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DISCLAIMER

This document was prepared as an account of work sponsored by the United States
Government. While this document is believed to contain correct information, neither the
United States Government nor any agency thereof, nor the Regents of the University of
California, nor any of their employees, makes any warranty, express or implied, or
assumes any legal responsibility for the accuracy, completeness, or usefulness of any
information, apparatus, product, or process disclosed, or represents that its use would not
infringe privately owned rights. Reference herein to any specific commercial product,
process, or service by its trade name, trademark, manufacturer, or otherwise, does not
necessarily constitute or imply its endorsement, recommendation, or favoring by the
United States Government or any agency thereof, or the Regents of the University of
California. The views and opinions of authors expressed herein do not necessarily state or
reflect those of the United States Government or any agency thereof or the Regents of the
University of California.



.

P

® dan

LR

LBL-30758

STMVOC User’s Guide

Ronald W. Falta and Karsten Pruess

Earth Sciences Division
Lawrence Berkeley Laboratory
University of California
Berkeley, California 94720

June 1991

This work was supported by the Director, Office of Energy Research, Office of Basic Energy Sciences,
Engineering and Geosciences Division, of the U.S. Department of Energy under Contract No. DE-AC03-
76SF00098.



few

-r w

® i

ABSTRACT

This report contains instructions for using the STMVOC numerical simulator. This
code, which was developed at Lawrence Berkeley Laboratory, is an extension of the TOUGH
geothermal code for use in problems involving subsurface contamination by nonaqueous
phase liquids (NAPLs). The code is used for modeling the nonisothermal transport of air,
water, and an organic chemical in three fluid phases. A discussion of the physical processes
included in the simulator is given along with a brief outline of the mathematical formulation.
A detailed guide to preparing the STMVOC input file with several illustrative examples is

provided.
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~ INTRODUCTION

The STMVOC code is a three dimensional numerical simulator developed for modeling
the transport of organic chemical contaminants in nonisothermal multiphase systems. In par-
ticular, the code was designed to simulate steam injection for the removal of hazardous.
nonaqueous phase liquids (NAPLs) from contaminated soils and aquifers. Although it is
expected that this' will be the primary area of application of the code, the STMVOC simula-
tor may be used to simulate many other multiphase contaminant transport problems such as
NAPL migration in variably saturated media, forced vacuum extraction of organic chemical
vapors from the unsaturated zone, and evaporation and diffusion of chemical vapors in the

unsaturated zone.

STMVOC uses a general integral finite difference method formulation known as MUL-

- KOM [Pruess, 1983; 1988]. Several versions of MULKOM have been developed for solving

different multiphase flow problems. The features and capabilities of these different versions
have been summarized by Pruess [1988]. The most well known and widely used version of
MULKOM is the TOUGH simulator [Pruess, 1987]. TOUGH (Transport of Unsaturated
Groundwater and Heat) is a three dimensional code for simulating the coupled transport of
water, water vapor, air, and heat in porous and fractured porous media. The STMVOC
simulator has been developed directly from TOUGH, and for the purpose of this report, it is
assumed that the reader is familiar with the TOUGH code. It is intended that this report be
used in conjunction with the original TOUGH user’s guide [Pruess, 1987] rather than as a

"stand alone" user’s guide.

This report contains a description of the physical processes included in the STMVOC
simulator, and a limited discussion of the mathematical formulation. Instructions for generat-
ing the input file are given along with four illustrative sample problems. For more complete
details conceming the STMVOC formulation, the reader is reférred to Falta {1990] or Falta
et al. [1990a]. Several problems other than those described in this report have been modeled

using STMVOC, and these are discussed in Falta [1990] and Falia et al. [1990b].



The original STMVOC code development was carried out on a Cray XMP supercom-
puter. However, a double precision version of the code has been generated for use on 32-bit
workstations, and the results of simulations performed on these machines have been quite
satisfactory. For purposes of comparison, using the Cray XMP cpu time as a baseline, a
given problem will run about 2-3 times slower on an IBM Series 6000 Model 320 worksta-
tion, about 5-6 times slower on a Solbourne Series 5 Model 502 workstation, and about 12-

14 times slower on a Sun Sparcstation workstation.
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PHYSICAL PROCESSES AND ASSUMPTIONS

In the STMVOC formulation, the multiphase system is assumed to be composed of
three mass components: air (or some other noncondensible gas), water, and a volatile,
slightly water-soluble organic chemical. Although air consists of several components (nitro-
gen, oxygen, etc.), here it is treated as a single "pseudo” component with averaged proper-
ties. These three components may be present in different proportions in any of the three
phases, gas, aqueous, and NAPL. The components and phases considered by the STMVOC
simulator are listed in Table 1. Each phase flows in response to pressure and gravitational
forces according to the multiphase extension of Darcy’s law, including the effects of relative
permeability and capillary pressure between the phases.

Transport of the three mass components occurs by advection in all three phases, and by

multicomponent diffusion in the gas phase. At the present time, no allowance is made for

molecular diffusion in the aqueous and NAPL phases, or for hydrodynamic dispersion. It is

‘assumed that the three phases are in local chemical and thermal equilibrium, and that there

are no chemical reactions taking place other than interphase mass transfer and adsorption of
the chemical component to the solid phase. Mechanisms of interphase mass transfer for the
organic chemical component include evaporation and boiling of the NAPL, dissolution of the
NAPL into the aqueous phase, condensation of the organic chemical from the gas phase into
the NAPL, and equilibrium phase partitioning of the organic chemical between the gas, aque-
ous, and solid phases. Interphase mass transfer of the water component includes the effects
of evaporation and boiling of the aqueous phase, dissolution of water in the NAPL (not usu-
ally important), and condensation of water vapor from the gas phase. The interphase mass
transfer of the air component consists of equilibrium phase partitiohing of the air between the
gas, aqueous, and NAPL phases.

Heat transfer occurs due to conduction, multiphase convection, and gaseous diffusion.

The heat transfer effects of phase transitions between the NAPL, aqueous and gas phases are

fully accounted for by considering the transport of both latent and sensible heat. The overall



Table 1. Components and Phases

Components Phases
air gas
water aqueous
organic chemical NAPL

heat

ks "



porous media thermal conductivity is calculated as a function of water and NAPL saturation,

and depends on the chemical characteristics of the NAPL. -

Thermophysical properties of the aqueous and NAPL phases such as saturated vapor
pressure and viscosity are calculated as functions of temperature, while specific enthalpy and
density are computed as functions of both temperature and pressure. Vapor pressure lower-
ing effects due to capillafy forces are not presently included in the simulator. Gas phase
thermophysical properties such as specific enthalpy, viscosity, density, and component molec-
ular diffusivities are considered to be functions of temperature, pressure, and gas phase com- ,
position. The solubility of the organic chemical in water may be specified as a function of
temperature, and the gas-aqueous Henry’s constant for the organic chemical is calculated as a
function of temperature. The gas;aqueous and gas-NAPL Henry’s constants for air are

assumed to be constant, as is the water solubility in the NAPL phase.

The necessary NAPL/organic chemical thermophysical and transp'ort properties are
computed by means of a very general equation of state. This equation of state is largely
based on semi-empirical corresponding states methods in which chemical parameters are cal-
cuiated as functions of the critical properties of the chemical such as the critical temperature
and pressure. Because these data are available for hundreds ofv orgahic compounds, the

NAPL/organic chemical equation of state is quite flexible in its application.

By virtue of the fact that the integral finite difference method [Narasimhan and Wither-
spoon, 1976] is used for spatial discretization, the present formulation makes no reference to
a global coordinate system other than the direction of the gravitational acceleration vector,
and no particular dimensionality is requiréd. The STMVOC simulatbr may therefore be used
for one, two, or three-dimensional anisotropic, heterogenous porous or fractured systems hav-
ing complex geometries. The porous medium porosity may be specified to be a function of

pore pressure and temperature, but no stress calculations are made.



GOVERNING EQUATIONS

In a nonisothermal system containing three mass components, three mass balance equa-
tions and an energy balance equation are needed to fully describe the system. The following
summary of the govemning transport equations follows Pruess [1987; 1988] with extensions
to account for a NAPL phase and a chemical component. The balance equations are written
in integral form for some flow region, V;, having a surface area I';, as follows

%JMK v, =JFK-n dr, +JqK v, (1)
H 1

1
K =a:air;, K =w:water; K =c: chemical, K = h: heat

where MX is the amount of component X per unit porous medium volume, FX is the total
flux of component K into V;, n is the outward unit normal vector, and g¥ is the rate of gen-
eration of component K per unit volume. For K=a,w,c, MX s the mass of component K
per unit porous medium volume, FX is the mass flux of component K, #d ¢X is the rate of
mass generation of component K per unit volume. For K=h, MX is the amount of energy
(heat) per unit porous medium volume, F¥ is the heat flux, and g% is the rate of heat gen-

eration per unit volume.

Accumulation Terms

The mass accumulation terms for air and water (K=a,w) contain a sum over the gas,

aqueous, and NAPL phases

MK = ¢§,ng[30)§ @)
B=g:gas; B=w:aqueous; P=n:NAPL

where ¢ is the porosity, Sp is the B phase saturation, pg is the B phase density, and mé( is the
mass fraction of component K in phase 8. The organic chemical accumulation term (K=c)

includes the effect of linear equilibrium adsorption onto the solid phase.



M =p,p, 0, Kp + ¢2B}sﬁpam§ €)

where p,, is the dry bulk density of the soil, w,, is the mass fraction of the chemical in the
aqueous phase, and K, is the solid-aqueous distribution coefficient for the organic chemical

[Freeze and Cherry, 1979]. The first term in (3) may be written as
Cs =pyKpCiy ' ' @

where C{ is the adsorbed mass of chemical per unit volume of soil, and Cy, is the.chemical
mass concentration in the aqueous phase. The use of (4) assumes that some liquid water is
present in the system, and that the soil is preferentially wetted by the aqueous phase. In vefy
dry systems, the use of (4) to describe vapor adsorption may lead to some error. Because it
has been found that the degree of adsorption of organic chemicals depends largely on the

amount of organic carbon present in the soil, Kp is often written as
KD = Kocfoc - (5)

where K, is the organic carbon partition coefficient, and f,. is the organic carbon fraction

in the soil [Karickhoff et al., 1979; Schwarzenbach and Westall, 1981].

The heat accumulation term (K'=h) includes contributions from both the solid and the

fluid phases

M* = (1 - ¢)pr CrT + ¢%}S‘Bp5u3 . (6)

where pp is the soil grain density, CR. is the heat capacity of the soil grains, T is the tem-
perature, and ug is the specific intemnal energy of phase 8. Because the mass fractions of air
and organic chemical in the aqueous phase are small, the specific intemal energy of the aque-
ous phase is assumed to be independent of composition. Likewise, because the mass frac-
tions of air and water in the NAPL phase are small, the specific intemal énergy of the NAPL
phase is also assumed to be independent of composition. The gas phase internal energy is a

very strong function of .composition, and is calculated by .



u, = Y ofuf Q)

4
K=aw,

where uf is the specific internal energy of component K in the gas phase.

Flux Terms

The three mass flux terms (air, water, chemical) sum over the three phases (gas, aque-

ous, NAPL)

F* = TFf ®

The mass flux of each component in the gas phase includes both advection and diffusion

_ ~kk,oPg

4

FX of (vp, -p,0) + X - ®

where k is the absolute permeability, k,, is the gas phase relative permeability, p, is the gas

rg
phase dynamic viscosity, P, is the gas phase pressure, g is the gravitational acceleration vec-
tor, and Jf is the diffusive mass flux of component K in the gas phase. In (9), Knudsen

effects are neglected. The diffusive mass fluxes of water vapor and organic chemical vapor,

J¢', and J; are calculated by
Jg == 08,7 Dgp, Vo (10)
where DgK is the multicomponent molecular diffusion coefficient of component K in the gas
phase, and T, is the gas phase tortuosity computed from the Miliington and Quirk [1961]
model
_ A 18cTB
T, =075, (11)

The use of (11) to predict the gas phase tortuosity does not account for possible enhance-
ments to the diffusive flow of condensible vapors which may occur when the liquid conden-
sate is also present [Walker et al., 1981]. With the water and chemical diffusive mass fluxes

given by (10), the air diffusive mass flux, J; is determined from the requirement Ihét

=



o+ +3, =0 (12)
The use of (12) ensures that the total gas phase diffusive mass flux summed over the three
~ Icomponents is zero with respect to the mass average velocity [Bird et .al..i 1960]. Then, the
total gas phase mass flux is the product of the gas phase Darcy velocity and the gas phase
density.
The component méss fluxes in the aqueous and NAPL phases are calculated by consid-

ering only advection, .

—kkrw w

F¥ = 220 oK (P, - p,0) a3
_kkm n »

Ff = 20 Pr K (VP, - png) (14)

- The aqueous phase pressure in (13) is related to the gas phase pressure in (9) by
P, =Py + P, 15)
where P, is the gas-water capillary pressure. The NAPL phase pressure in (14) is related
to the gas phase pressure by
P, =Py + P, (16)
where P, is the gas-NAPL capillary pressure. It follows that the NAPL-water capillary
' pressure, P, , is

P.., =P, —P., =P, — P, - a7

cnw cgw cgn

The heat flux includes both conduction and convection

F* = -AVT +3hgFg (18)
B

where A is the overall porous medium thermal conductivity, hg is the B phase specific
“enthalpy, and Fp is the total § phase mass flux (not to be confused with the component mass

flux). As in the case of the aqueous and NAPL phase internal energies, the aqueous and
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NAPL phase specific enthalpies are assumed to be independent of composition. The gas

phase specific enthalpy is calculated as

he= ¥ ofnk (19)

(4
K=aw,c

and is a very strong function of composition. From thermodynamics, the relationship
between the enthalpy and the intemal energy of a fluid is A = u + P/p [Sonntag and van
Wylen, 1982].

The nonlinear coupled balance equations given by (1) are linearized using an iterative
Newton-Raphson technique, and the linearized equations are solved directly. Complete
details of the numerical solution method used in STMVOC are given in Falta [1990] and

Falta et al. [1990a].
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PRIMARY VARIABLES AND VARIABLE SUBSTITUTION

In order to describe the thermodynamic state of a four-component (three mass com-
ponents and heat) system in which local thermal and chemical phase equilibrium is assumed,
it is necessary to choose four primary variables. In addition to the four primary variables, a
complete set of "secondary variables” is needed for the solution of the four coupled balance
equations. These secondary _vaﬁables include thermodynamic and transport propenies such
as enthalpies, densities, relative permeabilities, viscosities, and mass fractions.‘ The four pri-
mary variables must be chosgn so that the entire set of secondary variables may be calculated

as functions of the primary variables, and so that all of the primary variables are indepen-

dent.

Inr multiphase flow problems involving phase transitions (ie. appearance or disappear-
ance of a phase), the number of possible phase combinations may become large. In a system
in which a maximum of three fluid phases may be present, there are seven possible phase
combinations. These combinations include three single phase systems (eg. gas, aqueous,

NAPL), three two-phase systems (eg. gas-aqueous, gas-NAPL, aqueous-NAPL), and one

three-phase system (eg. gas-aqueous-NAPL).

‘Ideallyv, a different set of pﬁmafy variables should be used for each different phase
combination. With this technique, during each phase transition (in each element) the primary
variables are switched so that the system is always fully defined thermodynamically by the
primary variables. | |

While the technique of variable substitution during phase transitions is quite attractive,
implementing this procedure for a three-phase system with seven possible phase combina-
tions would require seven sets of primary variables and would be cumbersome to code. An
alternative method is to prohibﬁ complete phase transitions; that is, each phase must be
presém to some degree in each element. The phases are prevented from completely disap-

pearing by artificially reducing rates of interphase mass transfer from é phase when its
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saturation becomes small. In practical terms, the minimum saturation of each phase using
this method may be very small, on the order of 1073 or 107, and numerical results ‘'using this

method are usually satisfactory.

A drawback of this method is that it is not possible to rigorously simulate the complete
removal of a phase (for example, a NAPL) from the porous medium. Although the
minimum phase saturation may be as small as 1074, in some problems this may be a
significant amount of the phase. Consider a system with a porosity of 0.4. A NAPL satura-
tion of 107 corresponds to 40 ml! of NAPL per m?> of porous medium. For toxic organic

chemicals, this is a substantial level of contamination.

In the STMVOC simulator, a compromise is made between the robustness and elegance
of the variable substitution method, and the simplicity of the minimum saturation méthod.
To reduce the number of phase combinations to two, it is assumed that the gas and aqueous
phases never totally disappear, although the phase saturations may be quite small (=107%. In
regions where the NAPL phase is present, the system is considered to be under three-phase
conditions (gas-aqueous-NAPL), and the primary variables are gas phase pressure P,, gas
phase saturation S,, aqueous phase saturation S,,, and temperature T. The disappearance of
the NAPL phase is recognized when §, + S.21. In this case, the system is in two-phase
conditions (gas-aqueous), and the variables are switched to P, Xz, S,,, T where X, is the
mole fraction of the orgahic chemical in the gas phase. If at any point the partial pressure of
the chemical (x;P,) becomes greater than the saturated vapor pressure of the chemical (Pg,),
the NAPL phase evolves and the variables are switched to .the three-phase set of variables.
In either case, the minimum saturation method is used for the gas and aqueous phases in
order to prevént complete disappearance of these phases. Because these phases must always
be present to some degree, the initial conditions for STMVOC simulations must always
include at least a small amount of the gas and aqueous phases (S, and S, >107%. The
different primary variables used under two-phase and three-phase conditions are summarized

in Table 2.

R
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Table 2. Primary Variables.

T

Fluid Mixture Variables
two-phase (no NAPL) P, T %, S,
three-phase (w/NAPL) Pg, S ; , T, Sj;

" must be specified > 10_4
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SECONDARY VARIABLES

In nonisothermal multiphase flow simulations, major nonlinearities in the governing
equations occur due to large variations of secondary thermodynamic and transport parameters
that arise from changes in the values of the primary variables. For this reason, the accurate
calculation of secondary variables from the primary variables is of considerable importance.
In the formulation of STMVOC an effort has been made to include all of the secondary vari-
ables which significantly contribute to the nonlinearity of the problem. A complete list of all
of the variable secondary parameters along with their dependence on the primary variables is
given in Table 3. The dependence of the secondary variables on specific primary variables
may change under different phase conditions due to the primary variable switching. In Table
3, it is assumed that the pressure used as a primary variable is the gas phase pressure. For
this reason, it is not necessary to compute a gas phase capillary pressure. A detailed discus-
sion of how all of the secondary variables used in STMVOC are computed may be found in

Falta [1990] and Falta et al. [1990a].

e
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Table 3. Secondary Variables and Functional Dependence

Phase
Parameter
gas aqueous NAPL
Saturation S¢(Sw) - Sa(8g,Sw)
Relative Permeability ke (Sg,Sw) ke (Sw) ki (S4,Sw)
Viscosity HePxeT) | Hw(PT) Hn (D
Density pg(P.xs.T) | pw(P,T) Pn(P,T)
Specific Enthalpy hy (P,x5.T) hy, (P, T) h, (P,T)
Capillary Pressure - Peow(Sg,Sw) Peen(Sg.Sw)
Air Mass Fraction w5 (Pxs.T) | 0u®xg.T) wa(P,xs,T)
Water Mass Fraction o, (BxeT) | ow®xg.T) @y (P,x5.T)

Chemical Mass Fraction

Water Molecular
Diffusivity

Chemical Molecular
Diffusivity

Tortuosity |

®S(P,%5,T)
DY (P,xS,T)

DSPS.T)

T4(Sg»Sw)

0% P, xg,T)

(P, x5, T)

Chemical Henry’s
Constant

Thermal Conductivity

Hgw (T)

AMSg.Sw.T)
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INCORPORATION OF SOURCE TERMS AND INITIAL AND BOUNDARY CONDI-
TIONS

Several options are available in the ST MVOC simulator for spécifying the injection or
production of fluids and heat. For the injection of fluids, any of the three mass components
(air, water, chemical ) may be injected in an element at a constant or time-dependent rate.
Altemnately, a total gas or aqueous phase mass injection rate may be specified in which the
injected phase composition (water and air components only) is given by the user. The
specific enthalpy of the injected fluid is input by the user as either a constant or time-
dependent value. Heat sources/sinks (with no mass injection) may be either constant or

time-dependent.

Fluid production from an element is handled using one of two options. With the first
option, the total mass rate of production is given as a constant or time-dependent value. In
this case, the phase composition of the produced fluids may be determined by the relative
phase mobilities in the source element. Alternately, the produced phase composition may be
specified to be the same as the phase composition in the producing element. In either case,
the mass fraction of each component in each of the produced phases is determined by the
component mass fraclions in each phase in the producing element. |

The second production option is a well deliverability model in which production occurs
against a prescribed flowing wellbore pressure, P,,, with a productivity index P/ [Coats,

1977). With this option, the mass production rate of phase B is

k,
qp = u; paPI-(Pg— P,y) (20)

and the rate at which each mass component (K #h) is removed is

¢~ = %(Dé(Q;'I, @1

For wells which are screened in more than one layer (element), the flowing wellbore pressure

is approximately corrected for gravity effects according to the depth-dependent flowing
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density in the wellbore. Further details of this method are given by Pruess [1987].
During fluid production or injection, the rate of heat removal or injection is determined
by

¢" = Yqphp 2)
B

where hy is the specific enthalpy of phase B.~

The initial conditons for a simulation are introduced by specifying the values of the
four primary variables in all volume elements. As discussed earlier, the choice of these pri-
mary variables depends on the phase conditions in a given element. In many instances, it is
convenient to use the results of an earlier simulation as the initial conditions for a later simu-
lation. This feature is particularly useful for simulations in which the initial conditions con-

sist of a steady-state flow field, or static equilibrium.

Boundary conditions are nommally applied through the use of appropriately chosen
volume elements, nodal point to interface distances, and source/sink terms. Boundary condi-
tions of the "no flow" type are applied by simply not including any elements beyond the "no
flow" boundary. Specified flux boundary conditions (Neumann) are maintained by means of
source/sink -terms in elements adjacent to the boundary on the outside of the flow region.
Boundary conditions in which the primary variables are constant (Dirichlet) are specified by
introducing boundary elements having a very large volume (=10%m?). In this case, the dis-
tance from the nbdal point of the boundary element to the boundary is given a very small
value. Specifying a very large volume for the boundary element ensures that the primary
variables at the boundary wiﬂ hot change during the course of the simulation. Several other
types of boundary conditions are made possible by assigning special values of certain param-
eters such as capillary pressures, relative permeabilities, themmal conductivity, or heat capa-
city to the boundary elements. In the assembly and soluﬁon of the linear equations, boun-
dary elements are not distinguished from other elements, and no special numerical treatment

is required.
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STMVOC INPUT FORMATS

The input data used by STMVOC is read in a format which is nearly identical to that
used by the TOUGH simulator. The primary difference in the two input files is the addition
of a data block called CHEMP after the ROCKS data block. CHEMP contains all of the
information about a given chemical needed to compute the various thermophysical properties

of the NAPL/chemical.

This section, which is intended to be used as an addendum to the original TOUGH
User’s Guide [Pruess, 1987], gives the specific changes needed for the STMVOC input file
with respect to the TOUGH input file. Unless otherwise stated, all formats and variables in

the STMVOC input file are identical to those in the TOUGH input file.
TITLE ' unchanged from TOUGH.

ROCKS
Record ROCKS.1  unchanged from TOUGH.

Record ROCKS.1.1 unchanged from TOUGH except that if TORTX = 0, the gas phase
tortuosity will be calculated using the Millington and Quirk [1961]

model as 1, = ¢S,

Record ROCKS.1.2  unchanged from TOUGH except that three additional three phase rela-
tive permeability relationships are available (see Appendix 1). If one
of the TOUGH two phase relative permeability functions is chosen,

the NAPL relative permeability will be set to zero.

Record ROCKS.1.3  unchanged from TOUGH except that a three phase capillary pressure
relationship is available (see Appendix 2). If one of the TOUGH two
phase capillary pressure functions is chosen, the gas-NAPL capillary

pressure will be set to zero.



Record ROCKS.2

.- CHEMP

Record CHEMP.1

T : Record CHEMP.2
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a blank record closes the ROCKS data block.

This data block provides the constants fof a given organic chemical
that are used to calculate the thermophysical properties of the
NAPL/chemical. The units of many of these constants are not stan-
dard metric units, and care must be taken to ensure that the appropri-
ate units are used. Most of the data used in this block is from
Appendix A of Reid et al. [1987], where it appears in the same units
used here. Details of the methods used to compute the properties of
the NAPL/chemical may be found in Falta [1990] or Falta et val.

[1990a].

Formmat (S5E12.5)

TCRIT, PCRIT, ZCRIT, OMEGA, DIPOLM

TCRIT chemical critical temperature, K.

PCRIT chemical critical pressure, bar (1 bar = 10° Pa).
ZCRIT chemical critical compressibility.

OMEGA Pitzer’s acentric factor for the chemical.

DIPOLM  chemical dipole moment, debyes.

Format (5E12.5)
TBOIL, VPA, VPB, VPC, VPD
TBOIL chemical normmal boiling point, XK.

VPA chemical vapor pressure constant from Reid et al.

[1987].



Record CHEMP.3

Record CHEMP .4
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chemical vapor pressure constant from Reid et al

[1987].

chemical vapor pressure constant from Reid et al

[1987].

chemical vapor pressure constant from Reid et al

[1987].

Format (SE12.5)

AMO, CPA, CPB, CPC, CPD

AMO

CPA

CpPC

chemical molecular weight, g/mole.

chemical ideal gas heat capacity constant from Reid et

al. [1987].

chemical ideal gas heat capacity constant from Reid et

al. [1987].

J

chemical ideal gas heat capacity constant from Reid et

al. [1987].

chemical ideal gas heat capacity constant from Reid et

al. [1987].

Format (SE12.5)

RHOREF, TDENRF, DIFV0, TDIFRF, TEXPO

RHOREF

TDENRF

reference NAPL (liquid) density, kg/m3.

reference temperature for NAPL density, K.



Record CHEMP.5

Record CHEMP.6
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DIFV0 reference chemical gas diffusivity, m?/s.
TDIFRF reference temperature for gas diffusivity, K.

TEXPO exponent for calculation of chemical diffusivity.

two options are available for calculating the NAPL liquid viscosity.
If the liquid viscosity constants VLOA - VLOD for the desired NAPL
are found in Table 9-8 of Reid et al. [1987], then the viscosity is cal-
culated using a polynomial fit to actual viscosity data. Otherwise,
VLOA and VLOB should be set equal to 0, and VLOC becomes a
reference liquid viscosity with VLOD equal to the reference tempera-
ture. In this case, the viscosity is calculated from a more general (and

less accurate) empirical relationship.

Format (SE12.5)

VLOA, VLOB, VLOC, VLOD, VOLCRT

VLOA liquid NAPL viscosity constant from Reid et al. [1987].
VLOB liquid NAPL viscosity constant from Reid et al. [1987].

VLOC liquid NAPL viscosity constant from Reid et al. [1987],
or, if VLOA and VLOB = 0, reference NAPL viscosity,

cP.

VLOD liquid NAPL viscosity constant from Reid et al. [1987],
or, if VLOA and VLOB = 0, reference temperature for

NAPL viscosity, K.
VOLCRT  chemical critical volume, cm>/mole.
the chemical solubility is calculated from the polynomial SOLUBIL-

ITY = SOLA + SOLB*T + SOLC*T**2 + SOLD*T**3, If data for

the solubility as a function of temperature are available, then SOLA,
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SOLB, SOLC, and SOLD are calculated from a polynomial fit of the
data. If these data are not available (the usual case), the solubility
will be assumed to be constant, and SOLA should be set equal to the

known solubility with SOLB, SOLC, and SOLD set equal to 0.
Format (4E12.5)

SOLA, SOLB, SOLC, SOLD

SOLA constant for chemical solubility in water, mole fraction.

SOLB constant for  chemical solubility in  water,

mole fraction /K.

SOLC constant  for chemical solubility in  water,

mole fraction /K 2
SOLD constant for chemical solubility in  water,
mole fraction /K>,
Record CHEMP.7

Format (2E12.5)

OCK, FOC
OCK chemical organic carbon partition coefficient, m>/kg.
FOC fraction of organic carbon in soil.

START unchanged from TOUGH.

PARAM

Record PARAM.1 unchanged from TOUGH except that if DIFFO=0, there will be no

gas phase diffusion of chemical vapor.
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Record PARAM.2
Format (4E10.4,15,5X,3E10.4)

. TSTART, TIMAX, DELTEN, DELTMX, NELST, GF, REDLT,

SCALE
TSTART  unchanged from TOUGH.
TIMAX unchanged from TOUGH.
DELTEN. unchanged from TOUGH.
DELTMX unchanged from TOUGH.

NELST the number of elements (up to 20) for which a short

printout after every timestep will be provided.
GF unchanged from TOUGH. |
REDLT unchméed from TOUGH.
SCALE unchanged from TOUGH.
Record PARAM.2.1 o;iional for NELST greater than 0.
Format (20A5)
ELST(K), K=1,NELST

ELST(K) name of each element for which a short printout at every

timestep is desired.
Record PARAM.2.2, 2.3, etc
Format (8E10.4)
DLT(), I=1,100
DLT(I) unchanged from TOUGH.

Record PARAM.3



Record PARAM.4
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Format (7E10.4)

REl, RE2, U, WUP, WNR, DFAC, RERMAX

RE1 ~unchanged from TOUGH. .
RE2 unchanged from TOUGH.
U unchanged from TOUGH.
WUP unchanged from TOUGH.
WNR unchanged from TOUGH.
DFAC unchanged from TOUGH.

RERMAX maximum relative residual. If the maximum relative
residual exceeds RERMAX at any iteration, the timestep

will be reduced (default=co).

this record contains the default initial values of the four primary vari-
ables for all elements not specified in block INCON if option START

is used. Note that S, and S,, must be at least 107,

Format (4E20.14)

DEP(I),1=14

DEP(1) pressure, Pa.

DEP(2) > 1.5: temperature, °C; two phase gas/aqueous points.

< 1.5: gas saturation; three phase gas/aqueous/NAPL

aa -

points.

DEP(3) 2 1.5: temperature, °C; three phase gas/aqueous/NAPL
points.
< 1.5: chemical vapor mole fraction in the gas phase;

two phase gas/aqueous points.



- RPCAP

Record RPCAP.1

Record RPCAP.2

TIMES

ELEME

CONNE

GENER

Record GENER.1
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DEP(4) aqueous phase saturation.

unchanged from TOUGH except that three additional three phase rela-
tive permeability relationships are available (see Appendix 1). If one
of the TOUGH two phase relative permeability functions is chosen,

the NAPL relative permeability will be set to zero.

unchanged from TOUGH except that a three phase capillary pressure
relationship is available (see Appendix 2). If one of the TOUGH two
phase capillary pressure functions is chosen, the gas-NAPL capillary

pressure will be set to zero.
unchanged from TOUGH.
unchanged from TOUGH.

unchanged from TOUGH.

Format (A3,IZ,A3,IZ,4IS,A4,A1,4E1 1.4)

EL, NE, SL, NS, NSEQ, NADD, NADS, LTAB, TYPE, ITAB, GX,

EX, HG, XMAW,

EL, NE unchanged from TOUGH.



SL, NS
NSEQ
NADD
NADS
LTAB

TYPE

ITAB

GX

EX
HG

XMAW
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unchanged from TOUGH.

unchanged from TOUGH.

unchanged from TOUGH.

unchanged from TOUGH.

unchanged from TOUGH.

HEAT - heat sink/source.

COM1 - water injection.

WATE - water injection.

COM2 - air injection.

AIR - air injection.

OIL - chemical injection.

MASS - mass production rate specified (extended to
three phase flow).

DELV - well on deliverability, extended to three phase
flow. See TOUGH user’s guide for details of use.
unchanged from TOUGH.

unchanged from TOUGH except that OIL is an addi-
tional generation type.

unchanged from TOUGH.

unchanged from TOUGH.

for WATE or COM1, XMAW is the mass fraction of air
in the injected water. For AIR or COM2, XMAW is the

mass fraction of water in the injected air.



Record GENER.1.1
Record GENER.1.2
Record GENER.1.3

Record GENER.2

INCON
Record 