. Input file for the two-dimensional transport problem.
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100001.75 1. 25.
A21 1

100001.75 1. 25.
A31 1

100001.75 1. 25.
A41 1

100001.75 1. 25.
A51 1

100001.75 1. 25.
A61 1

100001.75 O. 25.
A71 1

100001.75 O. 25.
A81 1

100001.75 o. 25.
A91 1

100001.75 O. 25.
Ml 1

100001.75 O. 25.
AB1 1

100001.75 O. 25.
AC1 1

100001.75 O. 25.
AD1 1

100001.75 O. 25.
AEl 1

100001.75 O. 25.
AF1 1

100001.75 O. 25.
AG1 1

100001. 75 O. 25.
AH1 1

100001.75 O. 25.



GENER 1 * 2 * 3 * 4 * 5 * 6 * 7

ENDCY

MESHM 1 * 2 * 3 *-~--4 * 5
XYZ

Fig. 15. Input file for the two-dimensional transportproblem (continued).
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25.O.
AIl 1

100001.75

25.O.
A10 1

1.E5

25.O.
A201

1.E5

25..0.
A30 1

1.E5

25.O.
A401,

1.E5

25.O.
AS01

1.E5

25.O.
A60 1

1.E5

25.O.
A70 1

l.E?

25.O.
A80 1

1.E5

25.O.
A90 1

l.E5

25.O.
AAO 1

1.E5

25.O.
ABO 1

l.E5

25.O.
ACO 1

1.E5

25.O.
ADO 1

1.E5

25.O.
AEO 1

1.E5

25.O.
MOl

1.E5

25.O.
AGO 1

l.E5

25.O.
AB01

1.E5

25.0.
AIO 1

1.E5

O.
NX 1 1.
NY 1 l.e-6
NY 1 .1250
NY 12 .25
NY 2 .3125
NY 6 .50
NY 1 .25
NY 1 1.e-6
NZ 8 .1
NZ 2 .1625
NZ 3 .25
NZ 1 .375
NZ 3 .5
NZ 1 .25

ENDFI



1.08e4seconds was selected to diminish time discretizationerrors which would arise if the

time step size is allowed to get very large.

The MESH file was created with MESHMAKERand subsequently edited to make

the left-and right-hand side columns have effectively infinitevolume so that they may

remain isobaric. The pressures at each side are set to produce a pore velocity of 0.1 mIday.

The optional parameter MOP(13) was set equal to 0 so that the top of the domain is

effectively a plane of symmetry. The flow domainboundaryis defaulted to be the same as

the calculation domain boundary.

Global results from the coarse grid for the tracer concentrationat t =20 days are

shown in the contour plot of Fig. 16. While Fig. 16 is qualitatively reasonable, it is

difficult to rigorously compare these two-dimensionalresultswith the analytical solution.

For the purposes of rigorous comparison, one-dimensionalcross-sections through the two-

dimensional fields were made and are shown comparedto the same cross-sectionsfrom the

analytical solution in Figs. 17-19. Fig. 17 shows the tracer profile result at Z =-.15m

(line A-A' in Fig. 16) as calculatednumerically with DISF for the coarse 'andfme grid

along with the analytical result. Note that this profile isjust below the top of the domain,

and the source extends to Z =-.5 m. Just as in the one-dimensionalproblem, numerical

dispersion occurs in the numerical result. Fig. 18 shows the tracer profile at Z =-.75 m

(B-B' in Fig. 16), just below the line source which extends from Z =0 m to Z =-.5 m.

This profile shows the longitudinal dispersion of tracer which has dispersed transversally.

Note the scale of the C/COaxis in Fig. 18. Shown in Fig. 19is a profile at Y =2 m (C-C'

in Fig. 16). At t =20 days, the front has moved approximately2 m in the Y-direction.

Thus, the C-C' profile measures the transverse dispersion which occurs. Good agreement

with the analytical result is seen.
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c

B
-1.0

~ B'

Z(m) -2.0

-3.0

-4.0
0.0 1.0 2.0 3.0 4.0 5.0 6.0

c' Y(m)

Fig. 16. Contour plot of tracer concentrationat t =20 days along with the cross-

sections of Figs. 17-19.

)

37

7.0



0.8

0.6
0u'-u

0.4

0.2

0.0

1.0

I~~-r-"-l T T--"l r T
j +

,

A: 1 j i E j 11

i t6 ! L L l---' i
analytical Z = -0.15
DISF Z = -0.15
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.
fj,

0 1 2 3 4

Y(m)

5 6 7

Fig. 17. Tracer brine concentrationprofile A-A' (Z =-.15 m) for analytical and numerical

calculations at t =20 days.
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0.12

0.10

0.08
0

U"
U 0.06

0.04

0.02

0.00

0 1 2 3 4

Y (m)
5 6 7

Fig. 18. Tracer brine concentration proflle B-B' (Z = -.75 m) for analytical and numerical

calculations at t =20 days.
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Fig. 19. Tracer brine concentration profile C-C' (Y =2 m) for analytical and numerical

calculations at t =20 days.
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5.3 Two-Dimensional Brine Transport with Variable Density

In order to demonstratefurthercapabilitiesof T2DM along with an exampleof the

practical procedures used in T2DM for setting up a typical dispersion problem,we present

here the results of a problem of two-dimensionalhydrodynamicdispersionwith variable

density. This example problem closely resemblesproblem 1.5 of the Hydrocoincode

jverification study (Anderssonet al., 1986;The InternationalHydrocoin Project,Level 3,

1.992)and considers the saturatedflow of groundwaterover a salt dome includingthe

effects of variable density due to brine concentration. In the problem, freshwater enters

from the top boundary on the left-hand side, flows past a source of densebrineat the

bottom, and then flows out through the top boundary.on the right-hand side (Fig. 20). In

the original problem specification(Anderssonet al., 1986),the brine sourceis situated at

the bottom along a boundary wherethe velocity is specifiedas being zero. In the absence

..ofmolecular diffusion, hydrodynamicdispersionwould not be capable of pickingup any

of this brine if the flow velocitywere identicallyzero at the boundary where the brine

source is located. In this example,we will demonstratethe use of the flow domain

boundary option to model this bottom boundary condition.

The model domain and discretizationare shown in Fig. 20 along with the top

pressure boundary condition that provides the drivingforce for the flow. The grid has 30 x

20 =600 blocks with tlY =30 m, and ~ =15m. For the purpose of representing

boundary conditions, the grid has two additional rows of blocks, one at the top and one at

the bottom, that are too thin (dZ =l.e-6 m) to appear in Fig. 20. Grid generation with the

l\1ES:IDv1AKERfacility is madeprior to the simulation,and the grid is edited "byhand" to .

implement the desired boundary conditions. The thin grid blocks along the top are

assigned very large volumes (> 1.e40m3) and therefore their initial.conditionsremain

time-invariant, making these grid blocks effectivelyinactive. The inactivetop row of grid

blocks maintains the linear pressure profile of Fig. 20. Specification of arbitrarygrid block
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Fig. 20. Variable density brine flow and dispersion problem. (a) Top pressure boundary

condition. (b) Schematic of flow domain, with top and bottom boundary blocks shown

filled by diagonal lines. (c) Flow domain discretization of 30 x 20 blocks with t:,.Y =30 m

and t:;Z=15 m. Grid blocks that are very small or outside the flow domain are not shown.
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volumes and interfacial areas allowsthe modelingof a brine source (C =1)along one

portion of the bottom row and a no flux (dC/dZ=0) boundary conditionin the remaining

parts. Specifically, the grid blocks in the bottom row (belowZ =~3oom) are given

effectively infinite volumein the region 300 m < Y < 600 m so that the initialconcentration

of the brine source (C =1) will remain constant in those blocks. The interfacial areas of

these grid blockSare unaltered in the CONNEblock of the :MESHfIle. The gridblock

volumes in the remainingparts of the bottom row retain their original volumes,but their

interfacial areas for connectionsto grid blocks in the second-to-Iastrow are set equal to

zero in the CONNE block of the :MESHfile. This implementsa "no-flow"boundary at the

bottom for 0 < Y < 300 m and 600 < Y < 900 m. The interface areas between the grid

blocks in the last row at the boundarybetween the brine source and the regions Y < 300 m

and Y > 600 m are.alsoset to zero in the CONNEblockto preventbrine from leaving.the

brine source in the horizontal (Y) direction.

The input file for this example problem is shown in Fig. 21. The option MOP(13)

=3 is used to specify nearest-neighborvalues for velocitiesand concentrationgradients at

boundaries. The option NFBB =21 identifies the row of grid blocks from Z =-285 m to Z

=-300 m as the last row of grid blocks within the flow domain. In this way,"we can obtain .

finite velocities at the interface to the C =1brine boundary~ which is essentialfor creating a

fluxdue to transversaldispersionacrosstheboundary.Theinputfor1v1ESHMAKERis

included in the input file. Changes to the mesh file as generatedby :MESHMAKERare

made with a text editor as described above. The top row is rock type TOP, the bottom row

is rock type BOIT and the rest of the domain is type FINE. The parameters used are

approximately those specified in the Hydrocoin 1.5problem (shown in Table 3), the

. exceptions being that realistic internallycalculatedthermophysicalpropertiesof water

(viscosity and density) are used in TOUGH2 rather than the arbitraryapproximations

specified for the Hydrocoin 1.5problem. Initial conditionswere zero velocity and fresh

water everywhere except in the brine source grid blocks which contain pure brine.
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By setting the viscosity coefficients equal to 1.e-19,we forced isoviscous conditions as

specified in the Hydrocoin 1.5problem. No specificationof relativepermeability and

capillary pressure data is needed, as the flow system remains in single-phase liquid

conditions throughout. Pressure initial conditions at the top boundary were generated in a

separate simulation run involving only the grid blocks in domain TOP. For this, standard

TOUGH2 was used with two inactive gridblocks with zero nodal distance attached to the

top row on each end (to blocks AlII and Al U 1),with pressures of 2.e5 Pa and 1.e5Pa.

Pressures in this one-dimensional row were then run to steady state, and the resulting

conditions were transferred from disk file SAVB to the INeON data block.

Steady-state results for the problem are shown in Fig. 22. The calculated results

show that fresh water picks up saline brine from the bottom brine boundary by

hydrodynamic dispersion. Advection and dispersion then transport the plume of salty

water generally from left to right. Our resultshave some similaritiesbut also important

differences to previous work by Herbert et al. (1988). Further discussion is presented in

Oldenburg and Pruess (1993).
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Table 3. Parameters for the variable density dispersionproblem.

symbol quantity value units

t/J porosity .2

k permeability l.e-12 m2

11 viscosity 8.ge-4 Pas

p brine density 1.2e3 kg m-3

g gravity 9.80665 ms-2

aT transverse dispersivity 2. m

aL longitudinaldispersivity 20. m

d molecular diffusivity o. m2 s-l



*r2db* ... 2-dimensionalbrine transportwith variable salinity
ROCKS--~-1 * 2 * 3 * 4 * 5---~* 6 * 7 * 8
FINE 1 2650. .20 1.00E-12 1..00E-121.00E-12 1.8 1030.

1.
.20 1.00E-12 1.00E-12 1.00E-12

O.
.20 0.00E-12 0.00E-12 0.00E-12

1.

TOP 1 2650.

BOTT 1 2650.

1.8 1.e4

1.8 1.e4

START 1 * 2 * 3 * 4 * 5 * 6 * 7 * 8
PARAM 1 * 2 * 3 * 4 * 5 * 6 * 7 * 8

2 200 2001 00 2031 40 0
-1. 9.80665

5.e+00
1.E-05 1.EO

1.0000E5 .OE-09 25.
MULTI 1 * 2 * 3 * 4 * S * 6 * 7

2 226
SELEC 1 * 2 * 3 * 4 * 5 * 6

4 1 30 22 1 30 1 21
,l.E5 25. 1.200E3

1.E-19 1.E-19 1.E-19
2.E+00 2.0E+01
0.e-6 0.e-6 0.e-6 0.e-8 0.e-8 0.e-6

GENER 1 * 2 * 3 * 4 * 5 * 6 * 7

INCON
All 1 .20000000E+00

.1983330000000E+06 .OOOOOOOOOOOOOE-09
A12 1 .20000000E+OO

.1949997707545E+06 .OOOOOOOOOOOOOE-09
A13 1 .20000000E+00

.1916665357166E+06 .0000OOOOOOOOOE-09
A14 1 .20000000E+OO

.1883332948864E+06 .00000OOOOOOOOE-09
A15 1 .20000000E+00

.1850000482638E+06 .000OOOOOOOOOOE-09
A16 1 .20000000E+OO

.1816667958488E+06 .000OOOOOOOOOOE-09
A17 1 .20000000E+OO

.1783335376413E+06 .000OOOOOOOOOOE-09
A18 1 .20000000E+00

.1750002736412E+06 .OOOOOOOOOOOOOE-09
A19 1 .20000000E+OO

.1716670038485E+06 .OOOOOOOOOOOOOE-09
AlA 1 .20000000E+00

.1683337282632E+06 .OOOOOOOOOOOOOE-09
A1B 1 .20000000E+OO

.1650004468852E+06 .OOOOOOOOOOOOOE-09
A1C 1 .20000000E+O~

.1616671597l44E+06 .OOOOOOOOOOOOOE-09
A1D 1 ~20000000E+OO

.1583338667508E+06 .OOOOOOOOOOOOOE-09
AlE 1 .20000000E+OO

.1550005679943E+06 .~OOOOOOOOOOOOE-09
A1F 1 .20000000E+00

.1516672634448E+06 .OOOOOOOOOOOOOE-09
A1G1 .20000000E+OO

.1483339531023E+06 .OOOOOOOOOOOOOE-09

.2500000000000E+02

.2500000000000E+02

.2500000000000E+02

.2500000000000E+02

.2500000000000E+02

.2500000000000E+02

.2500000000000E+02

.2500000000000E+02

.2500000000000E+02

.2500000000000E+02

.2500000000000E+02

.2500000000000E+02

.2500000000000E+02

.2500000000000E+02

.2500000000000E+02

.2500000000000E+02

Fig. 21. Input file for the variable density dispersion problem.
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AIH 1 .20000000E+OO
.14S000636~667E+06 .OOOOOOOOOOOOOE-09

AlII .20000000E+OO
.14166731S0380E+06 .OOOOOOOOOOOOOE-09

AIJ 1 .20000000E+OO
.1383339873160E+06 .OOOOOOOOOOOOOE-09

AIK 1 '.20000000E+OO
.13S0006538008E+06 .OOOOOOOOOOOOOE-09

AIL 1 .20000000E+OO
.131667314492lE+06 .OOOOOOOOOOOOOE-09

AIM 1 .20000000E+OO
.1283339693900E+06 .OOOOOOOOOOOOOE-09

A~ 1 .20000000E+OO

.12S0006184944E+06 .OOOOOOOOOOOOOE-09
Ala 1 .20000000E+OO

.12166726l8052E+06 .OOOOOOOOOOOOOE-09
AlP 1 .20000000E+OO

.1183338993223E+06 .OOOOOOOOOOOOOE-09

AIQ 1 .20000000E+OO
.11SOOO5310457E+06 .OOOOOOOOOOOOOE-09

AIR 1 .20000000E+OO
.lII667I569752E+06 .OOOOOOOOOOOOOE-09

AlS 1 .20000000E+OO
.108333777II08E+06 .OOOOOOOOOOOOOE-09

AIT 1 .20000000E+OO
~10500039I4S24E+06 .OOOOOOOOOOOOOE-09

AIU 1 .20000000E+OO
.1016670000000E+06 .OOOOOOOOOOOOOE-09

~ 1 .20000000E+OO

.3000000000000E+07 .OOOOOOOOOOOOOE-09
AM2 1 .20000000E+OO

.3000000000000E+07 .OOOOOOOOOOOOOE-09
AM3 1 .20000000E+OO

.3000000000000E+07 .OOOOOOOOOOOOOE-09
AM4 1 .20000000E+OO

.3000000000000E+07 .OOOOOOOOOOOOOE-09
AMS 1 .20000000E+OO

.3000000000000E+07 .OOOOOOOOOOOOOE-09
AM6 1 .20000000E+OO

.3000000000000E+07 .OOOOOOOOOOOOOE-09
AM7 1 .20000000E+OO

.3000000000000E+07 .OOOOOOOOOOOOOE-09
AM8 1 .20000000E+OO

.3000000000000E+07 .OOOOOOOOOOOOOE-09
AM9 1 .20000000E+OO

.3000000000000E+07 .OOOOOOOOOOOOOE-09

AMA 1 .20000000E+OO
.3000000000000E+07 .OOOOOOOOOOOOOE-09

AMB 1 .20000000E+OO
.3000000000000E+07 .1OOOOOOOOOOOOE+Ol

AMC 1 .20000000E+OO
.3000000000000E+07 .IOOOOOOOOOOOOE+OI

AMD 1 .20000000E+OO

.3000000000000E+07 .IOOOOOOOOOOOOE+OI
AME 1 .20000000E+OO

.3000000000000E+07 .IOOOOOOOOOOOOE+OI

AMF 1 . .20000000E+OO
.3000000000000E+07 .IOOOOOOOOOOOOE+OI

AMG 1 .20000000E+OO

.3000000000000E+07 .IOOOOOOOOOOOOE+OI

.2S00000000000E+02

.2S00000000000E+02

.2S00000000000E+02

.2S00000000000E+02

.2500000000crOOE+02

.2500000000000E+02

.2S00000000000E+02

.2500000000000E+02

.2S00000000000E+02

.2S00000000000E+02

.2S00000000000E+02

.2S00000000000E+02

.2S00000000000E+02

.2S00000000000E+02

.2S00000000000E+02

.2500000000000E+02

.2S00000000000E+02

.2S00000000000E+02

.2S00000000000E+02

.2S00000000000E+02

.2S00000000000E+02

.2S00000000000E+02

.2S00000000000E+02

.2S00000000000E+02

.2500000000000E+02

.2500000000000E+02

.2500000000000E+02

.2500000000000E+02

.2S00000000000E+02

Fig. 21. Input file for the variable density dispersion problem (continued).

.2500000000000E+02
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AMH 1 .20000000E+OO
.3000000000000E+07 .1OOOOOOOOOOOOE+Ol

AMI 1 .20000000E+00

.3000000000000E+07 .1OOOOOOOOOOOOE+Ol
AMJ 1 .20000000E+OO

.3000000000000E+07 .1OOOOOOOOOOOOE+Ol

AMI<:1 .20000000E+OO.
.3000000000000E+07 .1OOOOOOOOOOOOE+Ol

AML 1 i20000000E+OO
.3000000000000E+07 .OOOOOOOOOOOOOE-09

AMM 1 .20000000E+OO
.3000000000000E+07 .OOOOOOOOOOOOOE-09

AMN l' .20000000E+OO

.3000000000000E+07 .OOOOOOOOOOOOOE-09
AMO 1 .20000000E+OO

.3000000000000E+07 .OOOOOOOOOOOOOE-09
AMP 1 .200000ijOE+00

.3000000000000E+07 .OOOOOOOOOOOOOE-09
AMQ 1 .20000000E+OO

.3000000000000E+07 .OOOOOOOOOOOOOE-09
AMR 1 .20000000E+00

. .3000000000000E+07 .OOOOOOOOOOOOOE-09

AMS 1 .20000000E+00
.3000000000000E+07 .00OOOOOOOOOOOE-09

AMT 1 .20000000E+00
.3000000000000E+07 .0000000000000E-09

AMU 1 .20000000E+OO'
.3000000000000E+07 .OOOOOOOOOOOOO~-09

.2500000000000E+02

.2500000000000E+02

.2500000000000E+02

.2500000000000E+02

.2500000000000E+02

.2500000000000E+02

.2500000000000E+02

.2500000000000E+02

.2500000000000E+02

.2500000000000E+02

.2500000000000E+02

.2500000000000E+02

.2500000000000E+02

ENDCY~---1 * 2 * 3 * 4 * 5 * 6 * 7 * 8

.2500000000000E+02

MES:En1 1 * 2 * 3 * 4 * 5
XYZ

NX
NY
NZ
NZ
NZ

O.
1

30
1
20
1

1.
30.

2.e-06
15.

1.e-06

ENDFI l * 2 * 3 * 4 * 5 * 6 * 7 * 8

Fig. 21. Input file for the variable density dispersion problem (continued).
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Fig. 22. Results for the variable density dispersion problem. Plot shows vectors of Darcy

velocity and contours of brine mass fraction.
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6. Final Notes

This final section serves as a reiterationof importantinfonnation necessary to use

T2DM, the dispersion module for TOUGH2.

. The dispersionmoduleT2DMrequiresthat the :MESHfile represent a two-

dimensional Y-Z grid, have grid blocks in their correctphysical positions,

be ordered by-columns,and be.at least 2 grid blocks on each side (Y and

Z). The:MESH must have grid-block-centerednodes.

. The user must input the number of grid blocks in each direction of the

MESH. This is done in the SELEC block of the TOUGH2 input file. The

number of grid blocks in the X-direction must always be 1.

. The two-dimensionalsection modeled is always a Y-Z section;users will set

the gravitationalaccelerationequal to zero to model the horizontalplane.

In order to model moleculardiffusioneffects, the tortuosity factor for the.
material must be includedin the ROCK block in the input file. If not

specified, the tortuositywill default to zero and no moleculardiffusion will

occur regardlessof the molecular diffusivitYentered in the SELEC block.

The option MOP(8) controls diagnostic printout from DISF, with increasing.
values producing larger and more detailedprintout from DISF. Nonnally,

MOP(8) will be defaultedto zero.

. MOP(13) selects several options for the compositiongradientvector and the

Darcy velocity vector at the flow domainboundary. Typical problems will

use MOP( 13)=3, for compositiongradient and Darcy velocity vector to be

nearest neighbor. This optionaffects only interpolated vector components.

. MOP(23) handles the treatment of non-directterms in the Jacobian matrix.

If MOP(23) =1, the influence of neighbor grid blocks is ignored and the

Jacobian matrix will be slightly less accuratealthough significantlysparser
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(fewer non-zero values),making the linearequation solution faster. If

MOP(23) =0 (the default),the full Jacobian is used. Using the full

Jacobian will allow larger time steps, especiallyin strongly-coupledflow

problems.

. In DISF, array dimensioningfor the maximum number of interfaces

(connections), grid blocks in the Y-direction,and grid blocks in the Z-

direction is made with the parameters MNI, :MNYY,and 1v.INZZ,

respectively. These parameterscan be changed in the DISF subroutineby

editing the parameter statement near the top of.the DISF subroutine,as well

as in the DOT subroutinefor parameter MNI. The values selected for the

dimensioning parametersare printed on output on the p~gewith header

"~ummary of Program Units Used.1!
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Nomenclature

a length of line source m

d molecular diffusivity m2 s-l

C concentration kg m-3

D connection distance m

D dispersion coefficient m2 s-1

D dispersion tensor m2 s-1

e grid block to the east

E interface to the east

g accelerationof gravity vector ms-2

of Darcy flux vector kg m2 s-1

J diffusive.flux kg m2 s-1

k permeability m2

kr relativepermeability

K effective conductivity term l/JS 'l'.

M mass accumulationterm kg m-3

MNCON Maximum number of connections (interfaces)
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n grid block to the north

n outward unit normal vector

N interlace to the north

NEQ number of equations per grid block

NK number of mass components (species)

NPH maximum number of phases present

p pressure Pa

q source term kg m-3 s-l

s grid block to the SOUth

s interlace to the SOUth

s phase saturation

t time days

v coefficientsof viscosity(see EOS7 report)

u magnitudeof the Darcyvelocityvector ms-l

u Darcy velocityvector ms-l

V volume m3

U Y-componentof Darcyvelocity ms-l

w grid block to the west

W interlace to the west

X mass fraction

Y Y-coordinate

Z Z-coordinate

Greek symbols

a intrinsic dispersivity m

r surface area m2

f.l dynamic viscosity kg m-1 s-l

q, porosity



p density kg m-3

7: tortuosity

~I

Subscripts and superscripts

54

g gas

I liquid

L longitudinal

0 referencevalue

.r transverse

{3 phase

1C mass components



Appendix 1. A Diagnostic Test Problem

We present here the input file and outputfrom one time step of a small test problem

(rdisl). The problem has no specific physical significance,but it is useful for verifying

correct installation of TIDM and documentingthe subroutinecalling sequence,as well as

showing how the dispersion module interpolatesthe vector componentsof Darcy velocity

and concentration gradients onto the interfaces. The input file is shown in Fig. 23 and the

discretization produced with :MESHMAKERis shown in Fig..24. In the problem, the grid

blocks are assigned non-equilibriumpressures and brine mass fractions in the INeON

block that produce advective flow which gives rise to dispersive fluxes.

Severalpages'from the printoutproduced in the one time step simulationrun are

reproduced in Figs. 25a-f. The self-documentationshown in Fig. 25b is .generatedon the

first call to DISF and summarizesthe selected dispersionparameters. The diagnostic

printout in Fig. 25c (generatedby setting MOP(8)equal to 9) shows the Darcy velocity and

concentration gradient vector components at the interfacesbetween gridblocks. The

printout showing the mass fraction of brine and the mass flow rates is shown in Fig. 25d.

The mass flow rates shown here are due to advection only. In Fig. 25e are shown the

mass flow rates due to dispersion. Finally, Fig. 25f shows the subroutines called andthe

calling sequence. Users shouldbe able to reproduce"theserun results upon execution of

T2DM using the rdis1input file following successfulcompilationand linking of T2DM.
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*rdis1* ... small problem for'testing dispersion module
MESHMAKER1 *---~2 * 3 * 4 * 5 * 6 * 7 * 8
XYZ

ROCKS l * 2 * 3 * 4 * 5 * 6 * 7 * 8
FINE 2 2650. .10 1.e-12 1.e-12 1.e-12 ' 1.8 1030.

1.
1.
1.

1
1

o.
0.e6

o.
o.

1.

START 1 * 2 * 3 *--~-4 * 5 * 6 * 7 * 8
PARAM 1 * 2 * 3 * ~ * 5 * 6 * 7 * 8

3 1 11 09 0001 40 a
-1. 0.00000

1.e-9
1.E-05 LEO

1.e5 .00 25.
MULTI 1 * 2 * 3 * 4 * 5 * 6 * 7 * 8

2 2 2 6
********************************************************************************

*** Data block 'SELEC' for equation-of-state and dispersion module parame~ers **
************************************************************************.********

SELEC contains 5 records:

1. 8 integer variables in FORMAT(8I5)i the variables are:
IE(l) = 4, to instruct reading of.4 additional records

with floating point numbers in 8E10.4 format.
NGBINP(l) = 1, number of grid blocks in X.

NGBINP(2): number of grid blocks in Yi must be 2 or larger.
NGBINP(3):number of grid blocks in Zi must be 2 or larger.
NFBL: number of first (left) column of grid blocks in flow domain.
NFBR: number of last (right) column of grid blocks in flow domain.
NFBT: number of first (top) row of grid blocks in flow domain.

NFBB: number of last (bottom) row of grid blocks in flow domain.

Records 2 and 3 supply optional ther.mophysical property parameters
for brine.

2. PO, reference pressure, in Pa
TO, reference temperature, in deg-C
DB, brine density at (PO, TO), in kg/mA3

If any of the three parameters are set equal to zero or left
blank, default values will be used, as follows: PO = l.e5 Pa,

TO = 25 deg-C, DB = 1185.1 kg/mA3.

Assignment of PO < 0 will result in brine properties being
identical to pure water.

3. VCO (1 )

VCO(2)
VCO(3)

) Coefficients for salinity correction in aqueous pha~e
) viscosity. Default values will be used if these
) coefficients are assigned zero or blank.

Fig. 23. Input file for the rdisl test problem.
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O.
NX 1 1.
NY 3

1. 3. 9.
NZ 3

2. 4. 8.



4. ALPHAT, transverse dispersivity, in m
ALPHAL, longitudinal dispersivity, in m

5. FDDIAG(NP,NK), NK = 1,3; NP = 1,2
Read 6 molecular diffusivity parameters; first three parameters
for the gas phase and the components 1-water, 2-brine, 3-air;

then three parameters for the three component diffusivities in
the aqueous phase.

SELEC 1 * 2 * 3 * 4 * 5 * 6 * 7 * 8
4 133

.01 .1
0.e-6 'O.e-6 0.e-6 0.e-6 0.e-6 0.e-6

GENER 1 * 2 * 3 * 4 *-~--5 * 6 * 7 * 8

INCON 1 * 2 * 3 * 4 * 5 * 6 * 7 * 8
All 1

ENDCY 1 * 2 *-~--3 * 4 * 5 * 6 * 7 * 8
ENDFI 1 * 2 * 3 * 4 * S * 6 * 7 * 8

Fig. 23.,Input file for the rdisl test problem (continued).
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1.10e5 0.9 25.
A21 1

1.07e5 0.7 25.
A31 1

1.03e5 0.3 25.
A12 1

1.01e5 0.1 25.
A22 1

1.05e5 0.5 25.
A32 1

1 .O'6e5 0.6 25.
A13 1

1.04e5 0.4 25.
A23 1

1.02e5 0.2 25.
A33 1

1.00e5 0.0 25.
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Fig. 24. Discretized domain for the rdis1 test problem.
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TOUGH2 IS A PROGRAM FOR MULTI PHASE MULTICOMPONENT FLOW IN PERMEABLE MEDIA, INCLUDING HEAT FLOW.
IT IS A MEMBER OF THE MULKOM FAMILY OF CODES, DEVELOPED BY KARSTEN PRUESS AT LAWRENCE BERKELEY LABORATORY.

********************************************************************************

******************** TOUGH2 - VERSION 1.0 (APRIL 1991) ********************
********************************************************************************

PARAMETERS FOR FLEXIBLE DIMENSIONING OF MAJOR ARRAyS (MAIN PROGRAM) ARE AS FOLLOWS

MNEL = 2000 MNCON =12000 MNEQ= 3 MNK= 2 MNPH= 2 MNB= 6 MNOGN= 50 MGTAB = 2000
===================================================================================================================================

MAXIMUM NUMBER OF VOLUME ELEMENTS (GRID BLOCKS) :

MAXIMUM NUMBER OF CONNECTIONS (INTERFACES):
MAXIMUM LENGTH OF PRIMARY VARIABLE ARRAYS:

MAXIMUM NUMBER OF GENERATION ITEMS (SINKS/SOURCES):
MAXIMUM NUMBER OF TABULAR (TIME-DEPENDENT) GENERATION

LENGTH OF SECONDARY PARAMETER ARRAY:

MAXIMUM NUMBER OF JACOBIAN MATRIX ELEMENTS:

MNEL = 2000
MNCON = 12000
MPRIM = 6000
MNOGN = 50
MGTAB = 2000
MSEC = 144000
MNZ = 234000

0.
\0

DATA:

LARGE LINEAR EQUATION ARRAYS: LENGTH OF IRN IS

LENGTH OF ICN AND CO IS

LIRN
LICN

=468000=936000

===================================================================================================================================

SUMMARY OF DISK FILES

FILE *VERS*

FILE *MESH*

FILE *INCON*

FILE *GENER*
FILE *SAVE*

FILE *LINEO*
FILE *TABLE*

EXISTS --- OPEN AS AN OLD FILE
EXISTS --- OPEN AS AN OLD FILE
EXISTS --- OPEN AS AN OLD FILE
EXISTS --- OPEN AS AN OLD FILE
EXISTS --- OPEN AS AN OLD FILE
EXISTS --- OPEN AS AN OLD FILE
EXISTS --- OPEN AS AN OLD FILE

===================================================================================================================================

PROBLEM TITLE: *rdis1* '" small problem for testing dispersion module

-.J Fig. 25a. First page of printout for the rdis 1 test problem.



***********************************************************************************************************************************
DISF: CALCULATES FLUX DUE TO HYDRODYNAMIC DISPERSION AND MOLECULAR DIFFUSION.

***********************************************************************************************************************************

I-:---Y
TWO-DIMENSIONAL GEOMETRY IS ASSUMED (Y-Z MESH ORDERED BY COLUMNS) :

*
*
*

N3 N4

*************N*************************NE******************
* * *

* N1

* INTERFACE (CONNECTION)
*/
N N2

*************S*************************SE******************
* * *
* *
* N6 * N5
*

0'1
0

IN ORDER TO CALCULATE DISPERSIVE FLUXES ACROSS EACH INTERFACE, THE DARCY VELOCITY AND CONCENTRATION GRADIENT VECTORS
ARE REQUIRED AT EACH INTERFACE. ONE COMPONENT OF THE DARCY VELOCITY VECTOR IS KNOWN DIRECTLY AND ONE COMPONENT OF THE
CONCENTRATION GRADIENT VECTOR CAN BE CALCULATED DIRECTLY. THE OTHER COMPONENTS MUST BE INTERPOLATED. THESE ARE REFERRED
TO AS THE DIRECT AND INTERPOLATED COMPONENTS, RESPECTIVELY.

FOR EXAMPLE, IN THE ABOVE FIGURE THERE ARE TWO CONNECTED GRID BLOCKS (N1, N2) AND FOUR NEIGHBOR
THE DIRECT COMPONENTS OF THE DARCY VELOCITY AND CONCENTRATION GRADIENT VECTORS ARE INTERPOLATED

INTERFACES (N, NE, S, SE) ONTO THE INTERFACE (N) WHERE INDIRECT COMPONENTS ARE NEEDED.

MOP(13) IS USED TO CONTROL INTERPOLATION ONTO INTERFACES NEAR FLOW BOUNDARIES THAT MAY NOT HAVE

THE DIRECT COMPONENTS ARE ALWAYS ,USED WHERE THEY ARE AVAILABLE.

GEOMETRIC PARAMETERS SELECTED THROUGH INPUT FILE:

NUMBER OF GRID BLOCKS IN X,Y, AND Z DIRECTIONS (NGB(1),NGB(2),NGB(3»;

FIRST COLUMN OF GRID BLOCKS ON THE LEFT SIDE WITHIN THE FLOW DOMAIN (NFBL):

LAST COLUMN OF GRID BLOCKS ON THE RIGHT SIDE WITHIN THE FLOW DOMAIN (NFBR);

FIRST ROW OF GRID BLOCKS ON THE TOP WITHIN THE FLOW DOMAIN (NFBT):
LAST ROW ON THE BOTTOM WITHIN THE FLOW DOMAIN (NFBB): '

GRID BLOCKS (N3, N4, NS, N6).
FROM THE FOUR NEIGHBORING

FOUR NEIGHBOR INTERFACES.

1,
1)
3)
1)
3)

3, 3)

DIMENSIONING USED IN DISF: (N.B. : MNI MUST ALSO BE DIMENSIONED AS BELOW IN SUBROUTINE DOT)

MAXIMUM NUMBER OF INTERFACES (CONNECTIONS) (MNI): 4000
MAXIMUM NUMBER OF GRID BLOCKS IN Y-DIRECTION (MNYY): 41
MAXIMUM NUMBER OF GRID BLOCKS IN Z-DIRECTION (MNZZ): 41

DISPERSION PARAMETERS SELECTED THROUGH INPUT FILE:

TRANSVERSE DISPERSIVITY (ALPHAT):

LONGITUDINAL DISPERSIVITY (ALPHAL):

.0100M

.1000M

MOLECULAR DIFFUSIVITY OF WATER, BRINE, AND AIR THROUGH THE GASEOUS AND AQUEOUS PHASES, RESPECTIVELY (FDDIAG(PHASE,COMP» [M**2/S):
PHASE COMP PHASE COMP PHASE COMP PHASE COMP PHASE COMP PHASE COMP
-1- -1- -1- -2- -1- -3- -2- -1- -2- -2- -2- -3-
.OOOOOE+OO .OOOOOE+OO .OOOOOE+OO .OOOOOE+OO .OOOOOE+OO .OOOOOE+OO

***********************************************************************************************************************************

Fig. 25b. Self-documentation printout generatedby DISF showing dispersion parametersselected.



$$$$$$$$$$ SUBROUTINE DISF $$$$$$$$$$ (KCYC,ITER) = ( 1, 1)

DARCY VELOCITIES AT CONNECTIONS (INTERFACES).

VECTOR COMPONENTS ARE REFERRED TO GLOBAL COORDINATES, POINTING AWAY FROM THE FIRST GRID BLOCK IN A CONNECTIO«

Fig. 25c. Darcy velocities and concentration gradients at the interfaces (connections).

INDEX ELEM1 ELEM2 PHASE1 PHASE 2
DARCY VELOC. (MIS) DARCY VELOC. (MIS)
Y-COMP. Z-COMP. Y-COMP. Z-COMP;

1 All 1 A12 1 .OOOOE+OO .OOOOE+OO .2841E-05 .893lE-07
2 All 1 A2l 1 .OOOOE+OO .OOOOE+OO .1074E-05 .63l4E-06
3 A2l 1 A22 1 .OOOOE+OO .OOOOE+OO .7643E-06 .2632E-06
4 A21 1 A31 1 .OOOOE+OO .OOOOE+OO .4802E-07 .5095E-06
5 A3l 1 A32 1 .OOOOE+OO .OOOOE+OO -.l240E-05 .l738E-06
6 Al2 1 Al3 1 .OOOOE+OO .OOOOE+OO -.4686E-06 -.3643E-06
7 Al2 1 A22 1 .OOOOE+OO .OOOOE+OO .9920E-06 -.1180E-05
8 A22 1 A23 1 .OOOOE+OO .OOOOE+OO .4424E-06 -.373lE-06
9 A22 1 A32 1 .OOOOE+OO .OOOOE+OO .3333E-06 -.1378E-06
10 A32 1 A33 1 .OOOOE+OO .OOOOE+OO .8270E-06 -.BBl5E-OB
11 A13 1 A23 1 .OOOOE+OO .OOOOE+OO -.B246E-07 .6248E-06

0\ 12 A23 1 A33 1 .OOOOE+OO. .OOOOE+OO .2B53E-06 .3430E-06......

CONCENTRATION GRADIENTS AT CONNECTIONS (INTERFACES)

INDEX ELEM1 ELEM2 PHASE=1, K=l PHASE=l, K=2 PHASE=2, K=1 PHASE=2, K=2
DC1/DY DCl/DZ DC2IDY DC2IDZ DC1/DY DCl/DZ DC2/DY DC2/DZ

1 All 1 Al2 1 .OOOOE+OO .OOOOE+OO .OOOOE+OO .OOOOE+OO .4000E+OO .B333E-02 -.4000E+OO -'.8333E-02
2 All 1 A21 1 .OOOOE+OO .OOOOE+OO .OOOOE+OO .OOOOE+OO .1500E+OO .6667E-Ol -.l5OOE+OO -.6667E-Ol
3 A2l 1 A22 1 .OOOOE+OO .OOOOE+OO .OOOOE+OO .OOOOE+OO .lOOOE+OO .3125E-Ol -.lOOOE+OO -.3l25E-Ol
4 A21 1 A3l 1 .OOOOE+OO .OOOOE+OO .OOOOE+OO .OOOOE+OO .8333E-02 .6667E-Ol -.8333E-02 -.6667E-Ol
5 A31 1 A32 1 .OOOOE+OO .OOOOE+OO .OOOOE+OO .. OOOOE+OO -.l5OOE+OO .2292E-Ol .1500E+OO -.2292E-01
6 A12 1 A13 1 .OOOOE+OO .OOOOE+OO .OOOOE+OO .OOOOE+OO -.5000E-01 -.4167E-01 .5000E-01 .4167E-01
7 Al2 1 A22 1 .OOOOE+OO .OOOOE+OO .OOOOE+OO .OOOOE+OO .1417E+OO -.1333E+00 -.1417E+OO .1333E+OO
8 A22 1 A23 1 .OOOOE+OO .OOOOE+OO .OOOOE+OO .OOOOE+OO .5000E-Ol -.4375E-Ol -.5OOOE-Ol .4375E-Ol
9 A22 1 A32 1 .OOOOE+OO .OOOOE+OO .OOOOE+OO .OOOOE+OO .4167E-Ol -.1667E-Ol -.4l67E-Ol .1667E-Ol
10 A32 1 A33 1 .OOOOE+OO .OOOOE+OO .OOOOE+OO .OOOOE+OO .lOOOE+OO -.2083E-02 -.lOOOE+OO .2083E-02
11 Al3 1 A23 1 .OOOOE+OO .OOOOE+OO .OOOOE+OO .OOOOE+OO -.8333E-02 .6667E-01 .8333E-02 -.6667E-Ol
12 A23 1 A33 1 .OOOOE+OO .OOOOE+OO .OOOOE+OO .OOOOE+OO .3333E-Ol .3333E-Ol -.3333E-01 -.3333E-Ol



@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@
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Fig. 2Sd. Field variables and mass flow rates for the rdis 1 test problem.

*rdisI* ... small problem for testing dispersion module

OUTPUT DATA AFTER ( 1, 1)-2-TIME STEPS THE TIME IS .115741E-13 DAYS

@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@

TOTAL TIME KCYC ITER ITERC KON DXIM DX2M DX3M MAX. RES. NER KER DELTEX
.100000E-08 1 1 1 2 .OOOOOE+OO .OOOOOE+OO .OOOOOE+OO .14I61E-12 4 2 .10000E-08

@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@

ELEM. INDEX P T SG SL XBRINE(LIQ) XAIRG XAIRL PCAP DO DL
(PA) (DEG-C) (PA) (KG/M**3) (KG/M:"*3)

All 1 1 .11000E+06 .25000E+02 .OOOOOE+OO .10000E+01 .90000E+00 .OOOOOE+OO .OOOOOE+OO .OOOOOE+OO .OOOOOE+OO .ll632E+04

A21 1 2 .10700E+06 .25000E+02 .OOOOOE+OO .1OOOOE+Ol .70000E+OO .OOOOOE+OO .OOOOOE+OO .OOOOOE+OO .OOOOOE+OO .1l217E+04
A31 1 3 .10300E+06 .25000E+02 .OOOOOE+OO .10000E+Ol .3OOOOE+OO .OOOOOE+OO .OOOOOE+OO .OOOOOE+OO. .OOOOOE+OO .10470E+04
AI2 1 4 .lOlOOE+06 .25000E+02 .OOOOOE+OO .10000E+Ol .1OOOOE+OO .OOOOOE+OO .OOOOOE+OO .OOOOOE+OO .OOOOOE+OO .10132E+04

A22 1 5 .10500E+06 .25000E+02 .OOOOOE+OO .10000E+Ol .50000E+OO .OOOOOE+OO .OOOOOE+OO .OOOOOE+OO .OOOOOE+OO .10830E+04

A32 1 6 .10600E+06 .25000E+02 .OOOOOE+OO .1OOOOE+Ol .60000E+OO .OOOOOE+OO .OOOOOE+OO .OOOOOE+OO .OOOOOE+OO .1l020E+04

AI3 1 7 .10400E+06 .25000E+02 .OOOOOE+OO .10000E+Ol .40000E+OO .OOOOOE+OO ..OOOOOE+OO .OOOOOE+OO .OOOOOE+OO .10647E+04
A23 1 8 .10200E+06 .25000E+02 .OOOOOE+OO .10000E+Ol .20000E+OO .OOOOOE+OO .OOOOOE+OO .OOOOOE+OO .OOOOOE+OO .10298E+04
A33 1 9 .10000E+06 .25000E+02 .OOOOOE+OO .10000E+Ol .OOOOOE+OO .OOOOOE+OO .OOOOOE+OO .OOOOOE+OO .OOOOOE+OO .99716E+03

0\
*rdisI* ... small problem for testing dispersion moduletV

KCYC= 1 - ITER = 1 - TIME = .100000E-08

ELEMl ELEM2 INDEX FLOH FLOH/FLOF FLOF FLO(BRINE) FLO(GAS) FLO(LIQ.) VEL (GAS) VEL(LIQ.)
(W) (J/KG) (KG/S) (KG/S) (KG/S) (KG/S) (M/S) (M/S)

All 1 A12 1 1 -.693155E+03 .104866E+06 -.660994E-02 -.594894E-02 .OOOOOOE+OO -.660994E-02 .OOOOOOE+OO -.284132E-04

All 1 A2l 1 2 -.770173E+02 .104866E+06 -.734437E-03 -.660994E-03 .OOOOOOE+OO -.734437E-03' .OOOOOOE+OO -.631404E-05
A2I 1 A22 1 3 -.359586E+03 .104863E+06 -.342911E-02 -.240038E-02 .OOOOOOE+OO -.342911E-02 .OOOOOOE+OO -.764279E-05

A2I 1 A31 1 4 -.599310E+02 .104863E+06 -.571518E-03 -.400063E-03 .OOOOOOE+OO -.571518E-03 .OOOOOOE+OO -.509519E-05

A31 1 A32 1 5 .114675E+04 .104862E+06 .109358E-Ol .656150E-02 .OOOOOOE+OO .109358E-OI .OOOOOOE+OO .124043E-04
A,12 1 A13 1 6 .104626E+03 .104860E+06 .997768E-03 .399107E-03 .OOOOOOE+OO .997768E-03 .OOOOOOE+OO .468568E-05
A12 1 A22 1 7 .401940E+03 .104861E+06 .383308E-02 .19I654E-02 .OOOOOOE+OO .383308E-02 .OOOOOOE+OO .117973E-04

A22 1 A23 1 8 -.200970E+03 .104861E+06 -.191654E-02 -.958269E-03 .OOOOOOE+OO -.191654E-02 .OOOOOOE+OO -.442398E-05

A22 1 A32 1 9 .477814E+02 .104862E+06 .455660E-03 .213396E-03 .OOOOOOE+OO .455660E-03 .OOOOOOE+OO .137825E-05

A32 1 A33 1 10 -.764502E+03 .104862E+06 -.729056E-02 -.437433E-02 .OOOOOOE+OO -.729056E-02 .OOOOOOE+OO -.826953E-05

AI3 1 A23 1 11 -.627756E+03 .104860E+06 -.598661E-02 -.239464E-02 .OOOOOOE+OO -.598661E-02 .OOOOOOE+OO -.624757E-05

A23 1 A33 1 12 -.333310E+03 .104858E+06 -.317867E-02 -.635734E-03 .OOOOOOE+OO -.317867E-02 .OOOOOOE+OO -.342957E-05



*rdisl* ... small problem for testing dispersion module

KCYC = 1 ITER = 1 TIME = .100000E-08

0\
W

MASS FLOW RATES (KG/S) FROM DIFFUSION AND DISPERSION

ELEM1 ELEM2 INDEX PHASE COMP PHASE COMP PHASE COMP PHASE COMP
-1- -1- -1- -2- -2- -1~ -2- -2-

All 1 A12 1 1 .OOOOOE+OO .OOOOOE+OO .26445E-03 -.26445E-03
All 1 A2l 1 2 .OOOOOE+OO .OOOOOE+OO .ll747E-04 -.ll747E-04
A21 1 A22 1 3 .OOOOOE+OO .OOOOOE+OO .35947E-04 -.35947E-04
A21 1 A3l 1 4 .OOOOOE+OO .OOOOOE+OO .38369E-05 -.38369E-05
A3l 1 A32 1 S .OOOOOE+OO .OOOOOE+OO -.16590E-03 .l6590E-03
A12 1 Al3 1 6 .OOOOOE+OO .OOOOOE+OO -.64732E-05 .64732E-05
A12 1 A22 1 7 .OOOOOE+OO .OOOOOE+OO -.73336E-04 .73336E-04
A22 1 A23 1 8 .OOOOOE+OO .OOOOOE+OO .l2712E-04 -.l27l2E-04
A22 1 A32 1 9 .OOOOOE+OO .OOOOOE+OO -.20390E-OS .20390E-OS
A32 1 A33 1 10 .OOOOOE+OO .OOOOOE+OO .72917E-04 -.72917E-04
A13 1 A23 1 11 .60000E+OO .OOOOOE+OO .40224E-04 -.40224E-04
A23 1 A33 1 12 .OOOOOE+OO .OOOOOE+OO .14808E-04 -.14808E-04

@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@

********** VOLUME- AND MASS-BALANCES ********************************************************************************************

********** [KCYC,ITER) = [ 1, 1) ***** THE TIME IS .lOOOOOE-08 SECONDS, OR .115741E-13 DAYS

PHASE VOLUMES IN PLACE

GAS .OOOOOOE+OO M**3; LIQUID .l82000E+02 M**3

MASS IN PLACE
GAS .OOOOOOE+OO KG;
AIR .OOOOOOE+OO.KG

TOTAL BRINE MASS IN SINGLE-PHASE GAS REGIONS IS

LIQUID .188747E+05 KG; BRINE .458030E+04 KG; VAPOR .OOOOOOE+OO KG; TOTAL WATER .142944E+05 KG

.OOOOOOE+OO KG

*********************************************************************************************************************************

Fig. 25e. Changes in primary variables and the dispersive flow rates for the rdis 1 test problem.

*rdisl* ... small problem for testing dispersion module

KCYC= 1 - ITER= 1 - TIME = .lOOOOOE-08

ELEM. INDEX Xl X2 X3 DXl DX2 DX3 DX4 K(GAS) K(LIQ.) VIS(LIQ.)

All 1 1 .11000E+06 .90000E+00 .OOOOOE+OO .OOOOOE+OO .OOOOOE+OO .OOOOOE+OO .OOOOOE+OO .OOOOOE+OO .lOOOOE+Ol .l5838E-02
A2l 1 2 .10700E+06 .70000E+OO .OOOOOE+OO .OOOOOE+OO .OOOOOE+OO .OOOOOE+OO .OOOOOE+OO .OOOOOE+OO .lOOOOE+01 .13084E-02
A31 1 3 .10300E+06 .30000E+OO .OOOOOE+OO .OOOOOE+OO .OOOOOE+OO .OOOOOE+OO .OOOOOE+OO .OOOOOE+OO .lOOOOE+01 .10157E-02
A12 1 4 .10100E+06 .lOOOOE+OO .OOOOOE+OO .OOOOOE+OO .OOOOOE+OO .OOOOOE+OO .OOOOOE+OO .OOOOOE+OO .lOOOOE+Ol .93l57E-03
A22 1 5 .10500E+06 .50000E+OO .OOOOOE+OO .OOOOOE+OO .OOOOOE+OO .OOOOOE+OO .OOOOOE+OO .OOOOOE+OO .10000E+Ol .1l302E-02
A32 1 6 .10600E+06 .60000E+OO .OOOOOE+OO .OOOOOE+OO .OOOOOE+OO .OOOOOE+OO .OOOOOE+OO .OOOOOE+OO .lOOOOE+Ol .l2093E-02
A13 1 7 .10400E+06 .40000E+OO .OOOOOE+OO .OOOOOE+OO .OOOOOE+OO .OOOOOE+OO .OOOOOE+OO .OOOOOE+OO .lOOOOE+01 .10671E-02
A23 1 8 .10200E+06 .20000E+OO .OOOOOE+OO .OOOOOE+OO .OOOOOE+OO .OOOOOE+OO .OOOOOE+OO .OOOOOE+OO .lOOOOE+Ol .97194E-03
A33 1 9 .lOOOOE+06 .OOOOOE+OO .OOOOOE+OO .OOOOOE+OO .OOOOOE+OO .OOOOOE+OO .OOOOOE+OO .OOOOOE+OO .lOOOOE+01 .89043E-03

@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@



************************************************************************************************************************************ .

SUMMARY OF PROGRAM UNITS USED

***********************************************************************************************************************************

UNIT VERSION DATE COMMENTS

10
OPEN FILES *VERS*, *MESH*, *INCON*, *GENER*, *SAVE*, *LINEQ*, AND *TABLE*

TOUGH2

INPUT

MESHM

GXYZ
PCAR
FLOP
RFILE

~

CYCIT

EOS
COWAT
SAT
VISW
PCAP

BALLA

MULTI

DISF

DOT

CONYER

OUT

OUTDF
WRIFI

1.0

1.OD

1.0

1.0D

1.OD
1.0
1.0
1.0

1.1D

0.11
1.0
1.0
1.0
1.0

1.0

1.1D

0.7 !

0.6 !

1.0

1.0

0.5 !
1.0

15 APRIL

12 JUNE

11 APRIL

17 JUNE

30 JUNE
25 MARCH

11 APRIL

23 APRIL

05 MAY

7 August
22 JANUARY
22 JANUARY
22 JANUARY
4 MARCH'

16 JULY

28 APRIL

05 MAY

22 JANUARY

4 MARCH

1 AUGUST

17 JUNE
22 JANUARY

1991

1992

1991

1992

1992
1991
1991
1991

1993

1992
1990
1990
1990
1991

1991

1993

1993

1993

1991

1991

1992
1990

MAIN PROGRAM

READ ALL DATA PROVIDED THROUGH FILE *INPUT*

EXECUTIVE ROUTINE FOR INTERNAL MESH GENERATION

GENERATE 1, 2, OR 3-D CARTESIAN MESH

MAKE STRUCTURED PRINTOUT OF CARTESIAN MESH

CALCULATE NUMBER OF SIGNIFICANT DIGITS FOR FLOATING POINT ARITHMETIC

INITIALIZE DATA FROM FILES *MESH* OR *MINC*, *GENER*, AND *INCON*

EXECUTIVE ROUTINE FOR MARCHING IN TIME

*EOS7* ... THERMOPHYSICAL PROPERTIES MODULE FOR WATER/BRINE/AIR
LIQUID WATER DENSITY AND INT. ENERGY AS FUNCTION OF TEMPERATURE AND PRESSURE
STEAM TABLE EQUATION: SATURATION PRESSURE AS FUNCTION OF TEMPERATURE
VISCOSITY OF LIQUID WATER AS FUNCTION OF TEMPERATURE AND PRESSURE
CAPILLARY PRESSURE AS FUNCTION OF SATURATION

PERFORM SUMMARY BALANCES FOR VOLUME, MASS, AND ENERGY

ASSEMBLE ACCUM. AND FLOW TERMS, PASS OUT NFLUX DVELM VALUES

CALCULATE FLUX DUE TO HYDRODYNAMIC DISPERSION AND MOLECULAR DIFFUSION.
MAXIMUM NUMBER OF INTERFACES (CONNECTIONS) (MNI) = 4000
MAXIMUM NUMBER OF GRID BLOCKS IN Y-DIRECTION (MNYY) = 41
MAXIMUM NUMBER OF GRID BLOCKS IN Z-DIRECTION (MNZZ) = 41

CALCULATE DOT PRODUCT BETWEEN UNIT NORMAL AT INTERFACES AND COORDINATE
MAXIMUM NUMBER OF INTERFACES (CONNECTIONS) (MNI) = 4000

UPDATE PRIMARY VARIABLES AFTER CONVERGENCE IS ACHIEVED

PRINT RESULTS FOR ELEMENTS, CONNECTIONS, AND SINKS/SOURCES

AXES.

PRINT OUT INTERBLOCK FLOW RATES FROM DIFFUSION AND DISPERSION

AT THE COMPLETION OF A TOUGH2 RUN, WRITE PRIMARY VARIABLES ON FILE *?AVE*

***********************************************************************************************************************************

Fig. 25f. Subroutine calling sequence for the rdis 1test problem.


