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ABSTRACT

This document contains a technical description of the TOUGH computer
program, which was developed at Lawrence Berkeley Laboratory for simulating
the coupled transport of water, vapor, air and heat in porous and fractured
media. The physical processes taken into account in TOUGH are discussed, and
the governing equations actually solved by the simulator are stated in full detail.
A brief overview is given of the mathematical and numerical methods, and the
code architecture. The report provides detailed instructions for preparing input
decks. Code applications are illustrated by means of six sample problems.
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AL

TOUGH is a multi-dimensional numerical ‘model- for simulating: the coupled
transport of water, vapor, -air. and heat in: porous and fractured media." It is a:
member of Athe MULKOM famlly of multr-phase, multl-component codes, which is

of unsaturated groundwater and heat.” TOUGH has so far been applled mostly
to studies of -high-level. nuclear -waste isolation in® partially: saturated geological
media : (Pruess and ‘Wang, 1984; Pruess, Tsang, and Wang, "1985), but it 'should -
also be useful for a wider range of. problems in heat and moxsture transfer, and in
the drylng of porous materxals. T LT B NS LA S Tote S TUNPD St T S TP RN

ThlS report glves a technlcal descrlptlon of the TOUGH-code, 1nclud1ng drs-é .
cussions of the physical ] processes modeled, govermng mass- and energy-balance . ;.

equations, mathematical and numerical methods, and code architecture. We also.
provide complete - lnstructlons for preparlng input decks and present“a number of
illustrative problems, . ... e n Ll e e i T

Most of the development of TOUGH was carned out on the CDC-7600 .COM- .. .

puter at Lawrence Berkeley Laboratory Before dlstrlbutlon the ,program. was
transferred to the Cray X—MP at the Natlonal Magnetlc Fusron Energy Computer
Center, Lawrence leermore Natlonal Laboratory An eﬁ'ort was made to elim-
inate ‘all’ non-standard FORTRAN ‘and to brmg the codlng as much as. possnble
into complxance thh the ANSI FORTRAN a7, language standard .We believe

that the'code should Tun with véry minor modlﬁcatlons on any. 64-b1t mainframe |

computer with a FORTRAN 77 compller. B

7
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2. PHYSICAL PROCESSES AND APPROXIMATIONS - -

The *‘conventional’’ description of unsaturated flow, as'recently reviewed by

Narasimhan (1982), was developed primarily by soil physxcxsts ‘It assumes’ 1soth- S

ermal conditions -and treats the gas phase as a passive spectator, which remains _
at constant pressure- (1 bar) at all times. Liquid phase flows under grav1ty and
caplllary suctlon, as glven by Rlchards’ law (1931) '

ThlS approach has been extended to weakly non- lsothermal ‘systems (tem— '

peratures up to 50°C) by Philip and de Vries (1957), Sophocleous' (1979), Milly -
(1982), and others. These authors consider moisture migration in' the form of

liquid or vapor. Vapor transport occurs only by molecular diffusion, and no

overall movement of the gas phase is taken into account. The present status of
“weakly’ non-isothermal unsaturated flow has been revnewed by. Walker, Sabey, .

and Hampton (1981), and Childs and Malstaff (1982). ’

The development of the TOUGH simulator was motlvated by problems' -
involving “strongly” heat-driven flow, for which the approaches mentioned above
are not applicable. As temperatures approach or exceed the bonhng point of
water, vaporization will take place with associated increases in vapor partial pres-
sure and strong forced convection of the gas phase.  To’ describe these phenomena

it is necessary to employ a multi-phase approach to fluid and heat flow, which . |

fully accounts for the movement of gaseous and hquld phases, their transport . of )
latent and sensible heat, and phase transitions between liquid and vapor. The gas
phase will in general consist of a mixture of water vapor and’ air, and both these
components must be kept track of separately. o

The TOUGH simulator takes account of the following physical processes.
Fluid flow in both liquid and gaseous phases occurs under pressure, viscous, and
gravity forces according to Darcy’s law, with interference between the phases
represented by means of relative permeability functions. In addition we consider
binary diffusion in the gas phase. However, no account is presently made of
Knudsen diffusion, which will effectively enhance gas phase permeability under
conditions when the mean free path of gas molecules becomes comparable to or
larger than typical pore sizes (Knudsen, 1909; Klinkenberg, 1941; Hadley, 1982).
This effect will become important for media with very small pores and/or at
small gas pressures. Capillary and phase adsorption effects are taken into
account for the liquid phase, but no allowance is made for vapor pressure lower-
ing, which will become significant for very strong suction pressures (for example,
a suction pressure of -14.5 MPa will cause approximately 10% reduction in vapor
pressure). Also, no allowance is made for hysteresis in either capillary pressure or
relative permeability. All thermophysical properties of liquid water and vapor
are obtained within experimental accuracy from steam table equations (Interna-
tional Formulation Committee, 1967). Air is treated as an ideal gas, and addi-
tivity of partial pressures is assumed for air/vapor mixtures. Air dissolution in
water is represented by Henry's law. However, because air solubility in water is
very small, we felt justified in neglecting the temperature dependence of Henry's
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constant. The value implemented in TOUGH, Kﬁéiolo Pa,is accurate to within
+ 10% in the,temperature range from 40° ° C to 100 ‘C ~(Loomis, 1928)..

Heat transport occurs by means of conductlon, with thermal conductmty
dependent “on: water  saturation, and convectlon and blnary dlﬁusmn, Whlch

34 St ’% -

includes both sensible and latent heat.- S AL

The governing equations used in TOUGH, and their numerical implementa-
tion, are applicable to one-, two- or;three-dimensional anisotropic porous or frac-
tured media (see below). TOUGH does not perform stress calculations for the
solid skeleton, but it allows for porosity changes in response to changes in pore
pressure (compressibility) and temperature (e;cpansivity).

HISTRE




3. GOVERNING EQUATIONS

The formulatibﬁéuSéd' in TOUGH is anal:ogo'u's: to i;he'vmtliltiij))hase treatment
customarily employed. in geothermal reservoir simulators. ‘The basic mass- and

energy—balance equatlons are - written in mtegral form . for an. arbltrary ﬂow

domain V, as follows (Pruess and Narasimhan, 1985): . i g
% J MEdy = [ FO) - ndd + [ q®Wav 0 (1)

Va o Ta oy
(k = 1: water; Kk = 2: air; K = 3: heaf.)'
The mass accumulation terms (x = 1,2) are

ME) = 4 ) sﬂpﬂxﬂ(n) (2)
B=lg

where ¢ is porosity, Sg is saturation of phase g (= liquid, gas), pp is density of
phase 8, and Xé") is the mass fraction of component « present in phase f. The
heat accumulation term contains rock and fluid contributions

M(3) = (l—¢)pRCRT + ¢ pz;, Sﬁ pp Uﬁ (3)
il

where pg is rock grain density, Cy is specific heat of the rock grains, T is tem-
perature, and ug is specific internal energy of phase S.

The mass flux terms contain a sum over phases

Fl*) = ) Fﬂ('c) (4)
p=lg

where the flux in each phase is

Fgr) = X4®) (VPp - pp8) — 85 Dya pp VXp¥) (5)

ol

Here k is absolute permeability, k4 is relative permeability of phase 8, Bp is
viscosity of phase g, Pg =P + Peappis the pressure in phase § (sum of a refer-
ence phase pressure and capillary pressure), and g is gravitational acceleration.
The last term in equation (5) contributes only to gas phase flow and represents a
binary diffusive flux, with D,, the diffusion coefficient for vapor-air mixtures.
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Heat flux contains conductive and convective components (no dispersion) - -

FO = - KyT 4 z) hﬂ(n) O )
ﬂ— ce
K= 12

Here K is heat conductmty of the rock-ﬂuld mlxture, and hé") is specxﬁc
enthalpy of component « in phase ,B

The transport equatlons glven above need to be complemented with consti-
tutive relationships, which express all parameters as functions of a set of primary
thermodynamic variables. The thermophysical properties of water substance are
accurately represented by the steam table equations, as given by the Interna-
tional Formulation Committee (1967). Air is approximated as an ideal gas, and
additivity of partial pressures is assumed for air and vapor, P; = P, + P,. The
viscosity of air-vapor mixtures is computed from a formulation given by Hirsch-
felder et al., (1954), but using steam table values for vapor viscosity instead of
approximations from kinetic gas theory. Henry’s law was assumed for solubility
of air in liquid water:

Mp,0

air

P, = Ky X, . (7)

Here Ky = 10'° Pa is Henry’s constant, X,®") is the mass fraction of air in
liquid water, and My, M,;; are the respective molecular weights.

Capillary pressures and relative permeabilities will usually depend on phase
saturations, but more general relationships are possible (e.g. temperature depen-
dence; however, TOUGH does not allow for hysteres1s) A library of the most
commonly used functional forms is provided in the TOUGH code, and can be
selected by means of input data (see Appendices A and B). Additional capillary
pressure and relative permeability functions may be used by adding FORTRAN
code to the approprlate subroutines (see Appendix A).

The vapor-air diffusion coefficient is written as (Vargaftlk 1975; Walker et
al., 1981) '

DS (T +27315 )°
P 273.15

Dy, = 7¢5; (8)
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where 7 is‘a tortuosity factor, which is dependent on pore geometry, and D.% and
6 are material parameters which for air/vapor mixtures have values of DO =
2.13 x 10~ m?/s (at standard conditions of P = 1 bar, T = 0 °C), and § =
1.80 (Vargaftik, 1975).

Heat conductivity can depend on liquid saturation according to one of the
following two relationships (Somerton et al., 1973, 1974)

VSO (S =1)-K(@S =0)  (0a)
,f.K(S’) = K& =0+ 15 & —1) K(S, —0)) (o)
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. MATHEMATICAL AND NUNIERICAL METHODS

The continuum Equatlons (1) are dlscretlzed in space usmg the ‘‘integral
finite difference” method (Edwards, 1972; Narasimhan and VVitherspoon, 1976)
Introducmg a.pproprlate volume averages, we have . AN V T

'f'Mdv—v; V. M, N I T w(lo)'-- |

Here M is a volume-normalized extensive quantity, and‘M, is the average value of -
M over V,. Surface integrals are approxnmated as a 'discrete sum of averages over.--
surface segments A, :

[ Findd = S AmFa oy

Time is discretized fully implicitly as a first order finite difference, to obtain
the numerical stability needed for an “efficient . calculation of multi-phase flow.
Equations (1) reduce to the following set of coupled algebralc equations:

R.Sf?f?*%ifs‘ VI VL —3—“{2 AuF 11V, q;*"f*‘} —o (9

T

Here k labels the tlme step, At = t""‘l - For a ﬂow system thch is. dlscre-
tized into N grid blocks, Equations (12) represent a set of 3N algebraic equations.

These are strongly coupled because of interdependence of mass and heat flow.

They are highly non-linear, because of order-of-magnitude changes in parameters
during ‘phase transitions, and because of non-linear material properties (chiefly
relative permeabilities and capillary pressures) Because of these features of the
equation system, TOUGH performs a completely simultaneous solution of the
discretized mass- and energy-balance equatxons, taking all coupling terms into
account. To handle the non-linearities we perform Newton/Raphson iteration.
The unknowns in Equatlons (12) are “the ‘3N independent ' ‘primary’ varlables,'
which completely deﬁne the thermodynamlc state of the flow system at time level

th+1, For each volume element (grld block) there are .three prlmary varrables, the

chonce of Whlch depends upon the phase composmon (see Table 1)
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: Table 1 o
Primary Thermodynamic Variables

Phase  variable : variable v “variable
composition #1 #2 #3

single phase | P-pressure (Pa) | T-temperature (°C) | X-air mass fraction

Denoting these primary variables collectively as (x;; i=1, ..., 3N), the
Newton/Raphson iteration process can be written as. follows. Demandmg that
the residuals R{**+! in Equations (12) vanish at iteration index p + 1, and
expanding to first order in terms of the residuals at iteration index p, we have

AR KKk S
Rrslc)k+l i pr 1) ~ R}")k"'l (ip) + X—F— > | p (xi,p+1'“xi!p) =0 (13)_ -

i

Equations (13) represent a set of 3N coupled linear equations for the x; ;. These
are solved with an efficient direct solver, which uses sparse storage techniques,
requiring only the storage of non-zero members of the coefficient matrix (Duff,
1977). Iteration is continued until the residuals are reduced to a small fraction of
the accumulatlon terms (for all n, x ).

A .
VMIS';)IH-I S €1 s (14)

The default (relative) convergence criterion is € = 10> When the accumulation
terms are smaller than e, |M x) | <€g, we impose an absolute convergence cri-

two-phase - P-pressure (Pa) | S g 83s saturation . = | ‘T-temperature (°C) | ..

terion: | Ré k) | <¢;°€p. The cutoff €, can be set by the user (default: e,=1). Con-

vergence is usually attained in '3-4 iterations. If convergence can not be achieved
within a certain number of iterations (default 8), the time step size At is reduced
and 2 new iteration process is started. All derivatives OR,/8%; needed in the
coefficient matrix are obtained by numerical differentiation.

It is appropriate to add some comments about our space discretization tech-
nique. As an example let us consider a discretized version of the mass flux term,
Equation (5).



N T

k. pf CESOTIE MO ALl auET s
ﬂ(r'lcle =- knm [ 7 ) (Xﬁ(x))nm Vs R

/]
Bl f;r.f‘ Pﬁn‘Pﬁm .:p g IR CEM S T {
S e B Dnm : ﬂnm nm - Gt =g

5pg(Dva)nm (Pp)mn T v.

The subscripts (nm) indicate that the respective quantities are to be evaluated at
the 1nterfa.ce between volume elements n and m, based on average values within
'S and V. As has been discussed elsewhere (e.g. Pruess and Narasimhan, 1985),
thlS requires different weighting procedures for different parameters, such as har-
monic welghtmg, spatlal mterpolatlon, and upstre‘am Welghtlng

(12) i lS promded in the form of a. hst of gnd block volumes Vn, mterface areaslx,;
Apms nodal dnstances Dy, nms and components Som: of grawtatlonal acceleratlon -along. ..,
nodal Tines.  There is no reference whatsoever., to a global system. of coordinates, . ...

or to the dimensionality of a particular flow problem. The discretized equations
are in fact valid for arbitrary irregular discretizations in one, two or three dimen-
sions, -and for porous as well as for fractured media. This flexibility should be
used with caution, however, because the accuracy of solutions depends upon the

accuracy with which the various interface parameters in equations such as (15)

can be-expressed in-terms of average conditions.in: grid blocks. ‘A necessafy con-

dition . for- this to’ be possible: is that there exists: approx1mate thermodynamlc ch

equilibrium -in (almost). all..grid blocks . at (almost) all times (Pruess and
Narasimhan, 1985). - For. systems of regular grid blocks referenced to global coor-:*
dinates (such as r - z, x - y - z), Equations (12) reduce to a conventional finite
difference formulation (e.g. Peaceman, 1977).. .

.. P
H) v T |
: * Ty
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5. TREATMENT OF SINKS AND SOURCES AND BOUNDARY
CONDITIONS

TOUGH provides various options for specifying 1njectlon or Wlthdrawal of
heat and fluids, which are discussed in Section'7. In the simplest case, source
rates are specified as constants, or as a table of time-dependent values. TOUGH
also provides an option to produce a well based on a deliverability model, by
prescribing a wellbore pressure P and a productnnty index PI (Coats, 1977)
Production rate in phase g is

g = ”r:pp‘jj Pl (Ps—Pw) .. ., = -(16)

For wells on deliverability which are completed in more than one layer, the
flowing wellbore pressure P, can be corrected to approxnmately account for

gravity effects. Assume- that the open interval extends’ from layer l —1 .at the e

bottom to =L at the top. The flowing Wellbore pressure in layer {, Py, is *
obtained ‘from the wellbore’ pressure in layer I+ 1 lmmedlately above 1t by"
means of the followmg recursxon formula »

,wal = Pypr41 + % (Ptf Az’i + Plf{i Aztfl’]' (17)‘

Here, Az, denotes the layer thlckness, and p, is the flowing densxty in the tubmg
opposite layer l. Flowing densities -are computed us1ng a procedure glven by
Coats (private communication, 1982). If wellbore pressure were zero, we would
obtain the following volumetric production rate of phase B from layer l

g = [”‘:]' (PI) P, 4 (18)

The total volumetric flow rate of phase 8 opposite layer [ is , for zero wellbore
pressure

- I
T, = Y Tmg (19)

From this we obtain the following approximate expression for flowing density
opposite layer [ :

ol = (20)
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Boundary conditions:are specified; generally speaking, by means of appropri-
ately chosen volume elements, flow connections, and sinks and sources. The sim-
plest boundary conditions to implement are “no flux'’;; these are realized simply

by not mtroduclng ‘no ﬁux areas into the list of geometnc parameters where- no . . ;

crossflow is desired. More general flux (Neumann) boundary condltlons can be .
prescribed by introducing sinks or sources of appropriate strengths into the ele-
ments adjacent to the boundary. Dirichlet-type boundary conditions, such as
constant pressures or temperatures, can be convemently speclﬁed by introducing
appropriate boundary elements and connectlons (a ‘connection’ consists of an
interface area, and a pair of distances of adjacent nodes from the interface).
Assigning very large-volumes to such boundary elements-will -ensure-that -their -
thermodynamic state remains unchanged in a simulation. It is also poss1ble to fix
temperature and to allow pressure to vary. This can be done by means of assign-

ing a very large heat capacity to an element with “‘normal” volume. The only =~

feature distinguishing boundary elements from the “normal” grid blocks forming: :
the ﬂow domain is their large volume (and/or heat capacity); in the calculatlons '
they are treated on an equal footing with all other elements. : R

.

i
i
!
!

9
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6. OVERVIEW OF PR_OGRAIVI STRUCTURE AND EXECUTION:‘

The subroutines contamed in the TOUGH—program can be grouped accord-
ing to their functions as summarized in Table 2. Figure 1 glves an abbrev1ated 7
overview of the computatlonal pr0cedure (ﬂow chart) S -

Table 2 .
TOUGH Program Structure

Fupétion o . ‘,Slllb_roqtine‘(;s)r o
data xnput e - ~INPUT,‘ REAFIL
prmtout of mput data INDATA -
driver for execution CYCIT
thermophysical properties EOS (and satellite programs)
and phase diagnostic
assembling of equations MULTI
production, injection QU
data interpolation FINDER, FINDL, HINTER, QINTER
scaling of equations MC19A
solution of equations LINEQ (with satellite package "MA28”)
conclusion of converged CONVER
time steps
output of results WRIFI, OUT, BALLA

The initialization of a simulation run is accomplished by the subroutines
INPUT and REAFIL in a flexible way. Most of the necessary data are supplied
from disk files, which can be either directly provided by the user, or which will be
generated internally from input data. The initialization stage can generate sim-
ple regular computational grids in one, two, or three dimensions. If desired, a
printout of input data can be provided (subroutine INDATA). The iterative
sequence for time stepping is controlled by CYCIT. On the first time step, all
thermophysical parameters are initialized (subroutine EOS), and then time step
counter KCYC, iteration counter ITER, and convergence flag KON are defined.
The iteration counter is incremented, and the accumulation- and flow-terms for
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(Initialize).

EOS

2~ STITER=0.
CYC KCYC+I
KON=1 ,- |

Y
(m-:R ITER +>

| Conver |

iR !

Out |e—

XBL 858-10700

Figure 1. Simplified flow chart of TOUGH.
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all equations are assembled (subroutine MULTI). If sinks or sources are present,
MULTI calls subroutine QU to compute their contributions. MULTI also com-
putes all residuals, as well as element index (NER) and equation index (KER) of
the largest residual. If convergence is achieved (KON=2), CONVER is called to
update the primary variables. Otherwise, LINEQ is called to solve Egs. (13) and
to compute new values for the primary variables. LINEQ calls the subroutine
package MA28, which performs a sparse version of LU-decomposition with partial
pivoting and back substitution (Duff, 1977). Informative messages generated by
MAZ28 are written onto a disk file called LINEQ. Subsequently, EOS finds all
thermophysical parameters pertaining to the latest primary variables. Printed
output can be generated at user-specified time steps or simulation times either for
each iteration or after convergence (subroutine OUT). Depending upon the value
of the convergence flag KON, the program will then proceed to the next iteration
(KON=1) or to the next time step (KON=2). If anything goes wrong -- failure
in solving the linear equations, failure in computing thermophysical parameters,
failure to converge within a given maximum number of iterations — the time step
will be repeated with a reduced time mcrement At.

In certain cases a calculation will progress in time with convergence‘achieved
on the first iteration (ITER = 1).- This occurs when the time step is chosen so
small, or the simulated problem is so close to steady state, that the convergence
tolerances (see' Chapter 4) are satisfied without any changes in primary variables.
Misleading results may be obtained if a time period over which significant
changes in thermodynamic conditions would occur is simulated by means of
many very small time steps, each of which gives convergence on ITER = 1. This
pitfall can be avoided by specifying automatic time step adjustment (via parame-
ter MOP(16), see page 23).

The simulation proceeds until it terminates for one of several termination
criteria (number of time steps, machine time, simulation time). At that time, a
disk file called ‘SAVE is written; this file allows for restarting the problem in a
simple way (see below).

The major arrays used by TOUGH, and their dimensions in dependence
upon problem size (number of grid blocks and connections, dimensionality), are
described in full detail in comment cards in the MAIN program.
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7. PREPARATION OF INPUT DECKS
7.1 Data Blocks

The types of data needed to characterize a flow system are summarized in
Table 3. The input of TOUGH is organized into ‘blocks’” which correspond to
the data groups given in Table 3. There is no special data block for boundary
conditions; these have to be specified through appropriately chosen elements,
interfaces, initial conditions, and sinks/sources.. An overview of the most general
input structure is given in Table 4.

The first data card must be the TITLE-card. The last data card must be
the ENDCY-card, with ENDCY typed in columns 1-5. The data blocks between
TITLE and ENDCY can be provided in arbitrary order, except that block
ELEME must precede block CONNE. The blocks ELEME and CONNE must
either be both provided through the input deck, or both through a disk file called
MESH. The block GENER can be omitted if there are no sinks or sources in the
problem If block START is present, consisting of one data card. with START
typed -in .columms 1:5; the: block INCON can be incomplete, with elements’ in
arbitrary order, or it can be-absent altogether. Elements for which no initial con-
rdltlons are specified in INCON will then be assigned default initial conditions; BS
given in block PARAM, and default porosities as given in block ROCKS. If
START is not present, INCON must contain information for all elements, in
exactly the same order as the elements are listed in block ELEME. e

ATt

During 1mt1ahzatlon, TOUGH can write the following disk. ﬁles frém mfor—
mation provnded through mput data blocks: oA |

- afile MESH consisting of blocks ELEME and CONNE Al o
- a file GENER, consisting of the block GENER; -
= a file INCON, consisting of the block INCON.

The initialization of the actual program variables for data on geometry, gen-
eration, and intial conditions will always be made from the disk files MESH,
GENER, . and INCON..-When no data blocks ELEME and:CQONNE, “GENER;;
and INCON are present, in: the input deck, TOUGH will attempt to read data for:
flow geometry, generation, “and initial conditions from: pre-ex1st1ng dlSk ﬁlesﬁ
MESH,  GENER, and INCON,; respectively. Geometry data have to be speclﬁed
for each TOUGH run either in the input deck, or on a disk file called MESH. If
no data blocks GENER and INCON are provided in the input deck, and if no
disk files GENER and INCON are present, defaults will take effect (no genera-
tion; default initial conditions as specified in block PARAM). If a user intends to
use these defaults, (s)he has to make sure that at execution time no disk files
INCON or GENER are present from a previous run (or perhaps from a different
problem). - A safe way to use default GENER and INCON is to specify ‘‘dummy”
data blocks in the input deck, consisting of just the identifier GENER or
INCON, followed by one blank line.
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Table 3 -
Data Groups for'a Simulation Problem it
. ' ; i i
regula,r,. ir'tegulg.r' o ‘ - o ‘ _ mass ﬂqw;‘; _héa.t,ﬂ;)v'a

| BouNDARY | e
. : CONDITIONS |~ capillary presstire
fractured medium * .© . - b ' . *. {saturation)

/ " porous mediam -
| Porous medium

' GEOMETRY

1-D 2—D‘ 3D ﬁressure temperaf;q;'ef :

pores  fractures ) ' constant time dependent o

AN / /constan'. properties - fa \ / / l;ﬁi
~

RESERVOIR , i
*mass -

MATRIX [™——_

SINKS/SOURCES

~

homogeneous  inhomogeneous L A -“br‘o.duction injection

variable properties

: )uﬁiform' "
JINITIAL . - [° : :
] 3 B » TIME-STEPPING AND ‘
CQNDI}'I‘lONSA\non_u"irorm o .+ . - |ITERATION PARAMETERS;| .
I 7 | | PROGRAMOPTIONS .. |~ ..~
variO“VSP,-—T.X,S’ o O E T S S S
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<., Table 4 .
Input Data. Blocks

Block .. .. |-Description ... . .
TITLE =~ One ;data eard .!eent:ainiirlg.a problem At‘itle for ridentifying output.
(ﬁrstcard) S T , , , S
ROCKS , | ,Materlal parameters for the varlous reservonr domalns
PARAM ' ,Computatxonal parameters (tlme steppmg mformatlon, L
program options).

RPCAP . | Parameters for relatlve permeablllty and caplllary

.- i.:::.| pressure. functlons . : B
TIMES s List of (physxcal) tlmes at whlch prmtout is |
(optional) . ;to be generated. - - ; \ i

*ELEME 11Llstfof grxd elements e e e
T v . MESH - information:
*CONNE . ‘LlSt of 1nterfaces (connectxons) e IVCRNEEES R

*GENER | List- of mass or heat snnks/sources B
*INCON List of initial conditions and (optional) restart
(optional) information. e
START ,One data card allowing a more ﬂexlble
(optlonal) 1mt1ahzatxon | AT R TRARE RN e
ENDCY ”One card closmg the TOUGH 1nput deck
(lasteard) | 0 o LT

1Blocks labeled W1th a star * can be prov1ded as dlsk ﬁles, m whlch case they{',,«:?iw
would be-omitted from the input deck. -

The format for data blocks ELEME CONNE GENER, and INCON 1s bam-. o

cally the same when these data are provnded as dlsk files as when they are pro-
vided as part of the input deck. However, specification: of these data as.part of
the input deck rather than as disk files offers some added conveniences, which are
useful when a new simulation problem is initiated. For example, a sequence of
identical items (volume elements, connections, sinks or sources) can be specxﬁed
on a ‘single ‘data’ card.” Also, indices needed for cross-referencing elements, inter-
faces, and sources will be generated by TOUGH rather than havmg them pro-
vided by the user. Disk files written by TOUGH can’be merged into an input
deck without any changes, keeping the cross-referencing information (see note at
end of Chapter 7; for example, disk file MESH can be directly used as input data
blocks ELEME and CONNE).
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At the completion of a run, the results needed for a subsequent continuation
(restarting) of the problem are written onto a file SAVE. This file is compatible
with INCON format specifications, and can be provided for a subsequent run
~-either as a disk file (to be named “INCON”’), or as part of the input deck.

We expect the user to initiate a problem with ELEME,CONNE, GENER; e

.and INCON as part of the input deck, using the START-option for»ﬁexibility
and convenience. Typically, the user will want to run only a few time steps ini- .
tially, examine the results, and then restart the problem with time steps chosen
manually or automatically to give an optimum compromise between accuracy and
efficiency. The file SAVE of a completed run must be provided as disk file
INCON or input data block INCON for a continuation run. Apart from initial
conditions, file SAVE also transmits information on simulation times and time
steps for a restart. -Further discussion on restarting a problem is ngen on page“

38.

As was discussed above, all geometric data defining the flow domain and its
discretization have to be provided as input to TOUGH in the form of lists of grid
block volumes V,, interface areas A, nodal distances D, and cosines f, of
the angles between nodal lines and the vertical. For all but the most trivial flow"*

geometrles, generation of these data will require a separate step of geometric ‘ '

preprocessing prior to the actual simulation. For the most commonly used
cylindrical or linear flow geometries, we have written simple ' FORTRAN pro-
grams to carry out the elementary geometnc calculations involved, and to gen-
erate a MESH-file compatible with TOUGH input speclﬁcatlons More elaborate
grid generators are available for irregular geometries (““OGRE”, Weres and
Schroeder, 1978) and for fractured porous media (“GMINC” Pruess, 1983). Tllus-
1(;rat1v)e examples for a variety of flow problems have been ngen by Narasimhan
1982

7.2 TOUGH-Input Formats

The input data to be provided for a TOUGH simulation are summarized in.
Figure 2. The blocks ROCKS, ELEME, CONNE, GENER, and INCON can
have a variable number of cards dependlng upon how many items the user
wishes to specify. The end of these va.rlable-length blocks is indicated with a
blank card. (For CONNE, GENER, and INCON it is possible to have, instead of
the blank card, a card with “+++” typed in columns 1-3, followed by some ele-
ment and source cross-referencing information in the case of CONNE and
GENER, and followed by restart-information in the case of INCON; see below.)

We shall now explain the cards and variables in detail. Clarifying examples
will be given in Section 9.

All input and output of TOUGH is in standard metric units.

TITLE is the first card of the deck, containing a‘header of up .to 80
characters, to be printed on output This can be used to iden- ..
tify a problem. If no title is desired, leave this card blank.



-19-

TOUGH — fnput

1Y 234’s8 T NN
e mia Bt s G

II!LLLLEI_Ll lrertitlby i

ROCKS

LLg

(IR O O A N VR S P B

ST G O 0 0 W Ny A W Y 0 R O G PR I 0 B O O T O T RO O
MAT ¢ NAD OROK POR PER(1)
1ial 1111 J I N I 1 00 0 O W 0 O B IO U % 6 O R |
CORY TORTX
llllllll]llLLlll.lll!lllllllxlllllll
RP RP(1) RPR) RPR)
EENE VRIS NW s R P A SRR Ay
P CP(1) CPQ) PR
I i ST RTINS U U O DV S WS Y [V O RO O S B SO O B U0 B
T T T T T 1, S5 T O S T 0 T IO 6 1 A W 5y Y Wy A S S B O A O Y |
PlAinlAiulL'lllllll Pegla e degd il
e * F i3 : 2 HER
WOITE (oA eve | MSES [NCYPR NOP) =14 ,
[N NN SESE RN U O A T O T O I O

TSTART

bt gty v e s it

-} DELTEN or - NDLT

§ O

LT

110138011

ouTR)

111111181

<)

[ O U R N

it trtedad

CEIlaed il it L

S P (R A N T ST S N 1 SAPR I (N SR A N G 5 S
e | PEg [ over - | s
IRTIPRr PR RO S RV VOO U S RRYON B Ry A S S S T IS T 0 0 IO
[ T VAT U U S O S O I O O Y Llllll'll PO T S Y O O
- RPH) -RPES) RP{G) RP(T)
tatawd oo ‘A.AltlLL. 'Juu:,nlz J I OO0 0 S O R

CP4) 0P(S) 0P) em
TR TR A N O 0 U O SO B 0 OO SRR TR O S W U0 T U T I O O
I S LR S S S S S
;k-x'l‘-inillllxi.l‘l;i.Jlx."JitllIA:A.LL.ALJ-JAIJ.J_-
e L I R I e e ST J._LLLJ_.LJL.L.L.L_.
" DIFF : !
ili.l PO S BV BN B R G RO O 5 T T 36 A R T I W 0 O 100 O 9 0 O 0

REDLT

it L1411

gL
eun»[C:::J .
bbb

Lt SEPERNERNY

11 p1 bl gty

IENENEEEE INE N TR ONE

| 40l ]

EESEENEEE NN NEENEAN|

oo f A EEN
IBEENEEREE NENE N NN

REY

I ]

11 11t 41 1¢$

wip

111111838

11t 101111

M =8+K0LT) .

WalLiiat

OFAC

A1l

WiR

§ U I - I O O

A AJ.lem joS S S

NN PSRN SURENRNER|
1
 psg il ety

Lttty aa ey titray

0 T T T T S S I T N O I T O O |

L1131 1411

G UG 0 U I S 1O 3 A T S T O I O O O

T T T 6 O T 0 O R Wy iy Yy Ty B I

(NN RN SN N

Cals. 1t 2 !lsl THINNNUNIIRINNS

uuuuaunuuuuuuuuunuuu

R, c AP {optional) -

NN EEN R

HNUNBRNABRNANUNRNINNS

Ao .
Aoty 10114 ft

NROUNNNBUNNRBIUBITIANN

e - DT
Flas [RENY

111118

BN E N BN

113 fy 1y

BENER

e ak Lo ht e

_l_l_l_l_l_LJ_Il_lL.l_l_L_L.l_l_LLJLJ_illll]llJlLlltl_ll.l

lllllllllllll‘lllllllllllllll

Sl SO ENERN Lyt
(o | L I O % B R f R RP(T)
Pt ) e AR ENTHEAE NSRRI LE SRR TS NSNS AN RSN SN ST S SN ERE S W
[ENTS sennd IR NSNS NN e S AR NN T NS A NS E RS SNSRI RN SRS N
Tipes ROl o L, C U
1”: b dorcitg 11 40 A NNESTE RN RN GRS U EEANL O NIENGUL B E NN RO NN SRR SN SN P
7 B
CUAUURRIP NCREr I s FORRE S NN
HENE AN FE NN LUl Lt d it i s v vy s i a 1
lllvlllrlrvll lLlllLIll 1llilllll Llbtgdirga v eriagnt oo ta bl p e ey byc g g
ELEME ’ ‘ . s e ,
1 RN N 1111:111111111 Lt bbby bbb el Y L v i vt iyt
1111 llll)lxllljwlr!‘lllllllllllrllllllllJ_L_LJ._LL_A_.L__L,X_L'llIALlllIAJLA{I BRSNS
- . : . i ; ) - E RNt i
1111111||11|1||H«ln111111111111|1_114_L4_‘U_1|L1__|111‘_1_1_L11LLL11‘1111111111111111::
B 5 PR 0 - . '
CORRE, \ \ 0000y '11"14 S R i N AL RTINS NN N R
atbs M2 WSEn | 0 R TR R R B e
i I W llll‘ 1448 llJJ N S SN NS E] 11111;111 EENEENE SR S AN EERE ENE RN

NN S NI RN

§
l

L1131t

P10 )4

L4114t 1 11 1111 llllT.JllJ d. .ll_lAALl.LJ PRNFE U 0 O
a_ps hs NSEQ | MADD | mams Lt_Lkzizj[%msﬁ[ l B
sl bt 1111t 11 41 F: g1 883 ;:§9 “L_'_.J_.Ll_ siad L a1l

R - 5

Ay FILTB)
_.l_l_l_Ll.l.ALJL‘Ll_LL_J,ll_i.lJlllll)l.Jlllllllll-.lla.l.lln!yl

R0} nnnm)
TN U SN W IO O I N O TN B O 00 N N SO TR U T U 00 N T I O O O B B S UGN U SR S SN S S B R B .l l

R3(1) oy
[TN5 T S S5 2 N T O NG W 1 O N Y O U A N S BN AW LLi‘}d : ,‘;““,‘f':

AILJ B

WA J..L],.LI_LJ_LI_L]_L_S

He ;
biad treralraa a0,

RPN TS SRS AN TS

SN T 1P VY 5 U T S I T S A S W Y Y

llllcloll 11 11 11 01 11

1181113

11311

& |ue asen- N
41 i lIl! 111t 231

I AN

111111

PORX

A1 10y 1

(NN NN SN NN

1211 NS EN NN

NN NS ER AN L S RN

Al gttt

ERN AN NN NN NN

Lirdr e p vyt

EEEEEEEELEHELRAN TS

[BUA RN

A, i

START (optional)

11

RN

14 L1131

sran et il et e e e ST T r

Ny

NN NN NN NN RN

i1 a1t 610104 b1 e p x4ty g0y op gy gyt gt bttt iy et

1 L4 1ty g1

Cols. L' 1348507 nnluuulsuuunlnnnuuanlna:muuasnannuun«aunuuuuuuuuuuuunnuuuuuownnnnnuunnnnn

Figure 2. TOUGH input formats.

XBL 838-2169 A



-90-

ROCKS introduces material parameters for up to 27 different reservoir
domains. R

- Card ROCKS.1

‘Format (A5, 15, 7E10.4) [
MAT, NAD, DROK, POR, (PER (I), I = 1,3), CWET, SPHT

MAT material name (rock type).

"NAD if zero or negative, defaults will take effect for a number of
parameters (see below); ‘ T ,
- >1: will read another data card to override defaults.
>2: will read two additional cards after the default
override card with parameters for relative
permeability and capillary pressure functions.

- DROK rock grain density (kg/m3).

POR default porosity (void fraction) for all elements belonging to
domain “MAT"” for which no other porosity has been specified :
in block INCON. Option “START” is necessary for using
default porosity. . :

PER(I), I = 1,3 absolute permeabilities along the three principal axés, as
specified by ISOT in block CONNE.. | ,

CWET formation heat conductivity under fully 'liquid-saturated condi-
tions (W/m ° C). ‘ B

SPHT rock grain specific heat (J/kg° C). Domains with SPHT >
10*J/kg°C will not be included in global material balances.
This provision is useful for boundary nodes, which are given
-very large volumes so that their thermodynamic state remains
constant. Because of the large volume, inclusion of such nodes
in global material balances would make them useless.

Card ROCKS.1.1 (optional, NAD >1 only)

Format (4E10.4) o
COM, EXPAN, CDRY, TOR

1
| ¢
EXPAN  expansivity (1/°C), -3— (%— b (default is 0) .

COM compressiblity (m?/N), (-g—% r (default is 0)
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CDRY . ;- .formation heat conductivity under L s .
desaturated conditions (W/m °C).. ‘.~ (default is CWET)
TORTX tortuosity factor for binary diffusion - (default is O; i.e.,
binary dlﬂusmn
- turned off)
Card ROCKSI2 | v‘ ? o | ”(optionalleADk Z 2,\onl/y),
~ Format (I5, 5X, 7E10 4)
 IRP, (RP(I), I1=1,7)
IRP integer parameter to choose’ type ‘of relative permeablllty func—
tlon (see Appendlx A) ‘
RP(I), I =1, .., 7 parameters for relative permeability function.
Card ROCKS.13 ~~ '('optional; NADZ 2 only): -
Format (15, 5X,7E10.4) ; -
ICP (CP(I) I=1 7)
ICP 1nteger parameter to choose type of caplllary pressure functlon
(see Appendlx B).
CP(I), il VI s 1 7 parameters for caplllary pressure functxon

, ’ Repeat cards 1 1 1 1, 2 and 1. 3 for up to 27 reservoir domains.

Card ROCKS 2 A blank card closes the ROCKS data block.

START  (optional)

A card with START typed in columns 1 5 allows a more ﬁex1ble
initialization.

- PARAM  introduces computation parameters. -

" Card PARAM.1

Format (212 314, 2411, 9104 1\2 e
NOITE, KDATA, MCYC, MSEC, MCYPR, (MOP(I), =1,
24), DIFF0, TEXP



NOITE

KDATA -

MCYC

MSEC
MCYPR

MOP(I),

MOP(1)

MOP(2)
MOP(3)
MOP(4)
MOP(5)
MOP(6)

MOP(7)

-922.

specifies the maximum number of iterations per time ‘step

* (default value is 8)

specifies amount of printout (default = 1).

O or 1: print a selection of the most important variables.

2: in addition print mass and heat fluxes and flow velocities.
3: in addition p'i'int primary variables and their changes;

If the above values for KDATA are increased by 10, printout
will occur after each iteration (not just after convergence).

maximum number of time steps to be calculated.

maximum duration, in machine seconds, of the simulation
(default is infinite). - :

prirstout will occur for every multiple of MCYPR steps (default
is 1). -

I = 1,24 allows choice of various options.

if unequal 0, a short printout for non-convergent iterations will

‘be generated.

MOP(2) through MOP(6) generate additional printout in various
subroutines, if set 4 0. This feature should never be needed in
“normal’ applications, but it may be convenient when a user
suspects a bug and wishes to examine the inner workings of the
code. The amount of printout increases with MOP(I) (consult
source code listings for details).

CYCIT (main subroutine).

MULTI (flow- and accumulation-terms).
QU (sinks/sources).

EOS (equation of state).

LINEQ (linear equations).

if unequal 0, a printout of input data will be provided.

Calculational choices are as follows:



MOP(9)

MOP(S)

MOP(11)

MoP(12)

MOP(14)

MOP(16)

MOP(17)

DEFFO
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“determines’ the composition of produced fluid with the MASS

option (page 35). The relative amounts of phases are deter-
mined:

0: according to relative mobilities in the source element.

1: source fluid has the same phase composition as the
producmg element

chooses the 1nterpola.t10n formula for heat conduct1v1ty as a
function of liquid saturation (S;)

0: C(S;) = CDRY + SQRT(S;) * (CWET - CDRY) |

1: C(8;) = CDRY +§, * (CWET - CDRY) |

determmes evaluatlon of mobxhtles at 1nterfaces

0: moblhtles are upstream Welghted w1th WUP

(default is, WUP =1).

1 moblhtles are averaged between adJacent elements

determlnes mterpolatlon procedure for tlme-dependent genera—
tion data. : : :

0: triple linear 1nterpolatlon

Bt step functlon optlon B

,determmes handhng of prOt failures in matnx decomposntlon

0: perform new matrix decomposntxon when encountermg a
vaot fallure .

7&0 ignore plvot fallures

provides automatic time step control. Tlme step size w1ll be
doubled, if convergence occurs w1th1n ITER < MOP(16) itera-
tions. ,

permits to choose a scaling-option for preconditioning the Jaco-

_blan matrlx
0 perform scahng

E #0 do not perform scalmg

’strength parameter for dlﬁu51ve vapor ﬂux at standard condi-
‘tionsof T=0°C,P =1 bar.. .. . -

(for free gas, DIFFO = 2.13 x 10’5m2/s)
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TEXP .. arameter for temperature dependence of binary diffusion.
Fdefault = 1.80) :

Card PARAM.2
Format (4E10.4, A5, 5X,3E10.4) |
TSTART, TIMAX, DELTEN, DELTMX, ELST, GF, REDLT,
SCALE C B o .

TSTART starting time of simulation in seconds.

TIMAX time in seconds at which simulation should stop (default is
infinite).

DELTEN length of time steps in seconds. If DELTEN is a negative
integer, DELTEN = -NDLT, the program will proceed to read
NDLT cards with time step information. Note that - NDLT
must be provided as a real number, with decimal point.

DELTMX ﬁpper limit for time step size (s). (default = o0)

ELST set equal to the name of one element to obtain a short printout
after each time step.

GF magnitude (m/secz)' of the gravitational acceleration vector.
Blank or zero gives "no gravity” calculation.

REDLT factor by which time step is reduced in case of coflvergencé
failure or other problems (default is 4).

SCALE scale factor to change the size of the mesh (default = 1.0).

Card PARAM.2.1, 2.2, etc.

DLT(I)

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

Length (in seconds) of time step I.

This set of cards is optional for DELTEN = -NDLT, a negative
integer: Up to 13 cards can be read, each containing 8 time
step sizes. If the number of simulated time steps exceeds the
number of DLT(I), the simulation will continue with time steps
equal to the last non-zero DLT(I) encountered (except for
automatic time step reductions when problems are encountered,
or time step increases when automatic time step control is
chosen with MOP(16) 5£0) '
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Cal‘d PARAM3 if?&:i:,;‘af,"g “

Find Format (6E104 oo il
S f‘?REl RE2 U WNR DFAC ‘ _fj“’; Lo

RE1" """ convergenc criterion for relative error (parameter ¢, in Eq. (14);
default = 1.E-5).

RE2 convergence criterion for absolute error (parameter ¢, [page 8];
default =1).

U, e plvotmg parameter for hnear equatlon solut:on default = 0 l)
« 1 .0.<U, <. 1; increased value for U will make criterion for pivot
..+ -selection more stringent, resulting in better:numerical stability
;. at_the-expense of increased: computing txme for matnx decompo-

" sition. cibdTsne

WUP upstream weighting factor for mobilities and enthalpies at inter-
faces (default = 1.0 is recommended). 0 < WUP < 1.

WNR weighting factor for increments in Newton Raphsoﬁ'-’f iteratfon‘ ‘.
(default = 1.0 is recommended). 0 < <1

DFAC mcremeI;t factor for numerlcally computmg derrvatlves (default
= 1.E-8

R e . N TR PR S R
P S T4 Yol er g NI s 1o, o7 . 4
~lh EA RS SRR ARSI R I UL T S S T A I P JRRERS B

CardPARAM4 T O SN S EORP

1t

Format $3E20 14)
DEP(I),1 =1,3

This card holds a set of primary variables whlch are used as
default initial conditions for all elements not spec;ﬁed in block
“INCON,” if option “START” 1s selected

DEP(I) pressure (Pa)

DEP(2) > 1 5 temperature ( C sxngle-phase pomts) ,
| < 1.5: -gas saturation (two-phase points).- .. = ;-1 (10

DEP(3) > 1.5: temperature (° C; two-phase points).
< 1.5: air mass fraction (single phase points).
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A special feature is available for initializing two-phése*'(:ondi-'
tions with only water present (no air), such as arise in geother-
mal problems. In this case one may set DEP(1) = temperature

3 DEP(2) = vapor saturation; DEP(3) = 0 (or blank). The
condition t at DEP(1) < 374.15 (critical point of water) serves
as a flag to indicate that DEP(l) “means” temperature rather

* than pressure.

RPCAP

introduces information on relative permeablhty and capillary
pressure functions, which will be applled for all flow domains for

- .. which no data were specified in:cards -‘ROCKS.1.2 and

~ ROCKS.13. A catalog of relative permeability and capillary
. pressure functions is presentéd in Appendix A and Appendlx B,

respectively.

Card RPCAP.1

IRP

RP(I),I=1, ...,

Card RPCAP.2

ICP

CP(I),I=1, ...,

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

mteger parameter to choose type of relative permeability func-
tion (see Appendix A).

7 parameters for relative permeability function.

Format (I5,5X, 7E10 4)
ICP, (CP(I), I = 1,7)

integer parameter to choose type of caplllary pressure functlon
(see appendix B).

7 parameters for capillary pressure function.
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TIMES = :permitsthe user.to obtain-printout at specified times (optlonal)
s+ .. This printout will occur. in addltlon to prmtout specnﬁed in card
PARAM.1. e

Format (215,2E10.4

fon o fies SYRs [ e Lt e B 2 i Ty Y
EN A S I S S RN G S W SR A 2 )

ITI number of times prov1ded on cards TIMES2 TIMES 3 etc .
below(ITI<100) e B A

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

DELAF ;. maximum time step size after dany of the prescnbed times have
" been reached (default is co ). PRI

TINTER time increment for times with index ITI, ITI+1, ..., ITE ‘

Card TIMES.2; TIMES.3, étc.” '

Format §8E10 4}
(TIS(D), I = 1, ITI)
TIS(I) list of times (in ascending order) at which printout is desired.
ELEME ~ introduces elemént information. .~ . -
Card ELEME. T
, _ Format (A3, 12, 215, A3, A2, ElO 4)
‘;-i;,-%::EL, NE NSEQ, NADD MAl MA2 VOLX
EL,NE 5-cha.ra.cter code name of an element The ﬁrst three characters

' “gre arbitrary, the last two characters must be numbers

NSEQ number of additional elements having the same volume and
belonging to the same reservoir domain.
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NADD increment between the code numbers of two successive elements.
F L _i-g\lote: -the maximum permissible code number-NE 4+ NSEQ *

ADD is < 99.). s
MA1, MA2 a five character material identifier corresponding to one of the
reservoir domains as specified in block ROCKS. If the first
three characters are blanks, the last two characters must be

numbers in which case they would indicate the sequence -number
of the domain as entered in ROCKS.

VOLX element volume (m3).

Repeat card ELEME.1 for the number of elements desired.

Card ELEME.2 A blank card closes the ELEME data block.”

CONNE :  introduces information for the connections (interfaces) between
elements. : B Con

Card CONNE.1

Format (A3, 12, A3, 12, 415, 4E10.4)
EL1, 1, EL2, NE2, NSEQ, NAD1, :NAD2, ISOT, D1, D2;
AREAX, BETAX

EL1, NE1 code name of the first element.
EL2, NE2 code name of the second element.
NSEQ number of additional connections in the sequence.

NAD1 increment of the code number of the first element between two
successive connections. ' ’

NAD2 increment of the code number of the second element between
two successive connections. '

ISOT set equal to 1, 2, or 3; specifies absolute permeability to be
PER(ISOT) for the materials in elements (EL1, NEIP and (ELZ2,
NE2), where PER is read in block ROCKS. This allows assign-
ment of different permeabilities, e.g., in the horizontal and verti-
" cal direction. )
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D1 distance (m) from center of first and second élement,
D2 respectively, to their common interface.
AREAX  interface area (m%).. oo i coonriioe

BETAX cosine of the anéle between the grawtatronal acceleratlon vector
and the line between the two elements. GF + BETAX > 0 (<0)
corresponds to ﬁrst element belng above (below) the second ele-

ment. -

Repeat card CONNE.1 for the number of connections desired.

£ i e e en
SipTivinTe s,

, Card CONNE. 2 A blank card closes the: CONNE data block.
(For an alternatlve, see note at the end of Chapter 7).

GENER - 1ntroduces sinhs and/or sources. 4 |

Card GENER 1
Q.Format (A3 I2 A3 I2 415 5X,A4 Al 3E10 4)

" " _EL, NE, SL; NS NSEQ, NADD NADS LTAB TYPE ITAB,
...+ GX,EX,HG .

EL NE code name of the element contalnmg the smk/source
‘SL NS L code name of the smk source. The first three ‘characters are

© - ‘arbitrary, the'last two characters must be numbers

¥

NSEQ number of additional sinks/sources with the same
injection/production rate (not applicable for TYPE DELV).

NADD mcrement between the code numbers of two successive elements
with identical srnk/source T R TS

NADS increment between the code numbers of two successive
sinks/sources. TR
LTAB number of points in table of generatlon rate versus time. Set 0

or 1 for constant generation rate. For wells on deliverability,
LTAB denotes the number of open layers, to be specified only
for the bottommost layer



TYPE

ITAB

GX

HG.
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HEAT - heat sink/source. -

COoM1 |
- component 1 (water). )  injection
WATE |
- coMm2 )
o .- component 2 (air). only
AIR
» MASS - mass production rate specified.
DELV - well on deliverability, i.e. productioxi'occ'urs against

specified wellbore pressure. If well is completed
in more than one layer, bottommost layer must
be specified first, with number of layers given
in LTAB. Subsequent layers must be given
sequentially for a total number of LTAB layers.

if set unequal to blank, table of specific enthalpies will be read
(LTAB > 1 only).

constant generation rate; positive for injection, negative for pro-
duction; GX is mass rate -(kg/sec) for generation types COMI,
WATE, COM2, AIR, and MASS; it is energy rate (J/s) for a
HEAT sink/source. For wells on deliverability, GX is produc-
tivity index PI (m3).

fixed specific enthalpy (J/kg) of the fluid for mass injection
%GX>0). For wells on deliverability, EX is bottomhole pressure

wb (Pa), at the center of the topmost producing layer in which
the well is open.

thickness of layer (m, wells on deliverability only).

Card GENER.1.1 (optional, LTAB>1 only)

F1

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

- generation times.
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Card GENER.1.2 (optional, LTAB>1 only)

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

F2 " -generation rates.

Card GENER. 1.3 (optlonal LTAB>1 and ITAB non-blank only)

Format (4E14.7) - .o v oo
F3(L)’ L=1’L AB; slmnie il e

F3 : - © :?‘f'spemﬁc enthalpy of produced or mjected ﬁuld

( Repeat cards GENERI 11 12 and 13 for up to 100
smks/sources

Card GENER.2 A blank card closes the GENER data block.
(For an alternative, see note at the end of Chapter 7).

P

INCON introduces initial conditions.

Card INCON.1

2 z’Format (A3, 12, 215, E15.9)
irf'EL NE NSEQ, NADD PORX

EL,NE code name of element

NSEQ number of addltlonal elements Wlth the same mltlal condltlons gy
TR R I l LoiEre e | 2

NADD increment between- the code numbers of two successive elements

with 1dent1cal initial conditions.

PORX porosity (v01d fraction); if zero or blank, porosity will be taken
as specified in block ROCKS if option START is used.
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Card INCON.2

Format (3E20.14)
X1, X2, X3

Set of primary variables for the element specified in card
INCON.1. ‘ ‘ )

X1 pressure (Pa)

temperature (° C; single-phase points).
gas saturation (two-phase points).

e

X3 temperature (° C; two-phase poiﬁts), o

air mass fraction (single phase points).

AV /\iv

e

Two-phase conditions without air present can be initialized as
1)—temperature, X2-vapor saturation, X3-0; see note on page
26). , : . L

Card INCON.3 A blank card closes the INCON data block;
(For an alternative, see note below).

ENDCY closes the TOUGH data deck and initiates the simulation.

Note on closure of blocks CONNE, GENER, and INCON

The “ordinary” way to indicate the end of any of the above data blocks is
by means of a blank card. There is an alternative available if the user makes up
an input deck from the files MESH, GENER, or SAVE, which have been gen-
erated by a previous TOUGH run. These files are written exactly according to
the specifications of data blocks ELEME and CONNE (file MESH), GENER (file
GENER), and INCON (file SAVE), except that the blocks CONNE, GENER, and
INCON terminate with a card with “4+++"” in columns 1-3 followed by some
cross-referencing and restart information. TOUGH will accept this type of input,
and in this case there is no blank card at the end of the indicated data blocks.
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TOUGH can produce a;variety; of printed output, most of which is controll-
able by the user. Standard output at specified time steps or simulation times
consists of some time stepping information, and a complete element-by-element
report of thermodynamic state variables and other important parameters. Addi-
tional optional output is available on mass and heat flow rates and velocities, and
on changes in thermodynamic state variables during a time step. Actual exam-
ples of TOUGH-output are reproduced in :Section :9..-Here we shall describe the
meaning of those output parameters whlch are not self-explanatory

TOTAL TIME
KCYC
ITER

ITERC

DX1IM
DX2M
DX3M
MAX.RES.

@ELEM

GEQ.

DELTE""»‘JT{?;;'.’ i

INDEX
P
T

SG

AN »sm:z P s

s1mulat10n tlme in seconds .
" total number of time steps o
" iteration numbef for eurrént time step e

v 'total cumulative number of Newton/Raphson itera-
tlons

T, AR
oLyl BN

P T CAPRISLNE RN

maximum change in ﬁrst second and thlrd pnmary

variable in-present time step

- '.,-\A\:»* o i3
Vi P

maximum relative) re51dual in any of the mass-

~.and energy-balance equations (see Eq. (13)) -

. ;gcode ‘name .of element .for which maximum. Fesidual

is encountered

RIS A

B
Tai IR E " 18 1 ASP I R T

equatlon number of maximum resndual (l-water

mass balance, 2-a1r mass balance, 3-heat balance)f

': tlme step size m seconds 5
-1, gode name of element .,
e i'nfé:rnﬁi?{nde;iﬁg.buﬁbef of element
temperat;u_re,in °C, | _ T
gas saturatlon, fractlon Ll -

hquld saturatlon, fraction . . . ... .-



XAIRG

PSAT i

PCAP
DG
DL

ELEM1
ELEM2

*FLOH
FLOH/FLOF
*FLOF
*FLO(GAS)
*FLO(LIQ.)

*VEL(GAS)

*VEL(LIQ.)

X1
X2
X3

DX1
DX2
DX3

K(GAS)
K(LIQ.)
H(GAS)
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mass fraction of air in gas phase

‘mass fraction of air in liquid phase
" ‘saturated vapor pressure in Pa
. . capillary pressure in Pa *

. gas phase density in kg/m3

liquid phase density in kg/m?

code name of first and second element,
respectively, in a flow connection

-internal indexing number of connection

total rate of heat flow in W
ratio of heat and fluid flow rates in J/kg
fluid flow rate in kg/s

gas phase flow rate in kg/s

- liquid bhase flow rate in kg/s

- (pore) velocity of gas flow in m/s

(pore) velocity of liquid flow in m/s

first, second and third thermodynamic variable, ;o
respectively - '

changes in first, second and third thermodynamic

variable, respectively, during time step

gas phase relative permeability
liquid phase relative permeability

gas phase specific enthalpy in J/kg

® positive if flow is from ELEM2 into ELEM1
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H(LIQ.) liquid phase specific enthalpy in J/kg - ~ o€
SOURCE *7code name of smkfsource

GENERATION RATE smk (>0) or.source (<O) rate, in- kg/s for mass -
B S RIS T AT smks/sources, 1anor heat smks/sources TR

ENTHALPY : _‘;,-,;;ﬂowmg specxﬁc enthalpy for mass smks/sources in-
~Gere sy moaiany J/kg brrc s lougg o e i merie o gng
FF(GAS) mass fra.ctxon of, ﬁow in gas and li u1d phases,‘_f“_y,:;n;
: SN S respectlvely (mass productlon Wells only o
FFLIQ)) . . oo o oer |

P(WB) ‘flowing wellbore. prese}xre in Pa (productlon wells on;!_, o

S Vitdehverablhty only)

Addxtlonal prlntout ca.n be generated when parameters MOP(l) through:: L
MOP(7) are set to mon-zero values, or when an element code name is
specified in.variable ELST (see Section 7). . For MOP(1) 54 0.a one-line prin-

tout. will. be’ generated for each non-convergent Newton/Raphson jteration. ' . .

This. gives: information on current time step size (DELTEX), and the max-

imum. (relatxve) residual encountered at .that iteration. The element.code - -

name and equation number for which the maximum res1dual is encountered
are also given. This information is useful for identifying convergence “hang-
ups”’. When an element code name is specified in variable ELST, a one-line
printout is generated after convergence is achieved. This gives simulation
time (ST) and time step size (DT) in seconds, the increment in first and
second primary variable (DX1, DX2), and temperature, pressure and gas
saturation (P, T, S) for element ELST. When parameters MOP(2) through
MOP(6) are set unequal to zero, additional printout will be generated in
various subroutines (see Section 7). This feature would normally only be
used if some difficulty is encountered in a simulation, and it is desired to
look more closely into the inner workings of the code. An exception is
- parameter MOP(5), which we usually set equal to 3 to obtain a one-line
" informative message for each phase transition.
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9. SAMPLE PROBLEMS -

In this section we present a number of sample problems, with varying levels
of detail on problem specifications, preparation of input decks, and computed
output. : The sample. problems are summarized in Table 5; they were chosen to
satisfly several objectives. Some problems were selected to illustrate user options
and code performance, and to aid in code verification when TOUGH is imple-
mented on a different computer system, or to provide a check on numerical accu
racy by comparison with known analytical or numerical solutions. Other prob-
lems emphasize applications to nuclear waste isolation, and illustrate the various
physical phenomena that can be modeled with TOUGH. We have attempted to
cover a reasonably broad range of problems, but we have not endeavored to be

complete For example, although TOUGH can handle three-dimensional flow,
there is no 3-D example in this section for the simple reason that we lacked
definition’ of an appropnate meamngful prob]em A user wishing to simulate a
3-D problem can do so simply by providing appropriate volume and interface
parameters in blocks ELEME and CONNE. There are no special parameters or
switches’ to “tell” TOUGH about the dlmens1onallty of a flow pro'blem o

In keepmg with the tutorial nature of the sample problems, we have gen-
erally -chosen simple and schematic problem specifications. Readers interested in
applying . TOUGH to the. complex” conditions encountered at a “real’ site are
referred to the recent simulation study by Rulon et al. (1986) for the hydrology of
Yucca Mountain, Nevada
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Table &

PR s T

‘Dimensions

Splseened

' Féatrurés"'—:qé

e

COde gt :

demonstratlon

1D small?

ln]ectlon e

ﬂow, productlon,

;‘f ~component

;phase transitions, .

(dxs)appea.rances .

imfiltration

“ 211D linear

| isothermal

i
| code verification
‘| against known semi-

analytical solutlon
" e ' T 17 (Philip, 1955;
; i f{g' SR | Rossetal 1982)
1nﬁltratlon t,wo-dunensxonal Do codevenﬁcatlon .

2—]2,ven1c§l .

S . fronts, anty eﬂ’ects | o
s 2 - AT e
flow to a 1-D,radial water and steam " ‘| propagating boiling
geothermal well only, no air front; code verification
' against known
semi-analytical
and numerical
solutions (Garg, 1978)
waste package 1-D,radial strongly heat driven exploration of possible
: 2-D,radial flow in a partially thermohydrological
saturated porous conditions near high-
or fractured medium level waste packages
heat pipe l-D,lingaf liquid-gas counter- code verification against

flow with very strong
binary diffusion

known semi-analytical
solution (Udell and
Fitch, 1985)
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9.1 Problem No. 1 — Code Demonstratlon -

This problem consists of a number of one- and two—element sub-problems,

which are entirely independent of each other (no flow connéctions between sub- ~

problems), except that being run together they.all must go through the same
sequence oi_' ‘!;rme steps. Problem speclﬁcatlons were chosen in such a way_ that
some subtle numerical procedures which will make the calculated results useful
for checking on proper code implementation." Table 6 summarizes ‘the main °
features of the various sub-problems, and Table 7 gives a summary of the genera-

tion -options used. - Figure 3 shows the TOUGH input deck, and Figures 4a~-d -

show the disk files MESH, GENER, INCON, and SAVE generated by TOUGH. -
Flgure 5 reproduces some of the printed output. :

| If it were desufed to restgart this problem after the four time steps specified in
the input deck (Figure 3), the only change necessary in that input deck would be
to replace data block “INCON” with the file “SAVE” (Figure 4d). For restarting

the “START” option is not needed (but its presence does not cause trouble, the

only effect being somewhat increased computational work on initialization). :
Alternatively, a restart can be accomplished by deleting data block “INCON .

from the input deck, and providing a disk file “INCON” with contents identical " 3

to file “SAVE” at execution time.
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Table B

Summary. of Problein No: 1 Features " .

or Element

Connection |} =
Process

Features

(F1, F2)

(Fs, F4)
(F5, F6)

F7

F9
F10-

sho 1-sho 12

Flerres b nd Lo g o da Tng:
AN SR T Y

ARH N

flow from single phase liquid (no-air): |

into single phase gas (no vapor)

fraboraes ot

flow from hot two-phase conditions: -

into cold two-phase c¢onditions

P
Cd s

Goid e dpiinn oo

flow of air 1nto smgle phase llquld

S

1y 1

injection of air into cold liquid

ool oaron ot e g
productlon of ﬂuld from smgle
“phase liquid )

injection of heat into thphase fluid

withdrawal of heat from single
phase vapor :

fluid production and injection

- R GRS S - P IR TR
TR T A 0 TLE I

|
“phase transitions from hqmd’
to two-phase, gas to two-

| ;phase;” appearance of water !

component, ;

iraiporizatioh and condensatioh,
phase transitions from two-
phase to: hqmd andgas o7

':':‘;- <

phase transitlon from liquid fto

e 'two-phase,’ appearance’ of “air

component

[ARE At E.’f

phase transition from llquld to

: two-phase,: appearance. of air
: “'cémp‘onent

_phase t;ansntnon from | 11qu1d to
two—phase, vaporization

phase transition from two-
phase to gas; vaporization

phase transition from gas to
two-phase; condensation

demonstration . of generation
options (see Table 7)
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Table 7
Generation Options in Problem No.1:

Element Generation Option

shol | ﬁuld pmd;lcl;ic;n with speciﬁe(i éntha.lpy ‘
sho >2 SR unknown (gives an ir;fornié,';i;re diagﬁos:tgc)

sho 3-sho 5 ﬂuld i;mduétion with time-dependent rate;

| sequential specification feature

sho 6-sho 8 .| fluid production with time-dependent rate
and enthalpy; sequential specification feature

= ,sho. 9 . . | well feed on deliverability against specified bottomhole pressure
sho 10 water injection with time-dependent rate and enthalpy
sho 11 - sho 12 | well on deliverability with two source blocks (feeds);

specified bottomhole pressure at top source block; gravity correctlon
for bottomhole pressure at bottom source block
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+SAM1s CODE DEMONSTRATION: PHASE TRANSITIONS, COMPONENT (DIS-)APPEARANCES
ROCKS
TRANS 2650. .60 1.E-14 2.10 1000.
SHOME 2 2650. .58 l.e-14 L 2.10
1.8 .1
3 .40 .19
1 1.e5 .2 1.
START )
PARAM el
2 4 1100030100000000000000000F e
-1. ‘1
1.E2 6.E3 P
45 .ES .5 - 250.
RPCAP -
3 .30 .25 :
1 1. :
TIMES ,
1 3 2.E3 i
1.E3 .
ELEME e
F 1 9 1TRANS 1¢. IR -
sho 1 9 1SHOME 10. no E
sholl 1 1SHOME l.e4 o
CONNE T
F 1F 2 1 . tUe B[ 1.
F 3F 4 1 5. “ 5. 1.
F S&F 6 1 5. CLBL 1.
INCON
F- 1
20. 1.
F 2 T D :
BRI O - SR vt y7 8.
F 3 ]
1.E5 .901 99.5
F 4
99.ES .999 310.
F 6
1.E6 100. 2.
F 6 R 3
10.E6 100. 1. H
F 7
1.E8 20. e.
F 8
1.E7 300. 2.
F_ 9 e e e . N o , .
, 1.8 7 ¢ .99 : Cep, E
F 1@ - -l .
40 .ES 280. ' - 9.
sholl i e e
60.e5 240,
shol2 Lo e PR e
40 .65 o B U
GENER o o o .
F  7AIR ... __AIR_. . 5.E-3_ 9.882E4 .. =~
F 8WEL " MASS’ =1.8E-2 77 - v o
F  9HOT . HEAT .. . 2.E6 . 7 o
F 106C0L HEAT -6.E6 o
sho 1p 1 . .. . MASS1 . -1. ° 1.e8.
sho 2p = 2 U UUTRUNY Y e
sho 3p 3...2 ..1...1. .4. _..MASS. . e .
e, 7 “1.e2 77 "2.e2 4.e3 '
, -6.1 0.2 ...  -8.3 . £1.1 ;
sho 6p 6 2 1 @8 47 MAss1® : .
0. l.e2 . L .2.e2 . . 4.e3 "
-8.1 -0.2 T -8.3 -1.1°°
l.e6 2.e6 ;.. o-.-3.08. .. ... 1.1e7... . .
sho 9p 9 1 DELV l.e-12° 7 1l.e6 ~
shol@p 10 4 WATE1
2. 1.e2 2.e2 3.e3
1.1 1.2 2.9 2.1
1.e6 1.2e6 1.4e8 3.0e6
shollwe |00 st 20 0 SDELV 1. e=12 0 -~ ..., 17l.e2
shol2we |00 DELV - 2.e-12 1.e6 T 1.e2
ENDCY

Figure 3.

TOUGH input deck for Sample Problem 1.

1000.
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(2) File MESH.

ELEME
F 1 1 1.000e+01
F 2 1 1.000e+921
F 3 1 1.000e+01
F 4 1 1.000e+01
F 5 1 1.00Pe+01
F 6 1 1.000e+01
F 7 1 1.000e+01
F 8 1 1.000e+01
F 9 1 1.000e+01
F 10 1 1.000e+01
sho 1 2 1.000e+01 .
sho 2 2 1.000e+01 -
sho 3 2 1.000e+01
sho 4 2 1.200e+01
sho 6§ 2 1.000e+01
sho 8 2 1.000e+01 T
sho 7 2 1.000e+01
sho 8 2 1.900e+01
sho 9 2 1.000e+01
shol® 2 1.000e+01
sholl 2 1.000e+04
shol2 2 1.000e+04
CONNE
F 1F 2 1 5.000e+00 5.000e+00 1.000e+00 9.
F 3F 4 1 5.000e+00 5.000e+00 1.000e+00 ©.
F SF 6 1 5.000e+00 5 .0000+00 1.000e+00 &.
+4+4
1 2 3 4 5 6

(b) File INCON.

INCON
1 .
1.00000000020000e+85
2 2.
1.000000000000Ce +06
3 .
1.0000000000000e+05
4 e.
9.9000220000000e+06
5 2.
1.0000000000300e+08
6 2.
1.00000000000200e+07
7 ]

1.0000000000000e +05

M MM M H. M M M

8 2.
1.6000000000000e+07
F 9 @.
1.0003000000000e+05
F 10 2.

4 ,0000000200C0Ce+06
sholil 2.

5 .0000000C00000e+06
shol2 2.
4 . 0000003000000 e+06

2.0000000000000e +01
1.7900000000000e +02
1.00000000000006 -03
9.9900000000000e -01
1.0000000000000e +02
1.00000000C0000e+02
2.0000000000000e +01
3.0000000000000e +02
9.9000000200000e -1
2.8000000000000e+02

[

2.4000000000000e+02 O

1.0000000000000e +02

Q 0o & &8 ~» & w o 8

. 0000000000000e+90

.950000020¢200e+01
. 1000020000000e+02

. 0002000002000 +900

. 0000200020020 e+81

Figure 4. Disk files generated for Problem 1.



(¢} File GENER. "~

GENER -

F TAIR
F 8WEL
F 9HOT.
F 1@cCoL
sho 1p .
sho 2p
sho 3p. .

@nhaaas

sho 4p 4
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A@de@h

CAIR

MASS . 0,000

5.0000-03
2.000e+06
" . 000e+85

‘MASS -1.600e-02
HEAT |

HEAT

- MASS1 -1.006
FUNY . -1.00
MASS ©.000

'9.882e+04

0.000

@.000

0.000

- 1.000e+06

¢.000

. - . 0.000
‘1 00@00006+02 2. 00000009#02 4,0000000e+03
—1 0000000e-01 2.0000000e~01-3.0000000e- 01-1.1000000e+00.. .
2 :
1.0000000e+02 2.0000000e+02 4.0000000e+03..

0.000

—1 00000003—01 2.0000000e-01-3 .0000000e-01-1.1200000e+00

sho 6p. _ 6 e
sho 6p° "6
2. .

4

4. . .
2. ' 1. 600060ﬂ9002 2 .0000000e+02. 4.0000000e+03 * -~ | .
-1.00000%%e- 01-2,0000000e-01-3. 0o0C0Ce-01-1.1000000e+00 . . L
' MASS1.0.000
1.0000000e+02 2.0000000e+02 4.0000000e+03. .. .-

MASS ~0.000

0.000

©.000

-1. 00@@0509 01 2.0000000e-01-3 ,0000000e-01-1.1000000e+00

1.0000000e+06 2.0000000e+06 3 .0000000e+06 1.1000000e+07 .
2

sho 7p 6

S

1. 0000006e+06 2. 0000000e+06 3.0000000e+06 '1.1000000e+07 .
: PEEEE ¥

sho 8p 6
o.

sho 9p '@
sholﬂp 10
8. -

MASS1 2.000

e.000" "

1.0000000e+@2 2.0000000e+02 4.0000020e+03
—1 00000009 01-2.0000000e-01-3. 0000000e-01-1.1000000e+00

‘MASS1 ©.900

©.000

.. . 1.0000000e+02 2.0000000e+02 4.0000000e+03
-1. Oﬂﬂﬂﬁﬂﬂe—ﬂl 2.0000000e-01-3 .0000000e-01~1 . 1000000e+00
1. 2000000e+06..2. 90000000+06 3.0000000e+06 1.1000000e+07.

“y -

4

‘1.0000000e+82 2. ﬁ6006009402 3.00000006+03

DELV
WATE] ©0.000

0,000 .

1.10000C0e+3¢ 1.0000000e+00 9.0000000e-01 1.0000000e-31

1.0000000e+06 1.2000000e+06 1.400000Ce+26 '3,00000006+06
R , 1.000e-12.0.000 .

shollwel @
shol2wel “@
+ 4+ e

7 g g’

Figure 4.

.2,
)

1§

18- 11713 ‘14”

DELV "~

DELV. 2.000e- 12 1. 000e+06

1817 18.

19 20 21

'22

0.000

2.000

.@.000

0.000
2.000
2.000

0000

"o.bzo

2.000

2.000

- 0.000
e.000

1.000e-12 1.000e+36 0,000
.-0.000

R

v\:,iob.

100,

Disk files generated for Problem 1 (continued).
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(d) File SAVE.

INCON -- INITIAL CONDITIONS FOR

1 5.00000000e-01
1.0266379604009e+05 9.9846400241964e-01
2 5.00000000e-01

7.9164034812709%e+05 1.6079600502834e-03
3 . 5.00000000e~-01
" 7.8616254317516e+06 1.01042867824840+02
4 5.00000000e-01
9. 5671037097371e+06 3.0918987989178e+02
5.00000000e-01
9. 63725972015369006 2.5050114668019e-03
6 5 .00000000e-01
9. 81670228577709*06 9. 9933228112498e+01
5.00000000e-01
9. 70367232866689+06 2.7358354669631e-03
8 5 .00000000e-01
8.5383096488538e+06 5. 08082522645889 23
F 9 5 .00020000e-01
2.8711181800645e+06 3.6384474005122e+02
F 1@ 5.00000000e-01
2. 09147355388409#06 9.9098637309143e-01
sho 1 5.00000000e-01
4.5791562829286e+06 9.8291809144394e-01
sho 2 5.00000000e-01
4 .5000000000000e+06 5 .0000000000000e-01
sho 3 5 .009000000e-01
1.0062410143469e+06 - 7.2185920098922e-01
sho 4 5.00000000e-@1
1.0062410143469e+06 7.2185920098922e-01
sho & 5.00000000e-01
1.0062410143469e+06 7.2185920098922e-01
sho 6 5.00000000e-01 .
3. 4651801590417e¢05 7. 41418176303099 21
sho 7 5.00000000e-01
3.46518016590417e+05 7. 4141817630@309e-01
sho 8 5 .00000000e-01
3.4651801593417e+85 7.4141817630309e-01
sho 9 . 5.0000000Ce-01
1.2930616375166e+06 6.9357943554391e-01
shol@ 5.0000000%e-01
8.6397793754372e+06 1.0764756348147e-01
sholl 5.00000000e-01
3.3331150818777e+06 3.4824202657335e-03
shol?2 5.00000000e-01
1.1134385711348e+06 9.9879394373028e+01

+4 4

'ﬂ MM M o Mm m

m M

4 22 2 2.

Figure 4.

22 ELEMENTS AT TIME

2.0359769934755e+01

1.6998002625104e+02 _

1.1942896433908e-05
3.2324161456927e-93

1.00306897155610+02
9.9999999999999e-01
2.00924273194250+01

2.99549550766650+02
2.7417514274476e-02
2.14646686219030+02
2.5473853079520e+02

'2.5000000000000e +82

1.8014561072662e+02
1.80145610726620+02

1.80145610726629+02

9.7730684977936e+01
9.77306849779366+01

9.77306849779360+81
1.9135077987013e+02.

2.7964939186539e+02
2.3974962306756e+02
6.5780654668558e-26

1.87500000e+93

Disk files generated for Problem 1 (continued).

1.875000e+03
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now A KD

PR

1 o 00000 @0 ego 0 ¢ 000 o

00 a ¢ 0 0 0 06 00000 0 00 O o 6 00 o000
Q a 0 ¢ 0 0 Q o 0 0 6000 0 0 O 0 0 0 6 6 0 00 o e 0 0 0 0
Q @ 0 0 0 o0 0000 6 ¢ 0G0 0 0 O Qoee a 9 0 ¢ 000 @ 0 O o600
Q 0 0 o _0,70 e o e 0,0 0 0.0 0. .00 ,0 0 0 0 0 a0 ¢ 0 0 0 O
Q (-1 oo ‘dao . o 0\*¥“ eco al’al ‘0’ i0b - 0déd ‘a“a’i'a 6 o0 0 o 000 00 00a

TOUGH IS A PROGRAM FOR TWO-PHASE TWO-COMPONENT FLOW OF WATER AND AIR, INCLUDING HEAT FLOW.
IT WAS DEVELOPED BY K. PRUESS AT LAWRENCE BERKELEY LABORATORY.

SRR RN NN NSRS SRR RSN GNAS AR RI NSNS RERINI RS G RA VRSN HI AR RL R AR RAN SRR A AN IS AR RN ESE R SL RSB SRR AS NIRRT RS EEROES
AN EE AR AR RSN E R RSN N SO LR PR NS R R AT RN EACARP SRS A S RAEEREN RN AR R XA RN SR E NSV SRS TR RS R RSN SR O AR SN NN OB RS R e RIS

1$UMMARY OF - OPTIONAL FILEET no ¥

w' =

‘MESHo exasbs +~~.open.: a5 en old f ‘

#INCON» - exists; -~~~ open.as:an-old. flle

o ‘#GENER» exlsts~- _open as. an old . file . S
'#SAVEs does.rot ist === opoh as’'a new frle B
.LINEQ- éxustS‘- ‘open as’an old’ flle . “

[EET A A ST . N b ot R Sy et e T . » x
Fivr P . ERL O : : el L g i

‘.“"““".‘.‘..t‘..l“t‘.‘.‘.".‘i“‘i...t‘.‘.tt.‘.‘i“l.i.i“.“‘ﬁl“‘“‘“‘.t.tt‘“.t.“““.““.#t.‘...‘t“‘.‘..
“.....I“““‘.““.‘..‘..‘..‘.‘O.“‘.‘.‘...“‘..t.““t.‘..O“‘.!....“.-‘...‘.“..‘t“"t..“..““‘.“““‘O#“‘."

R I 3 R TR SR wk g h M u W St omn e s R S P Pmae e Cy e

PROBLEM TITLE: tSAMlo CODE DEMONSTRATION PHASE TRANSITIONS COMPONENT (DIS )APPEARANCES

Ceyo Do e S . T ] o L e e
.

) DOMAIN NO. 1 MATERIAL NAME -~ TRANS
-DOMAIN NO. 2 ..MATERIAL NAME -=- SHOME

. write file sMESHs from INPUT ‘data =
‘write fi'le 'wINCONs from INPUT data
write file sGENERe from INPUT data

* +TGNORE UNKNOWN GENERATION OPTION 'FUNY‘ AT ELEMENT esho 2+ SOURCE »p 2@ e T i She

sMESHs HAS 22 ELEVENTS AND 3 CONNECTIONS (INTERFACES) BETWEEN THEM
- #GENER® HAS . 16;SINKS/SOURCES - .. wuv .- .an. A S e . .

Figure 5. Printed output for Problem 1. ,
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1.“.‘.‘0“ VOLUME- AND MASS-BALANCES t#‘t"tt“‘lt‘“tt‘tt‘t“‘t‘..t‘i...‘.O‘..“‘t.‘tt"tt“‘.“Ot"‘.‘tt“t'ttt‘.ttittttt‘.tttt

s

sesnnnnsans [KCYC, ITER] [ 0, 0] ssane - . 4 THE TIME IS @. SECONDS, OR O. DAYS

PHASE VOLUMES IN PLACE
GAS 4.99500e+01 M»e3; LIQUID 1.00500e+04 M=+s3

MASS IN PLACE 4
GAS 1.42831e+03 KG; LIQUID 8.91951e+068 KG; AIR 5.63833e+02 KG; VAPOR 8.64358e+02 KG; LIQUID WATER 8.91951e+08 KG

“““‘..““...‘..“.“‘i.“it!‘t‘.‘.‘tt‘t.‘.‘.‘t‘t“l“t““‘..‘.“"ti.“‘.‘t“‘“‘“i“.‘l.““‘“‘.““““..“.t‘i‘t.t‘tt.t

» o

NO CONVERGENCE AT [ 1, 1] --- DELTEX = 1.00000e+02 MAX, RES. = 3.93496e+00 AT ELEMENT ssho 9+ EQUATION 2
2333333333333 LIQUID PHASE EVOLVES AT ELEMENT *F 1« 83333 PS= 1.20568e+04 PSAT= 2.33989e+03

$3333333333838388 GAS PHASE EVOLVES AT ELEMENT «F 5+ 33333 XAIR= 6.79617e-04 PX= 2.40507e+08 PG= 4.32868e+08
$3333333332333833 GAS PHASE EVOLVES AT ELEMENT, »F 7+« 33333 XAIR= 1.00168e-04 PX= 3.226802e+06 PG= 6.249520+05

NO CONVERGENCE AT [- 1, 2] --- DELTEX.= '1.00000e+02 MAX. RES. = 8.63094e0-01 AT ELEMENT ssho 9s EQUATION 2
NO CONVERGENCE AT 1, 3] --- DELTEX = 1.00000e+02 MAX. RES. = 8.10495e-03 AT ELEMENT ssho 9« EQUATION 2
F 1( 1, 4) ST = 1.000006+02 DT = 1.00000e+02 DX1= 2.34670e+03 DX2= -1.90001e+01 T = 20.006 P = 102347. S = 9.99928e-01

" Figure 5. Printed output for Problem 1 (continued).

s g
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1=SAM1» CODE DEMONSTRATION: PHASE TRANSITIONS, COMPONENT (DIS-)APPEARANCES
OUTPUT. DATA AFTER ( 1, 4)-2-TIME STEPS THE TIME IS
000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000

PR /‘) R . e L:;J: ‘:4‘
TOTAL TIME KCYC - ITER ITERC KON T DXIM DX2M MAX. RES. NER KER DELTEX
1.000006+82 1 4 4 2 1.15832e-086 19 2 1.00000e+02

E 1.84382e+06 9.99996e+01
000000000000000000000000000000000000000000000000000000000000000000000000000000@00000000000000000000000000000000000000000000000000000

1.15741e-83 DAYS

A
DX3M
1.00065e+02

200000000000000000000000000000000006000000000066060060000006000000000000000000060000000000000000000000000000000000000000000000000000

Figure 5. Printed output for Problem 1 (continued).

GELEM... INDEX,, P .. qiwn T oo v 88 imnpo Shivr o XAIRG - oo XAIRL tor e vn PSAT ams i PCAR . nnciin DG o iigamps DL
(PA) “(DEG-C) AR T - PAY T TTTTRAY T T T KG Mew3) T (KG/ Mew3)
E.. 1 .., .1 1,0235e+@5 2.0006e+01...9.9993e-01 ., 7.1501e-05 . 9.8665e-01 1.6090e-05  2.33756+03 . 4. . 1.20560+00 9.9832e+02
F' 2 "2 8.4410e+05 1.6999e+02 .8, 1.0000e+00. 0. 0. '7.9179e+05_. 8. 2. 8.9734+02
F' '3 31,05706+05 9.9591e+81  6.5930e-04 .'9.99346-01 . 8.47326-02 9.3976e-07, 9.9856e+04 0. 6.4420e-01 9.5842e+02
F 4. . 4'9.8861e+08 3.0990e+82, 9.9927e-01 7.33796-04 ~3.26240-83 4.7995e-08 ©.8562%¢+036 0. 5.4629e+81 6.90930+02
F .5, 6 2.64386+06 1.0005e+02 3.734Be-04 9.9963e-01 .9.7538e-01 .4 0896e-04 1.0152e+05 . 0. 2.4327e+81 9.5931e+02
F' '6% .6 9.05666+06 9.9984e+81 1.0000e+08 8. . . 1.00000+00 8. ~  1.0127e+05° 0. 9.29470+01 ©.
F 777 |7 6.18706+85 2.0005e+01 . 1.35870-04 . 9.9986a-01 . 9.97640-01 .9.91610-85 2.3373e+03 0. 7.3409e+00 9.9856+02
F '8’ 8 9.81106+86 2.9995e+02 8. .. ©11.000004+00 . 0. a. 8.58650+06 0. °. 7.15080+02
F 9. 9 1.6504564+05 1. 046530@2 ‘9. .9017e-01 . 9 82549-03 2 91500—01 \5 00230—06 1.19368e+05 0. 9.8338e-01 9.5473e+02
F 10" 10 3.9597e+06 2.76286+02 1.0000e+00 0. . 0. . ... 6.06874e+068 @. 1.8037e+01 0.
sho 1° 11 4.4873e406 2.5017e+02 5.26526-01 . 4.74486-01 | 1.4193e-01 8.0138e-05 3.98920+06 -6.5690e+04 2.3361e+01 7.9951e+02
sho 27 12 4.5000e+06 2.50000+02 5.0000e-01 5.0000e-01, 1.4824e-01 B.40456-05' 3.97760+06 -6.2500e+04 2.3463e+01 7.9979e+02
sho 3° 13 4.3230e+06 2.4902e+93 '5.04016-01 4.9599e-01  1.2259e-81 6.62076-05 3.9124e+06 -6.3001e+04 2.23930+01 8.0110e+02
sho 4 144,3239e+06 2.4902e+02 ~5.0401e-81  4.9599e-01 ' 1.2259e-01 8.62076-05 3.9124e+06 -6.3001e+04 2.2393e+01 8.0110e+02
sho 5. 15 4.32396+06 2.49026+02 5.0401e-01'. 4.9599e-01 . 1.2269e-01 6.6207a-P5 3.91246+06 -6.3001e+84 2.2393e+01 8.0110e+A2
sho 6 16.'4.47646+06 2.4971e+02' 5.0405e-01 . 4.95956-01 ' 1.47906-01 8.3349e-05" 3.9583e+06 -6.3006e+04 2.3337e+01 8.0021e+82
sho 7' 174 4764e+06 2.49716+07 '5.84050-81 '4.9595e-81 1.4790e-01 8.3349e-05 3.9583e+068 -6.3006e+04 2.3337e+01 8.00216+02
sho 8 18 4.4764e+86 2.4971e+02 5,04066-81 . 4.9595e-81 1.4790e-B1 8.3349e-05 3.9583e+06 -6.3006e+04 2.3337e+01 8.0021e+02
sho 9 19 .3.2791e+06 2.3713e+02 5.5068e-01 ' 4.4932e-01 4.00016-02 1.5639e-05 3.18190+08 -6.8834e+04 1.6588e+01 8.1772e+02
sholl "' '207'4.5462e+06 2.50260+02 “'4.72896-81 5.2711e-01 ' '1.54666-01 '§.8714e-05 3.9948e6+86 -5.91116+04 2.3744e+01 7.9945e+02
sholl 21 4.5429e+06 2.3994e+02 O. 1.00000+00 0. 2. . . 3.3441e+08 B.., . . 8. .., . .8.1498e+02
shol2 22 3.2057e+88 9.9971e+81 0. 1.0000e+00 0. a. © 1701226405 B. " e, 97 6068e+02

- Ly -



1 77 T.SAMIs CODE DEMONSTRATION: PHASE TRANSITIONS, ‘COMPONENT (DIS-)APPEARANCES

B . , . KCYC = ~ 1 - ITER = 4 - TIME = 1.00000e+02

@ELEMENT SOURCE INDEX GENERATION RATE ENTHALPY  FF(GAS) FF(LIQ.) P (WB) ’
. - (KG/S) OR (W) (J/KG) , ‘ . (PA)

F '7 ARG 1 5.00000e-03  9.88200e+04

F "8 WEL@® 2 -1.50000e-02  1.343290+06 0. 1.000000+00

F 9 HOT® 3 2.00000e+06  ©. ‘ v

'F 16 COL @ 4 -5.00000e+05  O. : 9. 2.

sho1 p 1 5 -1.00000e+00  1.00000e+06 ©. .. . O. N

sh 3 p 3 .6 -1.50000e-01  2.47935e+86 9.86745e-01 1.326498-02

sho 4 p .4 7T -1.500006-01  2.47935e+06 9.86745e-01 1.32549e-082 |

sho'S p, .5 8. ' -1.50000e-01  2.47935e+06 9.867460-81 1.32549e-02 . ‘

sho 8 p 6 9 -1.50000e-01 1.500000+06 . 0. °.

sho 7 p 6 10 ‘ -1.50000e-01  1.500000+068 0. 0. o

sho 8 p 6 11 -1.50000e-01  1.50000e+08 0. Y o ,

sho 9 p 9 12 -1.753460+00  2.70160e+06 9.99134e-81 8.65948e-04 1.00000e+06 . ,

shol®@ p 16 13 : 1.05000e+00  1.10000e+08 . - . oo : .

sholl wel @ 14 " -1.94977e+01  1.03741e+06 0. 1.00000e+00 1.8706526+06

shol2 wel & 15 -1.57536e+01  4.21338e+85 0. 1.00000e+08 1.00000e+06

‘sasss SOURCE Swel @8 . RATE, =-3.52612e+@1 KG/S .. - FLOWING ENTHALPY = 7.62092e+05 J/KG . sesas

000000000.0000000000000000000000000&000000000000000000000000000000000000000000000000O0000000O00000006000000000000(’06006000600&0060060

Figdre 5. Printed output for Problem 1 (c&ntinge‘d),i_i
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1sSAM1e CODE DEMONSTRATION: PHASE‘TRANSITIONS, COMPONENT (DIS-)APPEARANCES
4)-2-TIME STEPS

600000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000OOOOOQQOOOOOOQQOQOOOQ

PELEM. INDEX
F 1 1
F 2 2
F 3 3
F 4 4
F 5 5
F 6 6
F 7 7
F 8 8
F 9 9
F 1@ 10
sho 1 11
sho 2 12
sho 3 13
sho 4 14
sho & 15
sho 6 186
sho 7 17
she 8 18
sho 9 19
sholl 20
sholl 21
shol2 22

000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000

OUTPUT DATA AFTER (
600000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000

MAX RES.

TOTAL TIME
2.603850-06

1.875000+03

KCYC
4

P
(PA)

1.02860+05
7.91840+05
7.80166+96
9.5671e+06
9.6373e+06
9.8167e+086
9.7037e+06
8.5383e+06
2.8711«+0286
2.0915e+06
4,5792e+08
4 .5000e+06
1.0062e+06
1.00620+06
1.0062e+06
3.4652e+05
3.46520+05
3.4652a+05
1.2931e+06
8.6398e+08
3.3331e+06
1.1134e+06

4,

ITER ITERC
4 22

T
(DEG-C)

2.0380e+01
1.8998a+02
1.01040+02
3.091%e+02
1.00316+02
9.9933e+01
2.0092e+01
2.9965e+02
3.6384e+02
2.14656+02
2.54T740+02

2.5000e+02

1.80150+02

1.8015e+02

1.80150+02
9.7731e+01
9.7731e401
9.7731e+01
1.9135e0+02
2.79650+02
2.3975e+02
9.987%e+01

Figure 5.

KON
2

SG

9.98468e-01
1.6080e-03
2.

1.0000e+00
2.5050e-03
1.0000e+00
2.7358e-03
5.0808e-03
1.000Ce+00
9.909%e-01
9.8292e-01
5.0000e-01
7.2186e8-01
7.2186e-01
7.2186e-01
7.41420-01
7.41426-01
7.4142e-01
8.9358e-01
1.0785e-01
3.48240-03

DX1M

St

1.5360e-03
9.983%-01
1.00000+00
a.

2.

9.,9726e-01
9.9492e-01
a.

9.0136e~-03
1.7082e-02
5.0000e-01
2.7814e-01
2.7814e~01
2.7814e-01
2.5858e-01
2.5858e-01
2.58580-01
3.0642e0-01
8.9235e-01
9.9652e-01
1.0000e+00

9.9749e-01

DX2M

1.70340e+06 5.62317e+01

XAIRG

9.8538e-01
6.3954e-14
Q.

3.2324e-023
9.9326e-01
1.0900e+00
9.99850-01
8.3256e-14
2.7418e-02
1.8298e-12
7.67420-02
1.4824e-01
3.1892e-04
3.1892e-04
3.1892e-04
8.1106e-01
8.1106e-01
8.1106e-01
3.8194e-04
3.0083e-01
3.0320e-14
2.

DX3M
8.63895e+01

XAIRL

1.6133e-85
5.3942e-18
1.1942e-05

o.
1.6332e-03
2.
1.5599e-03
7 8718e-17

4 32740-16
4.3960e-05
8.4045e-05
3.4576e-08
3.4576e-08
3.4576e-08
4.0725e-05
4.0725e-05
4.0725e-05
5.3951e-08
3.6251e-04
1.1987e-17
6.5781le-26

oy

PSAT:
(PA)Y

2. 38910‘03 .

7.91846+05

1.0516e+06

9.7614e+06
1.02440+05
1.0108e+05

2.3500e+03

8.5383e0+06
1.9560e+07
2.0915e0+06
4,3059e+06
3.9778e+08
1.00680e+06
1.0060e+06
1.0060e+06
9.3387e+04
9.3387e+04
9.3387e+04
1.2927e+06
8.3883e+06
3.3331e+06
1.0989e+05

Printed output for Problem 1 (continued).

Qass&sb@aa‘””

THE TIME IS 2 170140 @2 DAYS

NER
13.

PCAP
'(PA)

-1.000004+05 -
-6.25000+04
~9.02326404.
~9.02320404

~9.0232e0+04

~9.2677e0+04" -
-9.2677e0404
~9.28776+04
-8.6897e+04:
-1.34580+04
-4, 35309*02‘

0.@

ABNNNIA IR N - - &

KER "
2

DG

(KG/Mex3)
©1.2077e+00

4. 12099+00
2.

6.1834e+01
8.9536e+01

. 9.16530+91 .

.1625e0+02
.03540+01
.3483e+01
.1781e+00
.1781e+00
.9312e+00
.9312e+00
.93120+00
.7201e+01

2.

.6849e+01
.0497e+01
.34940+01 ..

.1781e+00

.5839e+00 -

1.6689¢+01 -
7 .9.5870e+02

DELTEX
3 75000e0+02

DU
(KG/M¢-3)

9 9825e+82
. 8.9732e+02
- 9.6105e+02
“o.

.62440+02

.00260+03
13150402

v4710e+82
.9240e0+02
.99796+02
.86750+02
.8675e+02
:86750+402
9.,6987e+@2
9.5987e+02

VOBD~N~NDE S ©

-'9.59870+02

8.74653e+02

- 7:54860+02

8.1397e+02

1

-3

o
'
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9.2 Problem No. 2 — 1-D Infiltration

Here we consider infiltration into a semi-infinite tube of partially saturated
soil. Philip (1955) obtained a semi-analytical solution for this problem, using a
similarity transformation method. Detailed specifications were given in a report
by Ross et al., (1982), who proposed this problem as a benchmark case for
numerical simulators. ' ‘ , ’

The TOUGH input deck is shown in Figure 6. The infiltration boundary is
represented by means of a very large element (LBO), whose nodal distance we set
to a small non-zero value, to avoid relative permeability at the boundary to be
taken from the downstream element F1. The solution obtained by Philip (1955)
treats the gas phase as a passive spectator at constant pressure. We enforce this
approximation by placing around the soil tube a ring of very large volume, which
we assign a pressure of P = 1 bar. Figure 7 shows that the simulated results
agree well with the semi-analytical solution (plotted from the data given by Ross
et al., 1982). ; ‘ :



«SAM2« PROBLEM 4.1 OF ROSS ET AL.

ROCKS
TUBES 2385. .45
BOUND 2659. .45
RING 2 ~ 2650. .45
1 .333 -.1
1 2. .333
PARAM AP R
2 20 620 120000000000000 .
: 9604 .0 -1.
1:E1 9.E1 2.E2
1.E-5 1.E-6
1.ES
START
RPCAP
1 .333 -.1
1 9.79020E3
TIMES -
3 1.E3 o
8.64E2 65.184E3 9.604E3
ELEME - -
LB @ . BOUND 1.E50
F 1 39 1ITUBES .~ 6.E-3 .
R 1 . 39 1RING - 1.E60
CONNE . .. B
LB @oF 1 B 1
F 1IF 2 38 : 1 1 -1
F 1IR. 1 --.39° 1 1 1.
INCON
LB @ -
l.e5

R 1 739 71

1.E5

ENDCY . >

“Figure 6.

.333 -

.51 -

(1982)
1.26-14
1.2E-14
1.2e-14

1.
1.

1.e-10
.0025
.8025 .-

L2e.
20.

1-D INFILTRATION AFTER PHILIP

1.

Qe

1.045
1.045
1.045

TOUGH input deck for Sample Problem 2.

1930.
10000 .
1l.e4
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Figure 7. Liquid saturation profiles for Problem 2.
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9.3 Problem No. 3 - 2-D Infiltration

Ross et al. (1982) proposed detailed specifications for a two-dimensional
infiltration problem which includes gravity effects. The problem involves a rec-
tangular section of soil 10 centimeters high and 15 centimeters long. The top 4
centimeters of the left boundary are held at a specified capillary pressure head ¥
=6 -2 (6 cm <z < 10 cm). The right boundary is kept at constant (initial)
caplllary _pressure head of -90 cm. All other boundaries are “‘no flow. " The con-
stant pressure head boundary conditions are realized in the TOUGH simulation
by means of appropriate volume elements added at the periphery of the flow
domain. Flgure 8 gives a schematic of the problem, and explains the nomencla-
ture used for the grid elements ‘The TOUGH input deck'is shown in Figure 9,
and Figures 10 and 11 present plots of computed results at a tlme of O 508 days
(8 time steps) - . ;
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Figure 8. Flow geometry and discretization for Sample Problem 3.
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1+SAM3+ PROBLEM 4.2 OF ROSS ET AL. (1982) 2-D INFILTRATION WITH GRAVITY
ROCKS .
SOIL  2385. . .45 T 1.2E-147 I 1930.
BOUND @  265@. .45 1.2E-14 1.9 10000 .
PARAM : : i ! ;
1 14 600 ' 1000000000000 1 i v
: 43891.2 -1. ; A 10 +9.80665
1.E2 ! 9.E2 2.E3 1.E4 , g
1.e-5 : 1. - 1.E-7
; 1.€5 .60 20.
RPCAP H : A
1 .333 -.1 1. -
1 9.79020E3 .333 i 1. -
START ‘ :
GENER ! : B
ELEME ! f . ;
1B 1 { 3 {1BOUND | 1.EG@ : L
A 9 ,1SO0IL ; 1.E-4 } .
B 1 ‘.9 11SOIL i 1.E-4 ) '
C 1 19 1SOIL ;¢  1.E-4
0O 1 | 9  1SOIL : 1.E-4 : ¢
E 1 i 9 | 1S0IL 1.E-4
F 1 9 1SOIL 1.E-4
¢ 1 9 ~-1S0IL~ - 1,E=4" e - -
H 1 79 1S0IL 1.E-4
1 1 9 1S0IL 1.E-4
J 1 9 1S0IL 1.E-4 “7
K 1 Q 1SOIL 1.E-4
L 1 9 1SOIL 1.E-4
Mo 9 1S0IL 1.E-4 ) i
N 1 1 9:..150IL 1.E-3 8 BUR e e R
0 1 9 1S0IL 1.E-4
RB 1 9 1BOUND 1.E60
CONNE .
B 1A 1. .3, 1. .1 .1 . 1.E:10._.005% .. .01l .20
A 1B 1 ‘9" 1 1 1 6050, 0050 : 01 ¢ o
8 1C 1 9 1 1 1 . BASA . 005 .01 2.
C 10 1 9 1 1 1 . 050 .005 21 Q.
0O 1E 1 9 1 1 1 .005¢ 035 .01 2.
E 1F 1, 9 1 1 1 . 0050 .0905 .01 - 0.
F 16 1. 9 1 1 1 . 0050 .005 O1_ P 8.
G 1H 1 9 1 1 1 . OO58 .005 .o1 ¢ 0.
H 1I t -9 1 1 1 .ON50 .0056 .01 a.
1 1J 1 9. 1 1 1 .0a5n .005 .01 0.
J 1K 1 9™, -1 1 1 . 00590 .006 .01 ¢ 0.7
K L i 9 .1 1 1 - PO50 .005 .81 - 9.
L v 1 9 1.1 1 . -o0%e .0056 01 | 0.
M IN. 1 9 171 1 L0050 .005 217 © 9.
N 10 1 9 1 =1 .. . 0050 .895 .01 8. -
0 1RB 1 9 1 1 1 . 005D 1.E-10 .01 8.7
A 1A 2 8 1 1 -1 . 0P80 . 0050 . 1.
8 .18 2 8 1 1 17,0050 . 0050 .61 1.
¢ 1C 2 8 1 1 1 T, 0050 . 0050 1.
O 10 2 8 p RS RS | - . 0050 . 0050 HE
E 1E 2 8 1 T 1 @050 - .0050 1.
F _1IF -2 8 1 1 1 . 0060 1: 0050 1.
G 16 2 8 1 1 1 . 0060 0050 . 1.
H  1H 2 8 1 1 1 0050 . O350 1.
I 117 2 8 1 1 1 . 0050 LS50 - 1.
J 13 2 =8 1 1 1 . OV59 LOR50 v,
K 1K 2 8 1 1 1 .OV50 .OM5R . 1.
Lt 1w 2 8 1 1 1 . 8050 . 0050 : i.
M IM 2 8 1 1 1 . 0050 . 0050 1.
N IN 2 8 1 1 1 .0050 .@050 1.
¢ 110 2 8 1 1 1 | .6050:  .0050 : 1.
INCON | Tery E <
tB- 1 e o -
1.E8 20.
LB 2 oy
I.ES\, Phois o T 20.
t8 3
1.E6 210 20.
L8 4
1.E5 .00333 20.
RB 1 9  1_. .
L 1.E6° 609 20.
ENDCY: (i i 0 & s cpree o e gt T i

’

Figure 9. TOUGH input deck for Problem 3.
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Figure 10. Liquid saturations after 0.508 days for Problem 3.
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Figure 11. Capillary pressure profiles after 0.508 days for Problem 3.
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9.4 Problem No. 4 — Flow to a Geothermal Well

Garg (1978) developed a semi-analytical theory for radial flow to a geother-
mal well, which accounts for phase transitions and propagating boiling fronts. He
presented simulated results for production at a constant rate of 14 kg/s from a
100 m thick reservoir that is initially in single phase liquid. conditions of T =
300°C, P = 90 bars. In response to production pressures drop to the saturated
vapor pressure, and a boiling front moves out into the reservoir. A slightly
modified version of Garg’s problem was later used in a code comparison study of
geothermal reservoir simulators (Stanford Geothermal Program, 1980). Detailed
problem specifications are given in-the indicated references, or can be read off the
TOUGH input deck as shown in Figure 12. The computational mesh consists of
10 grid blocks with AR= 1 m, and an addmonal 40 grid blocks Wlth
AR;,,;=0aAR; out to an outer radius of 2000 m. _Simulated pressures in’the
wellbock (element AA1l) are plotted versus time in Fjgure 13. The agreement
with Garg'’s results is excellent. R Ca
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“#SAM4s GARG’S PROBLEM (CF. PAPER SPE-7479): FLOW TO A GEOTHERMAL WELL
- "ROCKS : S S B S S

LAY 1. - .2658. .20 . 1.E~-14 - - ... T 4.20 1.1008.
. START . - ot

PARAM . L

) 150 - ' :500003000000000030

. C e 1=l - AA 1
2., .
[N . oG : - . o
<. C et 9.86 ) ,»300.

RPCAP S : : )

- TS - <. .08 FNE DA i . TR -

A ) 1. : . . L ) L o : s
 ELEME: '-<— 60 1 180 " 40 ' '©.00000 2000.00Q - - Teaioteenlaia
- AA 1. .. LAY .1 3.142e+02 : ST S ST Lo Y

AA "2 LAY 1 9.426e+02 o o L

AA 3 ° LAY 1 1.571e+@3 - . . T : R

4 LAY 1 2.199e+03 -

AA 5 LAY 1 2.827e+03-

- AA 8 LAY 1 .3.456e+03 .-

AA 7 LAY 1 4.084e+03

AA 8 LAY 1 4,712e+03

AA 9 LAY 1 5.341e+23

AA 10 LAY 1 5,969e+03

AA 11 LAY 1 7.634e+023

AA 12 LAY 1 9.797e+03

AA 13 LAY 1 1.261e+04

AA 14 LAY 1 1.627e+04

AA 15 LAY 1 2.108e+04

AA 186 LAY 1 2.731e+04

AA 17 LAY 1 3.,549e+04

AA 18 LAY 1 4.620e+04

AA 19 LAY 1 6.025e+04

AA 20 LAY 1 7.869e+04

AA 21 LAY 1 1.029e+05

AA 22 LAY 1 1.347e+25

AA 23 LAY 1 1.766e+05

AA 24 LAY 1 2.316e+05

AA 25 LAY 1 3.041e+05

AA 26 LAY 1 3.996e+05

AA 27 LAY 1 5.253e+05

AA 28 LAY 1 6.909e+05

AA 29 LAY 1 9.092e+05

AA 30 LAY 1 1.197e+06

AA 31 LAY 1 1.576e+@6

AA 32 LAY 1 2.077e+28

AA 33 LAY 1 2.737e+06

AA 34 LAY 1 3.607e+06

AA 35 LAY 1 4,756e+06

AA 36 LAY 1 6.271e+06

AA 37 LAY 1 8.271e+06

AA 38 LAY 1 1.091e+07

AA 39 LAY 1 1.439e+07

AA 40 LAY 1 1.899e+07

AA 41 LAY 1 2.505e+07

AA 42 LAY 1 3.306e+07

AA 43 LAY 1 4.363e+07

AA 44 LAY 1 5.758e+07

AA 45 LAY 1 7.600e+07

AA 46 LAY 1 1.003e+08

AA 47 LAY 1 1.324e+928

AA 48 LAY 1 1.748e+28

AA 49 LAY 1 2.307e+08

AA 50 LAY 1 3.045e+08

Figure 12. TOUGH input deck for Sample Problem 4.
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CONNE
AA 1AA 2 1 5.000e-01 5.000e-01 6.283e+02
AA 2AA 3 1 5.000e-01 5.000e-21 1.257e+03
AA 3AA 4 1 5.000e-01 5.000e-@1 1.885e+83
AA 4AA & 1 5.000e-01 5.000e-01 2.513e+03
i . AA__BAA 6 e .1 5.000e-21 5.000e-01 3.142e+03
i AA TBAA 7 1 5.00Ce-21 5.000e-01 3.770e+03"
: AA T7AA B8 1 5.000e-01 5.000Ce-@1 4.398e+03
! AA BAA 9 1 5.000e-01 5.000e-01 5.027e+03
: AA  GAA 10 . 1._5.00Ce-01 5.00Ce-01 5.656e+33
; AA 10AA 11 gt 1 5.000e-01 5.745e-01 6.2830+03 !
] AA 11AA 12 -7 1 5.745e-21 6.602e-31 7.005e+83
: AA 12AA 13 1 6.602e-01 7.565e-01 7.835e+03
AA 13AA 14° 1 7.585e-01 8.716e-01 8.788e+03
v AA 14AA 15 1 8.716e-21 1.002e+20 9.883e+£3 .
I AA 15AA 16 1 1.002¢+00 1.151e+00 1.114e+04 ™
; AA 1BAA 17 1 1.151e+0@ 1,322e+00 1.259%9e+24
; AA 17AA 18 1 1.322e+03 1.519e+00 1.425e+04
{ AA 18AA 19 ..1.1,519e+00 1.746e+00 1.616e+04
! AA 19AA 20 ©:1"1.7460+00 2.006e+00 1.835e+04 .
i AA 20AA 21 1 2.006e+00 2.305e+00 2.087e+04
: AA 21AA 22 1 2.305e+00 2.649e+00 2.377e+04
: AA [22AA 23 1 2.649e+00 3.043e+30 2.710e+04
; AA -23AA 24 1 3.043e+00 3.497e+00 3.092e+04
i AK 24AA 25 1 3.497e+00 4.018e+00 3.532e+04"
! AA 25AA 28 1 4.018e+00 4.617e+00 4.037e+04
i AA 26AA 27 1 4.617e+00 5.305e+00 4.617e+04
| fAA 27AA 28 1 5.305e+00 6.0960+00 5.284e+04
i FAA 2BAA 29 1 6.096e+00 7.005e+00 6.0500+04
! ¢ AA 29AA 30 1 7.005e+00 §.049e+00 6.930e+04 |
: /¥ AA 3BAA 31 1 B8.049e+00 9.24B8e+00 7.94le+04
! £ AA 31AA 32 1 9.248e+00 1.063e+01 9.104e+04
; i AA_32AA 33 1 1.063e+01 1.221e+01 1.044e+05
; i AA 33AA 34 1 1.221e+01 1.403e+01 1.197e+05 -
Y AA 34AA 35 1 1.403e+01 1.612e+01 1.374e+05
: AA 35AA 36 1 1.612e+01 1.852e+01 1.5760+85 |
; kS AA 36AA 37 1 1.852e+01 2.129e+01 1.889e+05 |
: 5 AA 37AA 38 1 2.129e+01 2.446e+01 2.077e+05 |
: ; AA 38BAA 39 1 2.446e+01 .2.810e+01 2.384e+905
o AA 39AA 40 1 2.810e+@1 3.229e+01 2.737e+05 |
= AA 40AA 41 1 3.229e+%1 3.711e+@1 3.143e+05 !
AA 41AA 42 : 1 3.711e+@1 4_.264e+01 3.609e+85 !
e AA- 4 2AA 43 — e ol 2640401 -4 ;899€+81-4 . 1456485~
AA T43AA 44 : 1 4.899e+01 5.629e+01 4.761e+05 !
AA 44AA 45 1 5.629e+01 6.468e+01 5.468e+05
AA 45AA 48 cei . .. ...1 6,46B8e+01 7.433e+01 6.28le+85
AA 4BAA 47 L LIEVITEAE 1107, 4330401 8.540e+01 7.2165e+86
AA 4T7AA 48 1 8.54C0e+01 9.813e+01 8.28Be+25
AA 4BAA 49 1 9.813e+01 1.128e+02 9.521e+05
soigriors o3 AR 49AA 6O 1 1.128e+@2 1.296e+92 1.094e+06
GENER
AA 1PRO 1 - MASS =14,
INCON
ENDCY

Figure 12. TOUGH input deck for Sample Problem 4 (continued). |
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9.5 Problem No. 5 - Waste Package in a Partially Saturated Medium

A study of thermohydrological conditions near high-level nuclear waste pack-
ages emplaced in a partially saturated fractured medium was recently made by
Pruess, Tsang, and Wang (1985). These authors used an experimental version of
the TOUGH code which takes effects of vapor pressure lowering into account.
The present problem is similar to the one studied by Pruess et al., except that
vapor pressure lowering effects are 1gnored ‘

Figure 14 shows the highly 1deahzed geometry of the flow system. We con-
sider an infinite linear string of waste packages, which is intersected by a set of
plane, parallel fractures at-a spacmg of 0.22 m." The formation parameters used
in this study are listed in Table 8. ' Most of these parameters were taken from a
compilation of Hayden et al. (1983) We wish to emphasize that these parame-
ters were chosen here to define a test case with large fracture and small matrix
permeability; they do not necessarlly represent conditions expected for a
hypothetlcal nuclear waste repomtory at Yucca Mounta.m e

Because of the symmetry of the problem 1t is only necessary to model a 0.11
m thick section (see Flgure 14). The parameters of the two-dimensional compu-
tational grid are given in Table 9, and part of the TOUGH input deck (excludmg
the data blocks ELEME and CONNE) is shown in: Flgure 15. For convenience
we have multiplied all _volumes .and - mterface areas._in _blocks ELEME and
CONNE by & factor 4:5/0.11, so that our calculation is normalizéd to one waste
package (assumed to be 4.5 m long) ‘The. tlme-dependent heat generation data
were obtained from Hayden et al. (1983) The initial conditions reflect assumed
suction equilibrium between matrixiand fractures; these conditions were obtained
by running a two-element- matnx-fracture problem With S) 1p,trix=80% to equili-
brium. Gravity effects were 1gnored

We ran the problem out to 51.4 days (66 time steps). Calculated results are
shown in Figurés ‘16 and 17. For comparison we have also plotted results
obtained from a one-dimensional radlal flow calculation in which fracture effects
were ignored.

Our results are similar to those reported by Pruess et al. (1985) for a case
with vapor pressure lowering. A detailed discussion of physical phenomena -
observed in the simulation is glven in the paper by Pruess et al., and will not be
repeated here.
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Not to scale

XBL84T-9831 . .

Figure 14. Idealized geometry for Sample Problem 5.
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Table 8 <%
Formation:Parameters for Sample Problem 5

Mat_ri;g Sl ag £he 3 IS S S

rock grain density |
rock specific heat

rock heat conductivity
porosity

permeablhty

suction’ pressure fhaitn
relative permea.blhty to liquid
(van Genuchten, 1980)

relatwe permeablhty to gas

SO TR S T 15 M S L0 TEey N PRI 3 R R

pr = 2550 kg/m3

Cr = 7688 J/kg° C

K =16W/m°C

b = 10.3%

k —326x10-18 &

m (S;)=-1.393 (SE 1 1)H MPa_
ky (8¢) = \/ Ser [1 - (1-Sgr ") |2
where Sgp = (S; - S;,)/(L~ S: r)
S,,—96x10‘4 A =045"

krg (Sl) =1-ky ‘

Fractures (one set)

P EREN
aperture o

4

porosity P AN

spacing.: 4
average ‘continuum permeablhty

permeability per fracture* A

equivalent contlnuum ‘porosity
suction ‘pressure

relative permeability ‘to liquid
relative permeability to gas

£

§ =2 mm

¢f = 20% an

ikl D=.22m 13
U kp=108mn :

ke =~ k- D/6 = 11x1o-12

¢, ~ ¢6/D=0182% '
Py (S; )= — 500 (.0099 — s, )/ 0099 MPa -
ky () = (S; - 0.01)/0. 99 ‘

krg(sl)—l-sl )

Initial Conditions
cemldl i addomipmeeaase ol
temperature
pressure
liquid saturation in matrix

liquid saturation in fractures

T el TLTn il s

T=26°C

P = 10° Pa (= 1 bar)
- Sy ym =80% (suction

S, ot = 0098783674683 equxhbnurh)

*ﬁote that we do not imply a parallel-plate

model for the fractures;

k¢ is less than the parallel plate permeabxhty (¢f 6) 2/ 12 =1.33x 10'8
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Table 9

Grid Specifications for Problem §

"The grid extends from the wall of the canister (r = 0.25 m) out-to r = 300 m, at which -

distance boundary conditions of T = 26°C, P_.= 1 bar, S; = 0.80 are_maintained.. ..
Discretization in r - direction is made with a series of concentric cy_linders wﬁth the fol-

lowing radii.

grid radius
element . (m) -
1 2700
2 3050
3 .3660
4 4359
5 5159
6 6075
7 7124
8 8326
g 9702
10 1.128
11 1.308
12 1.515
13 1.751
14 2.023.
15 2.334
16 2.689

In z-direction we discretize into four layers, the first of which represen‘ts (half of) the

fracture:

- grid radius
- element (m)
17 - 3.096
18 3.563
19 4.465
20 . 5.517
21 6.747
22 8.182
23 9.857
24 11.81
-25 14.10
26 16.76
27 19.88
28 23.51
29 27.75
30 32.71

* thickness

layer (m)
A 1x 107
B 4x 103
C 1.5 x 1072
D 90x10?

grid radius -

element ... - (m) .
31 1-38.49
32 45.24
33 : 53.12:
34

L35 7307
36 85.62
37 100.3
38 117.4
39 137.3.
40 160.6 -
- 41 187.8
42 -
43 . 256.7
44 300.0

62.33 -

2196 - -
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Enpcy

+SAME* Waste Package

ROCKS - . -
FRACT 2 2550 .20 11 E—12
. 1.68 .25
1 1.€-2 2. 1.
1 5.E8 @ .0E-4 .8099
WTUFF - 1 2550,
! 1.60
BOUND 1 2550.
! 1.69
START
PARAM
2! 75 600 75100@3@06000002 409
P 4.44e6 S-1. AA
' 1.e3 9.e3 2:e4
'1.E-4 1.E00 T
! 1.E5 L .20 26.
RPCAP e .
7- ©.45000 9.6E-4" . 1,
7 @.45200 9.8E-4 7.178E-07
TIMES e
1
4.44e6
GENER
AA 1CAN 121 HEAT
e. .3166760E+08 .6311520E+08
.1262304E+09 .1577880E+09 .1893456E+09
.2524608E+89 ' [2840184E+09 ,3155760E+09
.3786912E+09 .4102488E+09 .4418064E+09
.5049216E+09 .5384792E+09 .5680368E+09
.6311520E+09 .6627096E+09 ~..6942672E+09
.7573824E+09 .7889400E+09 .8204976E+09
.8836128E+09 .9151704E+09 .9467280E+09
.1009843E+10 .1041401E+1¢ .1072958E+1¢
.1136074E+10 .1167631E+10 .1199189E+10
12 1262304E+1@ . 1293862E+10  11326419E+18.
" .1388534E+10 .1420092E+10 .1451660E+10
.1614765E+10 .1546322E010 .1677880E+10
.1640996E+10 .1672553E+10 .1704110E+10
.1767226E+10 .1798783E+10 ,1830341E+10
.1893456E+10 ,1925014E+10¢ .1956571E+10Q
.2019686E+10 .2051244E+10 ..2082802E+10
.2145917E+10Q0 .2177474E+1€ .2209032E+10¢
.2272147E+10 .2303705E+10 .23365262E+10
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Figure 16. Temperatures at a distance R = O. 3355 m from canister centerline

(Problem 5).
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Figure 17. Proﬁles of liquid saturatlon and gas phase composition a.fter 51.4 days
(Problem 5)
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9.6 Problem No. ’6 — Heat Pipe

Heat pipes are devices which achieve large heat fluxes for small applied tem-
perature gradients by means of two-phase countercurrent flow in a porous
medium (Eastman, 1968). Liquid is vaporized at the hot end, and the vapor is
driven by a pressure gradient towards the cold end, where it condenses, releasing
latent heat. The condensate then returns to the hot end by means of capillary
suction.

The heat pipe problem presented here includes non-condensible gas (air) and
binary diffusion of air and vapor in the gas phase. The problem therefore
engages all mass- and energy-balance equations, and flux terms, which ‘are present
in TOUGH. Selection of this problem was motivated-by the recent publication of
a semi-analytical solution for the steady state of a heat pipe with non-condensible
gas (Udell and Fitch, 1985), which could be used to verlfy the “accuracy of the
TOUGH simulator for a complex problem L

The TOUGH input deck (see Figure 18) models a one-dnmensxonal horizontal
porous column of 2.25 m length and 1 m cross-sectional area, which is discretized
into 90 volume elements of 2:5-cm length each. :A-boundary condition of zero
caplllary pressure is maintained at one énd of the column while a heat flux of 100
W/m? is injected at the other end. Detailed problem specifications were given by
Udell and Fitch (1985), and can be read off the TOUGH input ‘deck. Note, how-
ever, that in order to obtain a semi-analytical solution, Udell and Fitch made a
number of simplifying assumptions, which are not made in the TOUGH simula-
tor. The most important simplification was ‘to- neglect the temperature depen-
dence of fluid properties. Because of this difference we do not expect a perfect
agreement between the TOUGH simulation and the semi-analytical solutlon t

The simulation reaches a steady state after 876.6 days (80 time steps). Flg-
ure 19 shows that the TOUGH results agree well with the semi-analytical solu-
tion of Udell and Fitch (1985). As a further check we modified TOUGH to
implement the same simplifying assumptions as were made by Udell and F 1tch
This resulted in an excellent agreement with their solution.
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tSAMSt,HEAT PIPE WITH NON-CONDENSIBLE GAS AFTER UDELL AND FITCH.

ROCKS

1.E-12

1.E-12

1.E-12 1.13  700.

1.6-12'1.13 . 700.

9.817 = . 5.
1 °.
1 2.

SAMPL 2 2600. : ©.4 ~1.E-12
0.582 6.5

6  ©.150 :

6 632455.53 ©.15
LBND ‘2 2600 . 0.4 1.E-12

©.582 2.5 :

1 2.1 8.8 0.2 2.9

1 2. 2.1 2.9
START ,
PARAM - ' o
g 2 100 20000000100000000400000000 2.6 E-5 1. " E-18°
8. 1.000 SAM 1
101330. 6.5 © 70,
ELEME :
LBDOS LBND 1. E30
SAMZZ 89  1SAMPL ©.025
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LBDOOSAMOO 11. E-10 .8125
SAMOGSAMZ1 88 1 1 1 .0125 .0125
GENER
SAMBIQ 1 HEAT 100.
ENDCY

Figure 18. TOUGH input deck for Sample Problem 6.
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Figure 19.. Simulated - Steady- State Conditions :in .Problem 6, Compared with -
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'Appendix A: Relative Permeability Functiéns

linear functions

k_,increases linearly froin{O to 1 in the ran”gev

ol

RP (1) < S, < RP(3);
kr " increases linearly from O to 1 in the range
RP(2) < Sg < RP(4)

Restrictions: RP(3) > RP(1); RP(4) >' RP(2).

k = S, ** RP(1)
kg = 1.

Corey’s curves
S* = (Sl Slr)/(l- Slr' S
k FENEU

= (154 (1 - [s4?)

sr)

where §; = RP(1); S_ = RP(2)
Restriction: RP(1) + RP(2) <1

Grant’s curves (Grant, 1977)
=(S;- Sl )/(1- 8, - 8)

k = [S*]

krg =1k,

where §; = RP(1); S_ = RP(2).

Restriction: RP(1) + RP(2) <1

*“All perfectly mobile”
krl = krg = 1 for all saturations;
no parameters.
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IRP = functions of Fatt and Klikoff (1959). '
S* = (Sl- Slr)/(l - Slr)

k = [S*]
= (1-5*)°

where §; = RP(1).
Restriction: RP(1) <1.

IRP =7 Sandia - functions (Hayden et al., 1983; van denuchten, 1980)
8* = (8;- 8/ (8 - 3y) ”

VEF {1~ (1- [P i S <8
krl= k
1if S, > S,
k, =1-ky

where A = RP(1), S, = RP(2), S, = RP(3). -

IRP = function of Verma et al. (1985)
S* = (81 = S1,1)/(8;5 - Siy)
= (S*)*

' k —A+BS*+C[S*]2 o ‘
' Parameters as measured by Verma et, al for steam-water ﬂow in an
"":’unconsohdated sand e e
’s,s RP (2) 895
A = RP(3) = 1.259
B = RP (4) = -1.7615
C = RP(5) = .5089

If the user wishes to employ other relative permeability relationships,
these need to be programmed into subroutine RELP. The routine has
the following structure: '
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SUBROUTINE RELP ( )

GOTO (10,11,12,—), IRP

10 CONTINUE

(IRP = 1) REPL = ...
| REPG =..

RETURN

11 [ CONTINUE

(IRP = 2) REPL = ...
REPG = ...
RETURN

END

To code an additional relative permeability function, the user needs to
insert a code segment analogous to those shown above, beginning with a
statement number which would also appear in the GOTO statement.
The RP( ) parameters as read in input can be utilized as parameters in
the assignment of liquid and gas relative permeability (REPL and
REPG, respectively). -
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Appendix B: Capillary Pressure Functions : "7

linear function

vy

- CP(1)for S, < CP(2)
Poyp =1 0for 8, > CP(3)
CP(3) - §;
CP(3) - CP(2)

N
H

!‘

- CP(1) -

. . A - -
O T R L

function of Pickens ‘st al. 1(1979) R R

P = {ln[-—(1+\/1 B‘*/M)]}l/x

cap

B ‘B = 1' I/Sb : " o

where P_ = CP(1), S, = CP(2), R CINIE ERT ROV

S Sip = CP(3), X = CP(4)

- .. -
et . T T S S
Pgad s Fi RESES N Sitvps DESYIEMANL LEL T

Restrlctlons 0< CP(2) <1< CP(3)

CP(4) 0.

R
{

PP 1-5 1/"fs 1
S,S or,<

cap

0 foi"Sl‘ =1 e
where P = CP(1), S, = CP(2), n= CP(3), P, = CP(4)
Restrlctlons CP(2) > o;

- CP@) 0.

ERSESN EERNRREEE: R

for CP(2) < Sl < CP(3)
Restriction:;CP(3) >-CP(2). . T TR TS AR DR

-



ICP =4
ICP =6
ICP =7

-78 -

Milly’s function (Milly, 1982) =+ - -~ PREE
Pcap = - 97.783(;:31701A R
with A = 2.26 (——— -1)/4

St =S¢
where S; = CP(1).
Restriction: CP(1) > 0.

Leverett’s function (Leverett, 1941; Udell'and Fitch, 1985)

= (S;- S;)/(1- §)

f — 1.417 (1-5*) -2.120 (1-5%)?

+1.263 (1 - 5*)3

Pcap=-Po°a(T)-f

where P_ = CP(1), S, = CP(2), -
o= surfa.ce tension of water (supphed mternally in TOUGH)
Restriction: 0 < CP(2)<1

Sandia function (Hayden et al., 1983; van Genuchten, 1980)
§* = (S;- Sy)/ (S - Sp)

(0GfS; > Si,)

Peap = Po (ST 1}

(P P {1 >p

max)
where X\ = CP(1), 8, = CP(2), P, = 1./CP(3),

P_.. = CP(4), S, = CP(5)

Additional capillary pressure functions can be 'ptB"grammed in subrou-

tine PCAP in a fashion completely analagous to that for relative per-

meabilities (see Appendix A).
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