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Injecting an acidic aqueous solution into a carbonate-rich permeable medium can
cause the formation of a mobile gas phase through mineral dissolution. The flowing
gas can cause significant changes in mineral identities through interaction with the
initially present mineral and aqueous species. We have developed a solution to such
transport problems based on a finite difference implicit-pressure/explicit-saturation
Jormulation for two-phase flow, using the local equilibrium assumption as calculated
with the Villars-Cruise-Smith stoichiometric chemical equilibrium algorithm.

We illustrate the changes that occur to a calcite/iron (II) hydroxide medium upon
injection of hydrochloric acid and the stripping of hydrogen sulfide gas from carbon
dioxide gas injected into a siderite-rich medium. The examples demonstrate that the
formation and/or presence of a gas phase can alter resident minerals and that
minerals can remove impurities from a gas phase.

Introduction

Mineral alteration that occurs during transport through
permeable media has implications in such diverse areas as well
stimulation, groundwater contamination, hazardous waste
containment and removal, and ore-body formation. When an
aqueous phase flows into a permeable medium, some of the
minerals initially present may dissolve and cause other minerals
to precipitate. In the absence of significant dissipation, these
reactions cause a series of concentration changes or waves that
propagate with constant velocity (for uniform initial concen-
trations) and separate the medium into zones containing con-
stant mineral concentrations. The fastest wave, the aqueous
tracer wave, represents changes in the aqueous phase only and
moves with the fluid velocity in single-phase flow.

Many researchers have studied a flowing aqueous phase
interacting with soluble minerals (Bryant et al., 1986, 1987;
Dria, 1988; Helfferich, 1989; Kirkner and Reeves, 1988; Licht-
ner, 1985, 1991; Novak et al., 1988; Ortoleva et al., 1987; Rege
and Fogler, 1989; Rubin, 1983; Schechter et al., 1987; Walsh
et al., 1982, 1984). As we do here, such flows are typically
modeled as being in local thermodynamic equilibrium with
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constant physical properties and flow velocities. Moreover,
most models assume that only the aqueous phase flows and
do not allow a gas phase to form and flow. In an experimental
study of a scale-removing chemical injected into a carbonate-
containing Berea sandstone core, Simmons (1988) observed
the production of a gas phase. This observation provides one
motivation for this study.

Media with two simultaneously flowing phases are studied
extensively in petroleum reservoir engineering and soil science,
and many authors have examined two-phase flow as it relates
to enhanced oil recovery (see, for example, Lake, 1989). The
focus is usually on the fractional flow of oil and water, with
emphasis on the physics of the flow (Walsh and Lake, 1989).
The physics of two-phase flow is rarely combined with the
chemistry of intraphase speciation and interphase mass trans-
fer, especially when a gas phase is present.

This article examines geochemical phenomena coupled to
two-phase flow, emphasizing the effects of concurrent aqueous
and gas phase flow on mineral zonation. In particular, we
focus on the wave behavior caused by either a flowing gas
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phase created within the permeable medium or by an injected
gas phase with potential for chemical interaction with the initial
mineral phases.

Mathematical Development of Model

This section summarizes the equations for solving two-phase
flow problems with significant mass transfer among the solid,
aqueous and gas phases, induced by mineral dissolution and
precipitation.

System description and assumptions

We consider a one-dimensional permeable medium with
length L and unit cross-sectional area normal to flow. The
medium consists of an inert solid, which occupies a constant
fraction of the total volume and whose pores are filled with
aqueous, soluble mineral or gaseous phases. We assume that
all soluble minerals are stationary and that they occupy a very
small fraction of the available void volume. In addition, we
assume that all solids are incompressible which, combined with
the assumption that soluble minerals have negligible volume,
is equivalent to specifying constant porosity (void volume frac-
tion) ¢. Therefore, the sum of the volumes of the gas and
aqueous phases per unit volume of medium is a constant. We
will ignore capillary pressure, so the pressure of all phases is
the same at a given location and time.

Chemical equilibrium

The local equilibrium assumption (LEA) is the basis for all
chemical interactions in this study. The LEA allows the kinetics
and local mass transfer rates for mineral dissolution and pre-
cipitation to be ignored and obviates the need for individual
species balances. Mathematical formulations for geochemical
transport problems, where the LEA has been relaxed, are given
by Lichtner (1985).

Chemical equilibrium plays an integral part in the phenom-
ena studied here, since it is the only mechanism for mass
transfer between phases. For example, a chemical reaction
describing calcite CaCO;(s) dissolution,

2H* + CaCO4(s)® Ca™ * + CO4(g) + H,O(aq),

expresses a net transfer of mass among the solid, aqueous and
gas phases. It is through such interphase reactions that the
chemistry is coupled to the physics of the flow.

We use the Villars-Cruise-Smith (VCS) algorithm for cal-
culating chemical equilibrium because it is both robust and
fast (Smith and Missen, 1982). The VCS algorithm efficiently
solves the nonlinear algebraic equations describing the min-
imization of Gibbs free energy for a set of independent chem-
ical reactions that completely specify the chemical system. See
Novak (1990) for further discussion.

Overview of flow algorithm

This section describes the equations necessary to solve for
compositions two-phase flow-through in permeable media
when mass transfer between phases dominates the behavior.
The solution scheme is based on the implicit-pressure/explicit-
saturation (IMPES) method used frequently for simulating
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flows in petroleum reservoirs (Peaceman, 1977; Aziz and Set-
tari, 1979).

Material balances in permeable media

We begin with a material balance on each of the I chemical
elements in the medium:

] ]
% [¢(S:Cii+8,Cs) + (1 —$)Cy) +5} [Cuuy+ Cau] =0

i=1,...0 (1)

where u; is the superficial (Darcy) velocity of phase j, §; is the
saturation (volume fraction) of phase j, and physical dispersion
has been ignored. The subscripts 1, 2, and 3 refer to the aqueous,
mineral, and gas phases, respectively. C; is the concentration
of element / in phase j and has units of mass i per volume of
phase j.

Summing Eq. 1 over the i=1,...,I elements yields a material
balance in terms of phase densities:

d ]
3% [é(S101+ S303)] + (1 — d)o,] +_8 [pi+03us1=0  (2)
X

where

Equation 2 separates into material balances on each phase
when phase source terms, that is, reaction terms, are included,
providing for constant porosity,

a(Sjpj) a(pjuj)_ .
“a +-—ax =r, j=13 3a)
dp
(1-¢)52=n (3b)

where 7, + r,+ r; =0, since mass transfer conserves total mass.

Overall material balance in terms of density and pressure

An overall material balance on the flowing phases in terms
of density and pressure is achieved by expanding the time
derivative in the gas- and aqueous-phase balances, Eq. 3a; and
dividing by p; and adding the aqueous- and gas-phase balances,
it results in:

Z§%+ZLM= _r!_ @)
j=13 P ot j=13 éo; O j=13 o

This equation results through the simplification provided by
the constraint S, + S;=1.

Darcy’s law provides a relationship between the superficial
velocity of a phase and the pressure gradient in a permeable
medium:
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where g is the component of the gravitational acceleration
vector parallel to the direction of the flow. The gravity term
is included for completeness; and we will restrict our analysis
to horizontal media from this point forward. The mobility of
phase j, A, is given by the equation:

Kk,
=t
K

where k is the absolute permeability of the medium, £, is the
relative permeability of phase j in the medium, and g; is the
phase viscosity. The relative permeability is a property of the
permeable medium and the fluids in the medium. Except for
flows at very low interfacial tension, k,; is usually considered
a function of the S; only (Lake, 1989). Substituting Darcy’s
law for phase velocity, Eq. 4 becomes the pressure equation:

S, s 1 O( Py o
2 de,- 8x<pj)\jax>_2pj¢' ©

j=13 P j=13 j=13

Finite-difference analog to the pressure equation

Finite differences are used to solve the partial differential
equations on an equally-partitioned discretized domain. The
domain is divided into N, blocks. The center of each block is
assigned an integer index (k=1,...,N)), and the boundaries
between blocks are assigned half-integer indices.

Time and space derivatives are approximated using back-
wards and implicit central finite differences, respectively,
at time levels #» and n+ 1, and spatial nodes &, £+ 1/2, and
k~1/2. In finite difference form, Eq. 4 becomes:

Z & P;'kH—P;"'k + Z _1_ (Pjuj)ﬁi/z—(pfuj)ﬂt}/z
At

Jo1a Pik Do Ax

Jj=13

rjr’1(+l
=Z—— k=1,....N, (6)
=13 ij¢

for all nodes in the discretized domain. Incorporating a finite
difference analog to Darcy’s law,

n+1 n+l
Wl = _)\jk+l/2(Pk+l—Pk)
k+1/2—
Ax

into Eq. 6, evaluating the as-yet-unsuperscripted densities at
the n+ 1th level and the as-yet-unsuperscripted saturation at
the nth time level, and rearranging give:

$AXSy (o5 — i\ _ T
2 At n+1 - Z n+1

j=13 Pjk jer3 Pik

n+ 1
Pjk+1/2y n+1 n+l
= E: CES )\jk+1/2(Pk+l'_Pk)
j=13 Pi

n+1
- 3 RN (PP ()

n+1
j=13 Fi
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Equation 7 contains mobilities at time level n+ 1 which are
unknown. We approximate the mobility at n+ 1 with the mo-
bility at n, which is called explicit dating of saturation-depen-
dent quantities. This assumption constrains the time step such
that N1, is approximately equal to Nj%',». Mobilities and
densities at half-nodes in Eq. 7 are approximated using up-
stream weighting, so that k—1/2 becomes k—1 and k+1/2
becomes k. Peaceman (1977) has shown that weighting with
any downstream character is unconditionally unstable in the
absence of dispersion. By defining upstream weighting as above,
we have implicitly assumed that flow is in the positive x di-
rection only. Appropriate modifications must be made to allow
for flow in the negative x direction.

Finite-difference analog to the flow (saturation) equa-
tions

Transport and chemical equilibriums are decoupled in the
computational scheme outlined above, meaning that phases
flow unchanged (with no source terms) from block to block
at the beginning of each time step. After flow, equilibrium is
calculated among phases, and the change in phase mass dic-
tated by chemical equilibrium is the source/sink term. Other
schemes for solving coupled systems of PDE’s are discussed
by Oran and Bori (1987).

The saturation equations, Eq. 3, can be thought of as volume
balances because they dictate the phase volume fractions at
time level (n+ 1) in terms of phase volume fractions, velocities,
and densities at time level n. The transport equations, Eq. 1,
which sum to the saturation equation, then yield unequilibrated
saturations which, when equilibrated (when the source terms
are included), will satisfy the condition that the sum of the
saturations is unity.

We apply the finite difference approximation to Eq. 3a,
rearrange and divide it by density and porosity to achieve the
equations for updating saturation:

Jj=13.

n n+1 7+ 1
ast_ Pk an AP a Pko12 e
= S =T Yik-112
Pk i ®)

Sy = e~ ] -
7k n+ 14k n+1 Ajk+1/2
Pjk dAx ?

Equation 8 again uses upstream weighting to approximate
quantities evaluated at half nodes.

Transforming element transport equations to species
transport equations

Transport equations written in terms of species concentra-
tions are more useful computationally than balances on ele-
ments in problems with varying phase compositions. Thus, we
transform Eq. 1 into equivalent balances on species. Species
balances, rather than element balances, are needed because the
VCS algorithm requires an approximation to species concen-
trations satisfying elemental abundances to begin the equilib-
rium calculation. However, element balances by phase and
species balances are equivalent in the context of this article.

To obtain transport equations for species, we use the stoi-
chiometric relationship:

M
n.
Co= S\ vm— i=1,.. 5 j=1,....0 (9
/ mzl MW,
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where n,,; is the concentration of species m in phase j in moles
per volume of phase j, v,,; is the stoichiometric coefficient of
element i in species m in phase j, and MW, is the molecular
weight of species m in phase j. By definition, species with
concentration represented by n,, can occur only in one phase.
Therefore, the »,,; vectors of constant j are orthogonal:
i) - 2] = [Wimal - [Vim3]T: [im] - [Vims] = 0. Substituting Eq.
9 into Eq. 1 and recognizing this orthogonality result in the
species material balances:

M

Vs {0 a ,
>, MW'W{E (6 (Smm))] +5;[nm,u,1} =0 ;=13

m=1

il Vimz a _
ZMWM 3, (1= &)l ¢ =0

m=

Because the stoichoimetric coefficients and molecular weights
are independent constants, the summations drop out leaving:

[¢(Snmj)]+ [n,,,j ul=0 j=1,3m=1,..M (10a)

g—t[(l—¢)n,,,2]=0 m=1,... M (10b)
The m index indicates applicability to all species; however,
since species are phase-dependent inherently, one needs only
sum over the species in the phase to which Egs. 10a and 10b
are being applied. Finite differencing consistent with that used
previously results in the following equations for calculating

transport:

At
(Snm,)“l—(sjnmj)k+m( e l/2nm1k 1 ujk++1l/2n:'njk)

m=1,... .M (11a)

mil=n% m=1,... .M (11b)
It might seem odd that Eq. 11b says that the mineral concen-
trations do not change over a time step. However, since min-
erals are stationary, they are completely independent of flow
and thus change in response to changing aqueous and gas
concentrations.

The differenced transport equations provide values for the
total mole amounts of each species at the new time levels, but
do not include any interphase equilibria. Equilibrium is cal-
culated after transport using the VCS algorithm which mini-
mizes the total Gibbs free energy of the chemical system in
each grid block. The equilibrium concentrations of each species
are calculated as a function of total element amounts (as rep-
resented by species) by the functionality:

Hle =F(ni', myt ot .

n+1 n+1 n+1
s My .o

The equilibrated species concentrations in turn dictate the vol-
ume of each phase. When no mass changes phase, the equi-
librium saturations are equal to those provided by Eq. 8.
However, when mass does change phase through chemical
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reaction, the volume fractions in general will not be the same
as those given by Eq. 8. Rather, there is a local source or sink
of mass (and thus volume) to each phase caused by the chemical
reactions; the change in volume is because of different phase
densities. The amount of mass that has change phase because
of chemical reaction in each grid block is given by:

ritt= Z}MWW(n:Jk”-n:ﬂjk‘) (12)

m=1

Boundary and initial conditions

The pressure equation requires two boundary conditions and
an initial condition for unique solution; we chose to specify a
flux into the medium (x=0), a pressure at the end of the
medium (x=L), and an initial pressure profile. For the trans-
port equations, the composition flowing into the domain and
the initial compositions throughout the domain were specified.

Solution techniques used for pressure/flow equations

We have developed a geochemical flow simulator, called
GEOFLOW, to solve the equations presented here. [GEO-
FLOW also solves other geochemical flow/diffusion problems.
See Novak (1990) and Novak et al. (1989).] The iterative cal-
culation procedure for solving the coupled discretized PDS’s
and equilibrium equation is as follows. At the beginning of a
time step, the amount of mass changing phase is unknown, so
iteration begins by assuming no mass changes phase, that is,
by approximating 7%'' =0. The pressure equation is solved,
Eq. 7, species are transported using Egs. 11a and 11b, equi-
librium is calculated, and the phase source terms are approx-
tmated with Eq. 12. The newly calculated phase source terms
are substituted into Eq. 7, and the cycle is repeated until the
pressures no longer change. Figure 1 summarizes the two-phase
calculation scheme for a single time step. For the examples
presented, convergence of the L2 norm of the pressure to
< 107% usually occurred within six to ten iterations using this
successive substitution scheme.

Summary of numerical algorithm

We have expanded the IMPES method to allow species to
transfer among phases and then to react to form different
species. This method can be used to analyze systems, where a
gas phase is produced by aqueous-mineral reactions and where
a gaseous species is consumed by aqueous-mineral-gas reac-
tions, as is demonstrated below.

Examples

The following two examples explain the two-phase flow so-
lutions from the GEOFLOW simulator:

1. Hydrochloric acid injection into a medium containing
calcite and iron(II) hydroxide, CaCO;(s)/Fe(OH),(s), dem-
onstrates that a flowing gas phase can be produced by aqueous-
mineral reaction and can change the minerals in the medium
far downstream of the aqueous-phase tracer wave. The tracer
wave velocity also can be significantly increased by in situ gas
concentration, relative to the analogous system without gas
generation.

2. The stripping of hydrogen sulfide H,S(g) is modeled from
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Figure 1. Pressure calculating procedure for a single time step.

carbon dioxide CO,(g) injected into a permeable medium in-
itially containing siderite, FeCO;(s).

The gas phase in both examples is considered to be incom-
pressible. We ignore redox reactions, so iron remains in the
+ I1 oxidation state and sulfur as — II throughout. The chem-
ical species in the examples are listed in Table 1 and phase
properties are in Table 2. Free energy of formation data was
obtained from Garrels and Christ (1965), and activity correc-
tions were assumed negligible.

We present results using two types of graphs: distance-time
diagrams represent the propagation of each wave as a straight
line radiating from the origin and profiles show concentration
or saturation as a function of distance at fixed time. Distance
xp is expressed as a fraction of the total medium length, and
time ¢, is the total volume of fluid injected up to time 7 as a
fraction of the medium’s pore volume. In these dimensionless
space and time coordinates, wave velocities are also dimen-
sionless, being normalized by the injected fluid velocity. Three

Table 1. Chemical Species in the Calcite Dissolution and
H,S(g)/CO,(g) Injection Examples*

Aqueous Mineral Gas
H,0 FeCOs(s) CO,(g)
H,CO, Fe(OH),(s) H,S(g) (2]
HCO; CaCOy(s) [1]
CO;5 CaO(s) [11
cl- Ca(OH)(s) [1]
H* FeS(s) 12}
OH~ FeO(s) 2]
Fe+ +
Ca** [1]
H,S [2]
HS™ [2}
S= [21

*Species followed by [1] are in calcite dissolution example only; species fotlowed
by [2] are in the H,S(g)/COx(g) injection example only; and all other species
are in both examples.
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types of waves (changes in saturation or concentration) can
occur: shock waves (also called sharpening waves) are abrupt
changes and remain abrupt; indifferent waves are gradual
changes that spread out as they travel due to dispersion (spread-
ing is proportional to the square root of time); and spreading
waves become more diffuse as they propagate due to physical
processes other than dispersion (spreading is proportional to
time).

Calcite dissolution and carbon dioxide formation,
converting all initial Fe(OH),(s) to FeCO,(s)

The calcite dissolution example shows the effect that a flow-
ing gas phase can have on minerals present in a medium.
Initially, the domain contains 0.04 mol Fe(OH),(s)/L pore
volume and an excess of calcite, CaCOs(s). The system is per-

Table 2. Physical Properties in the Calcite Dissolution and

H,S(g)/CO,(g) Injection Examples

Calcite H,S(g)/COy(g)

Dissolution Injection
oy (g/cm’) 1.0 1.0
py (g/cm®) 0.09 0.9
u, (mPa-s) 1.0 1.0
u; (mPa-s) 0.1 0.1
Aqueous-Phase
Residual 0.0 0.20
Saturation
Gas-Phase
Residual 0.0 0.10
Saturation
Aqueous-Phase S-S,
Relative S 1-s —s.
Permeability S
Gas-Phase S3— Sy,
Relative S5 1-s _s.
Permeability tr 93
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Figure 2. Distance time for calcitel/iron(ll) hydroxide.

It shows spreading CO,(g) wave (shaded) at which Fe(OH),(s) is
converted to FeCO4(s), a tracer wave, a FeCOs(s) dissolution wave,
and a CaCO;(s) dissolution wave.

turbed by injection of 10-M HC1, which initiates the four waves
shown in the distance-time diagram of Figure 2.

The acid causes calcite dissolution and carbon dioxide gas
formation. Because of its low viscosity, the gas is much more
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Figure 3. (a) Carbon dioxide gas saturation profile; (b)
Fe(OH),(s) and FeCOy(s) profiles for calcite/
iron(ll) hydroxide at t,=0.069.
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mobile than the aqueous phase, so it flows rapidly through
the medium resulting in a spreading wave with a shock at the
downstream end of the wave. The specific (dimensionless) ve-
locities in Figure 2 are those where the gas saturation is 5%
and 95% of the total saturation change in the spreading portion
of the wave. The leading edge of the gas wave increases the
acidity and total dissolved carbon dioxide concentration of the
initial water, which converts all the Fe(OH),(s) initially present
to FeCO,(s). The gas achieves a saturation of S;=0.13 up-
stream of the spreading wave, which is maintained up to the
gas source, the calcite dissolution wave.

Figure 3a shows the gas saturation profile at £5,=:0.069. The
abrupt change, at x;,=0.9, reflects carbon dioxide being taken
up by the conversion of Fe(OH),(s) to FeCO,(s) in Figure 3b.
If the gas phase were not being taken into the mineral phase
(as would be the case with no chemical reaction/interaction),
the gas saturation curve would continue to spread, gradually
decreasing to zero at the leading edge, instead of decreasing
in an apparent shock as the figure illustrates.

The tracer wave moves with dimensionless velocity v-=1.3
(Figure 2), significantly faster than the tracer velocity of unity
in single-phase problems. This increase in velocity reflects the
substantial effect that the in situ production of gas can have
on the rate of wave propagation in the aqueous phase. The
tracer moves faster because the gas has a much larger volume
than the aqueous and mineral species that react to form the
gas. This volume blocks off much of the otherwise accessible
pore space, allowing the aqueous phase and the tracer within
it to move faster than in single-phase flow.

The third wave is the siderite dissolution wave. Siderite, not
present initially, is formed when the gas phase comes into
contact with the Fe(OH),(s) initially in the medium. Figure 3b
shows both the Fe(OH),(s) to FeCO,(s) dissolution/precipi-
tation wave and the siderite dissolution wave near x,=0.04.

The calcite dissolution wave is the slowest moving wave in
the system. Since calcite is present in excess, this wave moves
with a negligibly small velocity. Calcite does play an important
role in the process, however, because CaCQO,(s) dissolution is
the source of the flowing CO,(g) gas. Calcite also directly
influences chemical compositions throughout the medium be-
cause its presence constrains aqueous-phase concentrations
through local equilibrium.

An important difference between the behavior of single-
phase and two-phase problems is that the downstream equi-
librium condition (DEC) (Walsh et al., 1984) does not hold
everywhere as it does in one-phase flow problems. The DEC
dictates that the aqueous phase downstream of the dissolution/
precipitation wave is in equilibrium with the minerals upstream
of the wave, regardless of whether the upstream minerals are
present in the downstream region. Figure 4 is a profile of the
solubility quotient for siderite for the calcite dissolution ex-
ample. Comparing Figures 3 and 4 shows that the solubility
product of siderite (indicated on the figure) holds only where
siderite is present, between x,=0.04 to x,=0.90, and not
downstream of the Fe(OH),(s) dissolution/FeCO,(s) precipi-
tation wave. Thus, the DEC does not apply to this wave.

The DEC fails here because this wave is downstream of the
aqueous tracer wave: it moves faster than the agqueous phase
which carries the equilibrium information. In one-phase trans-
port problems, the tracer wave is the fastest wave, thus there
can be no waves aheads of the tracer. Any dissolution/pre-
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Figure 4. Solubility quotient vs. dimensionless distance
at 1, =0.069 for calcitel/iron(ll) hydroxide.

Solubility product is satisfied only where FeCOx(s) is present, not
downstream of the Fe(OH),(s) dissolution/FeCOs(s) precipitation
wave at xp=0.9.

cipitation wave that moves faster than the tracer velocity, such
as the iron(II) hydroxide to siderite wave of Figure 3, need
not satisfy the DEC because the dissolution/precipitation wave
travels ahead of the aqueous phase.

Metasomatic stripping of H,S(g) from injected CO,(g)

The second example models the response of a siderite-rich
medium to injected carbon dioxide contaminated with hydro-
gen sulfide, a gas composition that has been used in enhanced
oil recovery (Rowe et al., 1982).

The medium initially contains FeCO,(s) at a concentration
of 0.5 mol/L pore volume and an aqueous phase in equilibrium
with this mineral. A gas mixture of 90 mol% carbon dioxide
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Figure 5. Distance time for the CO,(g)/H.S(g)-

It shows a CO,(g) wave, a FeCOx(s) dissolution/FeS(s) precipi-
tation wave, and a spreading CO,(g)/H,S(g) wave (shaded).
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Figure 6. (a) Carbon dioxide, hydrogen sulfide, and total
gas saturation profiles; (b) mole fraction of
H.S(g) in the gas phase vs. dimensionless dis-
tance for the CO,(g)/H,S(g) example at
t,=0.417.

gas with 10 mol% hydrogen sulfide, mixed with about 2 vol.%
water, is injected. (The water is present because the VCS al-
gorithm, as implemented, requires an aqueous phase. When
the gas and aqueous phases are equilibrated, the gas phase
contains about 9.3 mol% H,S.) This small quantity of injected
water does little to the ensuing wave patterns. Water and gas
are injected together frequently in enhanced oil recovery (Rowe
et al., 1982). The injected gas and water create the wave pattern
shown in the distance-time diagram of Figure 5.

The waves in this example, from fastest to slowest, are as
follows. A carbon dioxide gas wave in the fastest, with a
specific velocity of about 2.1. Upstream of this wave is another
rather fast wave, where H,S(g) leaves the gas phase and con-
verts all remaining siderite (and some of the Fe?* in solution)
into FeS(s). Next are the aqueous tracer and the FeS(s) dis-
solution waves, which move with velocities that are so small
that they are unresolved at the time depicted in the figures.
(The dimensionless time is based on volume injected, which is
primarily gas in this example. The aqueous-tracer, wave-spe-
cific velocity is about 0.02 in this case.)

The gas saturation and the mole fraction H,S(g) profiles are
plotted in Figures 6a and 6b at t;,=0.417. The gas saturation
decreases abruptly to zero at the leading edge (x,=0.85) of
the gas wave because CO,(g) is being taken into the mineral
phase as in the previous example. Only CO,(g) is present in
the gas phase immediately upstream of this shock, as can be
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Figure 7. FeCO,(s) and FeS(s) profiles for CO,(g)/H,S(g)
at 1,=0.417.

seen from the profile of mole fraction H,S(g). The gas com-
position is constant behind the H,S(g)/FeS(s) wave at x, =~ 0.4,
the wave where the H,S is being stripped from the gas phase.
The gas saturation decreases from 98 vol.% in the injected
condition to 80% just inside the domain because there is a
20% residual water saturation.

The FeCO, profile in Figure 7 shows that the mineral con-
centration decreases when the gas phase is first in contact with
the mineral at x;=0.85. When CO,(g) contacts the initial
aqueous phase, some CO,(g) dissolves and increases the acidity
of the aqueous phase by forming bicarbonate:

COy(g)+ HOeH" + HCO;

which causes additional FeCO, to dissolve through the reac-
tion:

FeCO4(s)+ H* @ Fe** + HCO;

Such partial dissolution waves have not been observed in sim-
ulations of single-phase transport (Novak et al., 1988).

Although not plotted for this example, the DEC does not
hold for the FeCO,(s) to FeS(s) transition; and this wave also
moves faster than the aqueous tracer velocity.

Conclusions

We have modified the implicit pressure, explicit saturation
(IMPES) algorithm by incorporating phase source terms cou-
pled with chemical equilibrium to calculate metasomatic re-
sponses in media undergoing simultaneous gas and aqueous-
phase flow. The two-phase transport system has much in com-
mon with single-phase transport, as described in earlier work,
and with nonreactive, immiscible flows. However, the inclu-
sion of a chemically-reactive, mobile gas phase causes the fol-
lowing differences between these two extremes.

1. Chemical reactions between an aqueous phase and resi-
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dent minerals can cause a gas phase to form, and the gas phase
can then flow.

2. Asin nonreactive flows, the gas phase flows much faster
than the aqueous phase in a spreading wave. Unlike nonreactive
flow, the reacting gas phase can alter the medium’s mineral
state well ahead of the tracer wave, and these chemical reactions
can change the shape of the displacement front. A shock can
now proceed a spreading wave.

3. A reactive gas phase can cause partial dissolution of a
resident mineral. This does not happen in single-phase flow;
and a mineral either does not dissolve, dissolves completely,
or changes concentration due to the dissolution of another
mineral at the same wave.

4. The downstream equilibrium condition fails for disso-
lution/precipitation waves that propagate faster than the
aqueous phase. All such waves involve the gas phase, because
they would otherwise be moving with a velocity less than the
tracer velocity. The DEC still applies to waves slower than the
tracer wave.

The most practical result of this work perhaps is that it is
possible for minor components to be stripped from a carrier
gas phase through dissolution/precipitation reactions. This ob-
servation has implications for air stripping of aquifer pollu-
tants and for the need for pre-injection purification of gases
used in enhanced oil recovery.

Notation

C;; mass concentration of element / in phase j

k = absolute permeability

k,; = relative permeability of phase j

L = length of medium
n,; = molar concentration of species m in phase j
N; = number of spatial nodes in the discretized domain
P = pressure

r; = phase source term, see Eq. 3

ry = discretized phase source term

S; = saturation (volume fraction) of phase j

t = time

i, = dimensionless time

u; = superficial velocity of phase j

v = wave velocity

vr = tracer wave velocity

X = position

xp = dimensionless position

Greek letters

At = time step for numerical integration
Ax = space step for numerical integration
A, = mobility of phase j
u; = viscosity of phase j
vimj = stoichiometric coefficient of element i in species m in phase j
p; = density of phase j
¢ = porosity
Subscripts
i = ith element
J = quantity in the jth phase (j=1 is aqueous, j=2 is mineral,
J=13is gas)
k = grid block index for discretized domain
m = mth chemical species
Superscript
n = time level index
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