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Abstract. A pore-scale model is developed to simulate mass transfer between two fluid
phases in a porous medium. The approach uses a network description of the pore space
and builds on explicit tracking of the fluid-fluid interfaces in the pore network. Mass
transfer is computed as local mass fluxes across each interface, and transport equations
are solved in the pore network by a characteristic method. The concept of stagnant-layer
diffusion is used to describe the interface mass transfer, where calculated local
concentrations control the rates of mass transfer. The model results predict dissolution
fronts developed in column experiments of porous media initially at residual nonaqueous
phase saturation. The definition of macroscopic mass transfer coefficients is investigated,
and comparisons are made for rigorously upscaled quantities.

1. Introduction

Mass transfer from nonaqueous phase liquids (NAPLs) in
contact with groundwater can produce a long-term source of
groundwater contamination that is difficult to control or reme-
diate. In these types of dissolution problems the mass transfer
process is controlled by mass exchange kinetics at the level of
discrete fluid-fluid interfaces, by the hydrodynamic flow regime
of the aqueous phase, and by the amount and distribution of
the nonaqueous phase in the pore space. Any model of this
process should include each of these factors.

Existing methods for prediction of effective mass transfer
coefficients rely on phenomenological source descriptions,
with little account for the actual geometry of the fluids or the
locations of fluid-fluid interfaces, or they rely on empirical
equations obtained by fitting of dimensionless parameters to
experimental data. Most continuum-scale predictive models
employ lumped-parameter descriptions for the mass transfer
between fluids, either from simplified mathematical solutions
or experimental fits. Miller et al. [1990], Powers et al. [1991], and
Imhoff et al. [1998] provided reviews of both theoretical and
experimentally based expressions for macroscopic mass trans-
fer coefficients. A few continuum models treat the mass trans-
fer process as dissolution of discrete ganglia, where various
shapes and sizes of nonaqueous phase ganglia are considered
[e.g., Powers et al., 1991; Gvirtzman and Roberts, 1991; Geller
and Hunt, 1993]. Dissolution of NAPL droplets has also been
simulated by lattice Boltzmann methods [cf. Miller et al., 1998]
within the resolution of single pore spaces.

A conceptual model for mass transfer from nonaqueous
phase liquids at the pore scale was presented by Feenstra and
Guiguer [1995] (see Figure 1). The nonaqueous phase, which is
usually the nonwetting phase in natural porous media, will be
trapped in pore spaces by capillary mechanisms. Dissolution of
the NAPL occurs as groundwater flows past and through the
zone of residual trapped NAPL. Mass transfer from NAPL in
contact with the flowing water is conceptualized as predomi-

nantly dissolution rate-controlled. Mass transfer from NAPL
in dead ends or stagnant regions of the groundwater flow will
be diffusion-controlled and depend on the thickness of the
layer of stagnant water [Feenstra and Guiguer, 1995].

This kind of conceptual model of pore-scale dissolution may
be incorporated into the framework of pore-scale network
models. Network models employ simplified representations of
the pore space to model capillary displacement and flow dy-
namics. A typical transformation to a network geometry is
illustrated in Figure 2, where the pore space is discretized into
pore bodies and pore throats. To each pore body and throat a
different size is assigned from representative pore size distri-
butions. These pore elements are usually restricted to regular
geometries for which analytical equations can be used for fluid
volumes and interfacial shapes and areas. Within these pore-
scale models all fluid-fluid interfaces are represented, and their
movements are tracked explicitly in response to changes in
fluid pressures [see, e.g., Reeves and Celia, 1996]. The present
work extends the traditional network models to include mass
transfer from the NAPL to the aqueous phase across fluid-fluid
interfaces, miscible transport within the flowing aqueous
phase, and systematic retraction of fluid-fluid interfaces as the
volume of NAPL decreases because of the mass exchange.

A few numerical pore network models have been developed
recently to study aspects of the dissolution problem. Jia et al.
[1999a, 1999b] analyzed the mass transfer process over a range
of flow conditions, i.e., varying Peclet numbers. They ac-
counted for increased mixing and dissolution at fluid-fluid in-
terfaces by adjusting local mass transfer rates, and they com-
pared their results to experiments performed in two-
dimensional etched-glass micromodels. Experimental results
yielded locations of fluid-fluid interfaces. Zhou et al. [2000]
developed a model that includes wedges and corners of wetting
fluid, with concomitant mass transfer from and to these corner
volumes. Dillard and Blunt [2000] used the conceptual model
of Zhou et al. [2000] in a network model framework and stud-
ied dissolution over a range of flow conditions, demonstrating
the importance of wedges of wetting fluid for cases of high
Peclet numbers. Dillard and Blunt [2000] compared their re-
sults to column experiments performed by Powers et al. [1992,
1994] and demonstrated good agreement.
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In this paper, we present a computational pore-scale model
for mass transfer that explicitly represents fluid-fluid inter-
faces, simulates solute transport in the aqueous phase within
the pore space, and carefully accounts for the retraction of
interfaces during the dissolution process. Our model is similar
in general concept to the previous models referenced above,
although it differs in that the interface retraction is applied
systematically; based on physical rules for interface movement,
the numerical algorithm for transport and the underlying pore
geometries are different, and our application focuses on com-
parison to specific experiments, aspects of upscaling, and quan-
tification of interfacial areas. Details of the model are pre-
sented in sections 2 and 3. We use the model to simulate a
column experiment performed by Imhoff [1992], testing both
the NAPL saturation predictions and the aqueous-phase solute
concentrations. We also use the model to investigate different
definitions of effective mass transfer coefficients at the contin-
uum scale. In addition, we use the model to examine how
NAPL-water interfacial area changes, as a function of satura-
tion, during the dissolution process.

2. Theory
Given explicit fluid-fluid interface locations in a pore net-

work, the mass transfer kinetics across these interfaces may be
described with the theory of a stagnant boundary layer in the
aqueous phase. In this type of description, NAPL interfaces
are trapped by capillary forces at pore constrictions, and a
stagnant aqueous phase is contained in the pore throat(s) next
to the NAPL (see Figures 1 and 2). An aqueous-phase con-
centration equal to the NAPL component solubility limit, Ca

S

(M L23), can be imposed as an interface boundary condition
in the aqueous phase. This assumption implies a short time-
scale for thermodynamic equilibrium at the interface com-
pared to the timescale for solute transport. The mass flux
through the stagnant layer of aqueous phase may be expressed
for a single-component NAPL as a first-order kinetic equation
in the following form:

Ji 5
1

Ana,i

dmi

dt 5 kl,i ~Ca
S 2 Ca,i! , (1)

where for each interface i , Ji is the mass flux from the non-
aqueous phase to the aqueous phase per unit interfacial area
(M T21 L22), Ana ,i is the interfacial area (L2) between the

two fluid phases (nonaqueous and aqueous), mi is the total
mass of nonaqueous phase (M) dissolving into the aqueous
phase, kl ,i is a first-order mass transfer coefficient (L T21),
and Ca ,i denotes the solute concentration (M L23) in the
adjacent flowing aqueous phase, typically corresponding to the
adjoining pore body. On the basis of the concept of an existing
stagnant layer of aqueous fluid in the connecting pore throat
with diffusion-controlled conditions, the local mass transfer
coefficient kl , i in (1) is directly formulated from a one-
dimensional form of Fick’s law, with kl ,i 5 Dm/l i. Here Dm is
the molecular diffusion coefficient in the aqueous phase (L2

T21), and l i is the diffusion length of the stagnant aqueous
phase (L). Note that a diffusion length in the network model
is defined as the distance from the interface to the exit of the
pore throat (see Figure 2), and thus it varies during the disso-
lution process. Interfacial areas, solute concentrations, and
mass transfer rates are unambiguously defined at the pore level
and can be used, via direct summation, to compute mass trans-
fer over a simulated macroscopic sample. With respect to an
elementary volume V (L3) the mass transfer rate at the mac-
roscopic scale can be derived from the pore-scale information
as

1
V O

i

@ JiAna,i# 5
1
V O

i

FAna,i

Dm

li
~Ca

S 2 Ca,i!G , (2)

with only Dm and Ca
S taken as constants.

The formulation of an effective mass transfer rate coefficient
at the macroscopic scale commonly decouples local concentra-
tion gradients from the mass transfer formulation across inter-
faces, i.e.,

1
V O

i

@ JiAna,i# ; Keff~Ca
S 2 ^Ca&! , (3)

where angular brackets denote an average quantity measured
over the macroscopic volume (i.e., over a representative ele-
mentary volume). The measurement techniques in the field or
the laboratory normally correspond to such averages, taken
over the volume of many pores. Laboratory investigations,
which obtain Keff (T21) from measured data, have only mac-

Figure 1. Conceptual model for dissolution at the pore scale
(reprinted from Kennedy and Lennox [1997] with permission
from Elsevier Science, based on the work of Feenstra and
Guiguer [1995]).

Figure 2. Schematic of a lattice network section, represent-
ing the conceptualization of Figure 1. Solid areas represent
nonaqueous phase.
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roscopic information available, corresponding to the summa-
tion on the left-hand side of (3). A very attractive aspect of
pore-scale network models is that the local information is pro-
vided explicitly, and Keff can be solved for by rearrangement of
(2) and (3) as

Keff 5

1
V O

i

FAna,i

Dm

li
~Ca

S 2 Ca,i!G
~Ca

S 2 ^Ca&!
. (4)

The coupling between local concentrations and interface mass
transfer is therefore preserved in the upscaling to macroscopic
mass transfer coefficients.

In lumped-parameter approaches [see Miller et al., 1990;
Powers et al., 1991] a standard macroscopic mass transfer rate
coefficient, denoted by Kl (T21), is defined as a function of
interfacial area and average mass transfer coefficients, inde-
pendent of concentration gradients:

Kl 5 ana^kl& , (5)

where ana (L2 L23) represents the specific interfacial area
(area per total elementary volume V) and ^kl& is the average
mass transfer coefficient of the sample (L T21). The lumped
description as Kl typically circumvents the problem of requir-
ing knowledge about ana by adopting a phenomenological
formulation of the mass transfer, wherein interfacial area is
replaced by a function involving phase saturation in the general
form:

Kl 5 b1un
b2, (6)

where un (L3 L23) is the nonaqueous phase volume fraction.
The coefficient b1 (T21) becomes a function of system prop-
erties, like porous medium parameters, molecular diffusion,
and aqueous phase velocity (i.e., including Reynolds number),
and the exponent b2 (dimensionless) is assumed to be a func-
tion of porous medium properties. A brief review on lumped-
parameter descriptions is given by Imhoff et al. [1998]. An
equivalence of the rate coefficients Keff and Kl, with the
former measured from experiments and the latter hypothe-
sized in relation to system parameters, is frequently presumed
in the investigations of dissolution problems.

With the detailed pore-scale information present in (2), we
may calculate a mass transfer rate coefficient analogous to Kl

in (5), such that

Kl 5
O i Ana,i

V
KDm

l
L , (7)

where ^kl& has been replaced by ^Dm/l& from the concept of a
stagnant-layer diffusion region. This description of macro-
scopic mass transfer can be quantitatively compared with the
above, rigorously defined, effective mass transfer rate coeffi-
cient Keff. A comparison is given in section 4.2.

3. Methods
The pore-scale network model for dissolution has three ma-

jor components: the capillary displacement model that pro-
vides fluid distributions and hydrodynamic flow conditions, the
mass transfer model that describes mass transfer across indi-
vidual fluid-fluid interfaces and associated interface retraction,
and the solute transport model for the flowing aqueous phase

in the pore network. In sections 3.1–3.3 we describe each of
these three model components.

3.1. Capillary Displacement

The present model builds on the previously documented
pore-scale model for immiscible displacement used by Reeves
and Celia [1996] and Reeves [1997], with a network discretiza-
tion of the pore space as a cubic lattice with spherical pore
bodies and connecting biconical pore throats (see Figure 2 for
a section through the three-dimensional pore space). The dis-
tribution of pore sizes includes pore body–pore throat corre-
lations. The distribution of pore body radii is generated ac-
cording to a beta distribution with upper and lower size limits,
and pore throat radii are correlated in size to the connecting
pore bodies as described by Reeves [1997]. This procedure
generates a fairly homogeneous pore structure that we used
herein as a representation of a well-graded, uniformly packed
porous medium column, corresponding to the experimental
porous medium to which we compare our numerical results.

Fluid occupancies in the pore network are determined by
quasi-static displacement rules. For an imposed difference in
fluid reservoir pressures, fluid interfaces are adjusted until
equilibrium positions are established throughout the network.
Saturations and interfacial areas are then calculated for the
given reservoir capillary pressure. Given an equilibrium distri-
bution of the fluids and fluid interfaces, a flow field can be
simulated by application of an external pressure gradient in a
connected phase. This pressure gradient is presumed to be
sufficiently small to have insignificant influence on interface
locations. Poiseuille flow is assumed in all pore throats, and
mass conservation equations are written for each pore body in
the network. This leads to a system of equations for the pres-
sures at pore bodies, which can be solved by standard matrix
methods. The associated flow velocities in the pore throats are
then determined from the nodal pressures in the pore network.
Such a procedure provides both the detailed flow field and an
estimate of relative permeability. For a comprehensive descrip-
tion of the displacement model, including calculation of rela-
tive permeabilities and interfacial areas, see Reeves [1997].

The model may be used for arbitrary drainage or imbibition
cycles. For the current work, a primary drainage sequence is
followed by main imbibition to generate a distribution of re-
sidual nonaqueous phase, which is characteristic for the par-
ticular pore structure of the porous medium.

3.2. Dynamic Ganglia Dissolution

The displacement model gives explicit positions and config-
urations for all fluid-fluid interfaces in the network. Mass
transfer is allowed to occur across every one of these inter-
faces, depending on the local conditions. Because dissolution
from a state of residual NAPL saturation has been treated
extensively in experimental work, we focus on this situation,
but we are not limited to it in the simulation of mass transfer
processes.

Whenever a ganglion of NAPL is formed in the displace-
ment model by isolation from its fluid reservoir, the capillary
pressure value at the time of isolation is assigned to that gan-
glion. In the absence of mass transfer, that assigned capillary
pressure is considered to be independent of any subsequent
changes to reservoir pressures. However, during dissolution
the capillary pressure associated with a trapped ganglion is
modified as a function of the volume of NAPL dissolved and
the local pore geometry. The dissolved volume is computed
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according to (1), with Ca ,i being the aqueous concentration in
the pore body adjacent to the interface and l i and Ana ,i being
the one-dimensional diffusion length and fluid-fluid interfacial
area, respectively, for an individual interface i . The diffusion
length associated with every interface is calculated from the
interface location and the average distance in the pore throat
to the flowing aqueous phase at the entrance of the adjacent
pore body. This assumes stagnant aqueous phase in a pore
throat associated with an interface. The effective diffusion
length and corresponding interfacial area for mass transfer are
updated based on the retraction dynamics of the interface,
while the local concentrations are computed by the miscible
transport algorithm as described in section 3.3.

When a ganglion shrinks in size during dissolution, the in-
terfaces of that ganglion have to adjust. This is accompanied by
changes in interfacial area and curvature and hence in ganglion
capillary pressure. For interfaces located in the biconical pore
throats, we can apply the Young Laplace equation to relate a
capillary pressure to interface positions. For more complex
interfacial geometries within pore bodies we have derived
lower and upper bounds for interfacial areas and capillary
pressure, respectively; see Held and Celia [2001] for details.
Recall that the value of capillary pressure for each isolated
ganglion is uncoupled from the NAPL reservoir pressure.
Therefore the external reservoir pressures no longer control
the capillary pressure of the residual NAPL and should not be
used in the description of macroscopic capillary pressure. Since
the capillary pressures are known locally, an associated capil-

lary pressure for ganglia, or the entire sample, can be calcu-
lated [see Hassanizadeh and Gray, 1993; Held and Celia, 2001].

To provide a physical framework for the retraction of inter-
faces as NAPL ganglia dissolve, minimum energy principles, or
energy dissipation, associated with the interface configuration
can be applied [Mohanty et al., 1987; Li and Wardlaw, 1986a,
1986b]. In updating interface locations because of shrinkage of
a ganglion we include the mechanisms of snap-off of the non-
aqueous phase in pore throats, preferential volume retraction
into large ganglion sites, shift of nonaqueous phase volumes to
stable interface positions, and trapping of the nonaqueous
phase in pore throats. These dynamic mechanisms are related
to the local pore structure by the following criteria: (1) If a
fluid-fluid interface resides in a pore body and the NAPL is
connected through a pore throat to other NAPL-filled pore
bodies, the snap-off criterion is given by

Pt

Pb
;

rb

r t
. 2.0, (8)

where P is the capillary pressure (F L22) for piston displace-
ment in either the pore body Pb or the pore throat Pt, ex-
pressed equivalently using the pore body and pore throat radii
(L), rs and rt, respectively [cf. Lenormand et al., 1983; Mo-
hanty et al., 1987]. The critical ratio of 2.0 was found by Mo-
hanty [1981] for oil-water systems and is used herein for our
computations. For larger connected ganglia this criterion can
lead to formation of separated singlets in the process of NAPL
dissolution (see Figure 3a). (2) If the connecting pore throat

Figure 3. Schematic of rules during ganglia dissolution: (a) Snap-off of nonwetting phase in pore throats. (b)
Volume retraction to large pore bodies. (c) Shift of volume past pore throat constrictions. (d) Trapping of
nonwetting phase in pore throats. Shaded areas represent NAPL.
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radius is larger than required for a snap-off condition in the
first criterion, a criterion for continuous volume retraction to
an adjacent pore body is tested. We compare the sizes of the
connected pore bodies and throats, given the pore body and
pore throat radii and geometry, to test whether the volume
residing in the smaller pore body plus the volume of the pore
throat could be accommodated in the larger pore:

Vb,i~r i! . Vb, j~r j! 1 Vt,ij~r ij, r i, r j! , (9)

where Vb and Vt represent volumes (L3) of pore bodies and
throats, respectively, r denotes the radius, and i and j denote
adjacent pore bodies. In this criterion the interfaces with large
curvature in the smaller pore are less favored than interfaces
associated with the larger neighboring site. The NAPL volume
retracts continuously to the larger pore space (see Figure 3b).
(3) When an interface can recede through a pore throat and it
reaches the constriction in the pore throat, the high interfacial
curvature may not be stable inside the divergent portion of the
pore throat; in this case the volume in the pore throat is shifted
to the connected pore body. This criterion results in a jump in
interface locations, and in interfacial areas and capillary pres-
sure, for the ganglion (see Figure 3c). (4) If two connected
pore bodies occupied by NAPL dissolve simultaneously, inter-
faces are allowed to reside in both of the diverging portions of
the pore throat, balancing the forces acting at the two inter-
faces. The NAPL is presumed trapped in the pore throat lo-
cation, until fully dissolved (see Figure 3d).

The above criteria provide a consistent decision framework
for the dissolution process in the pore-scale network model.
For example, they determine whether a ganglion breaks up
into multiple ganglia or simply shrinks as a single entity. These
phenomena can affect the dissolution sequence and also the
overall dissolution time. The diffusion lengths and correspond-
ing interfacial areas vary in the pore space, as the volume of
nonaqueous-phase ganglia changes. Mass transfer limitations,
in turn, become more important with increasing time, as dif-
fusion lengths may increase and interfacial areas become
smaller.

The mobilization of shrinking NAPL droplets during the
process of dissolution is not considered in the model in its
present formulation. This is supported by experimental obser-
vations. Mobilization of dissolving NAPL ganglia was not ob-
served by Imhoff [1992] for flow rates typical in natural aqui-
fers. Similarly, Kennedy and Lennox [1997] conducted
visualization experiments on dissolving NAPL droplets at
Darcy velocities between 0.29 m d21 and 720 m d21 and found
no evident mobilization in most experiments. Jia et al. [1999a]
saw mobilization of some ganglia at high capillary number
conditions in micromodel studies; the two-dimensional,
etched-glass model with straight pore throat geometries can
partly account for this effect. At present, we restrict our model
to low flow rates and relatively high interfacial tensions and do
not account for mobilization of droplets.

3.3. Solute Concentration Field

The dissolved NAPL concentration in the aqueous phase at
each pore is computed with a type of characteristic tracking
algorithm in combination with a path line method [Delay et al.,
1994; Johnson et al., 1994]. Over a time Dt , dissolved nonaque-
ous phase mass from each interface diffuses into the aqueous-
phase flow field, serving as the source of NAPL in the aqueous
phase. We assign zero aqueous-phase velocity to the stagnant

regions and formulate advection in the flowing domain of the
pore network in terms of residence times. The pores are mod-
eled as completely mixed, and the probability, or mass fraction,
to reach an adjacent pore is taken to be proportional to the
fraction of the total aqueous-phase flux in that direction. All
possible paths along streamlines over a time step Dt are inde-
pendently recorded. This algorithm is fully volume and mass
conservative, and the characteristic formulation enables the
use of large time steps. At small time steps the solution con-
verges to a standard finite difference formulation.

In the solute transport model we use lattice, or pore, ele-
ments, i.e., a pore body plus half the connected biconical
throats, to discretize the pore space of the flowing aqueous
phase. Advective solute transport equations, which apply to
each element, can be written as

Va,i

DCa,i

Dt 1 O
j[Ni

@QijCa, j# 5 O
j[Mi

@ JjAna, j# . (10)

On the left-hand side of (10), Va ,i denotes the volume (L3) of
the lattice element i containing the aqueous phase (excluding
stagnant regions associated with interfaces and nonaqueous-
phase volumes); Ni is the number of throats connected to site
i; Qij refers to the volumetric aqueous flow rate (L3 T21) in
the throat between sites i and j; Mi is the number of interfaces
connected to site i; and Ca ,i and Ca , j refer to aqueous con-
centrations in appropriate pore elements. The flow rate Qij is
analytically computed from the pressure drop between i and j
and the fluid conductance Gij for the throat (L5 F21 T21),
such that Qij 5 GijDPij. The fluids are assumed incompress-
ible; hence the mass balance at each pore element may be
expressed as a volumetric balance:

O
j

Qij 5 0, j 5 1, 2, . . . , Ni. (11)

This matrix equation is solved for appropriate pressures at the
pore sites under imposed pressure or flux boundary conditions.
It provides the distributed flow field for the particular pore
structure and wetting fluid distribution in the pore network.

To compute aqueous-phase concentrations, the pore volume
occupied by the aqueous phase is discretized in lattice or pore
elements, as described above. For each of these elements, with
associated volume Va ,i, an overall residence time of the indi-
vidual flow paths through the element is calculated as t i, based
on the computed flow field. Here t i 5 Va ,i/Qi, with Qi 5 ¥ j

(Qij)in 5 ¥ j (Qij)out being the overall flow rate through that
lattice element. The advective transport algorithm is formu-
lated as a characteristic method, which follows the position of
a fluid volume in the network after a time step Dt . The solute
mass of an element, mo 5 Ca ,oVa ,o, at time t is then allocated
to the location of that volume at time t 1 Dt:

mi 5 0, t1 [ @t , ~t 1 Dt!@ ,

mi 5 mo

Q9i
Qo

t i

to
, t1 [ @~t 1 Dt! , ~t 1 Dt! 1 to# , (12)

where mi is the addition of mass to any element i , t1 5 t 1
¥ i t i is the elapsed time given by the summation of residence
times along the individual paths traversed by the mass in the
originating element, Q9i/Qo represents the fraction of the volu-
metric flow in a splitting path reaching element i , and subscript
o indicates the solute mass, flow rate, and residence time of the
originating element. Equation (12) is applied for all possible
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originating elements, thereby redistributing all mass from its
locations at time t to new locations at t 1 Dt .

The source term on the right side of (10) exists only for
elements that have fluid-fluid interfaces located adjacent to
them. There the source term is given by a discrete form of (1):

Jj Ana, j 5
Dmj

Dt , j 5 0, . . . , Mi, (13)

where Mi is the number of interfaces associated with the pore
element i , and Dmj is the mass added to the element from an
adjacent interface, over time Dt . With appropriate assump-
tions about the local concentration field, (1) may be solved to
obtain Dmj, the transient addition of mass to the volume Vi

after time Dt . Dissolved mass from the source is then parti-
tioned to elements along a flow path based on residence time
in the elements for the time Dt , so that the mass retained at
each element i is

mi 5 Dmo

Q9i
Qo

t i

Dt 1 to
, (14)

where subscript o indicates the input of dissolved mass, flow
rate, and residence time at the source input element and
Q9i/Qo represents the fraction of the volumetric flow reaching
element i from the originating element (o). The mass input
from fluid-fluid interfaces results in a uniform concentration
along the pathlines in the pore network, C9i 5 mi/(Q9it i). This
is consistent with a continuous source over the time step Dt .

With the mass already in solution (equation (12)) and the
new mass added via dissolution (equation (14)) accounted for,
the aqueous phase concentration in every pore element i at t 1
Dt may be obtained by superposition of (12) and (14):

Ca,i 5 O mi

Va,i
. (15)

Application of this algorithm for the entire network provides
the concentration field in the aqueous phase. The structuring
of the above algorithm in separate computations of advective
mass transport and continuous source input facilitates variable
weighting between an implicit and explicit formulation of the
source functions in time; that is, the aqueous-phase concentra-
tion Ca ,i, used in the solution of (1), is implemented as

Ca,i 5 j~Ca,i!
t1Dt 1 ~1 2 j!~Ca,i!

t, (16)

with j 5 0, explicit, and j 5 1, implicit. For the application
in this work we used the explicit source input formulation (j 5
0).

In this approach, no matrix equations need to be assembled
or solved for nodal concentrations because all calculations are
based on individual flow paths and residence times. While
pore-scale diffusion is not modeled, hydrodynamic dispersion
and associated mixing arise naturally from the tortuosity and
variable velocity in the pore network. Matrix equations for the
pressure field in the network are updated and solved whenever
NAPL is fully dissolved from any pore element.

4. Results
We have applied this model to simulate the dissolution ex-

periments reported by Imhoff [1992] and Imhoff et al. [1994].
This comparison involves a single-component NAPL, whereas
the previous descriptions would apply equally to individual

species in a multicomponent NAPL. In addition to comparison
of saturation profiles and aqueous concentrations, we have
computed values for the different definitions of macroscopic
mass transfer rate coefficients, and we have estimated interfa-
cial areas directly as the dissolution proceeds. Results from
these calculations are presented and discussed in the remain-
ing sections of the paper.

4.1. Comparison to Experiments

To demonstrate the overall behavior of the network model
for dissolution, a laboratory experiment of Imhoff [1992] has
been simulated with the numerical pore-scale model. The ex-
periment involved a fine-grained Ottawa sand, which was ini-
tially saturated with water. The sample was drained, with tri-
chloroethylene (TCE) displacing water upward. Water was
then reintroduced from the top, and the main imbibition curve
was followed until residual saturation of TCE was achieved.
Solute concentrations of the NAPL in the aqueous phase were
allowed to equilibrate under no-flow conditions. Continuous
flushing with clean water was then initiated to produce the
dissolution of TCE. Changes in fluid saturations along the
column were measured with a dual-gamma attenuation system.
The experimental system parameters are summarized in Table
1.

To model this system, a three-dimensional network model
with 90 3 40 3 40 pore bodies was constructed, corresponding
in physical dimensions to the experimental column length of 3
cm and a model cross section of approximately 1.2 cm 3 1.2
cm. Length scales in the pore size distributions are taken from
the reported grain-size distribution of the porous medium and
length ratios conforming to a random packing of nearly uni-
form sphere sizes (see Table 2 for model parameters). To test

Table 1. Parameters of Experiment 1 of Imhoff [1992]
Used in the Numerical Model

Parameter Description Value

Dm molecular diffusivity in H2O 0.935 3 1029 m2 s21

Ca
S TCE solubility in H2O 1.277 kg m23

rn TCE density 1465 kg m23

mn TCE viscosity 0.58 3 1023 kg m21 s21

sna surface tension 35.0 3 1023 kg s22

qa Darcy flux 0.52 m d21

L column length 0.03 m
f column porositya 0.346 6 0.004
Sn residual TCE saturationa 0.141 6 0.014

aSample porosity f and residual TCE saturation Sn in the model
result from the displacement simulation in the pore structure (see
Table 2).

Table 2. Model Parameters for Pore Space
Representationa

Parameter Description Value

B beta distribution of pore body radii
mean 0.094 mm
standard deviation 0.014 mm
minimum 0.05 mm
maximum 0.12 mm

d lattice spacing 0.3 mm
f sample porosity 0.315 6 0.004

aResidual TCE saturation in the sample Sn 5 0.143 6 0.011 after
primary drainage and main imbibition displacement sequence.
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the network model for its ability to produce a realistic residual
distribution of the NAPL, we compared the generated distri-
bution of trapped ganglia with data of Mayer and Miller [1992]
(Figure 4). The simulated ganglia distribution is within the
range of corresponding data for styrene ganglia in fine-grained
granular material. The experiments of Imhoff [1992] did not
provide a measurement of ganglia-size distributions. However,
as seen in Figures 6 and 7 below, the average residual NAPL
saturation of approximately 0.14 is captured well by the model.

In the dissolution simulation a hydraulic pressure gradient in
the aqueous phase was imposed across the network to match
the measured Darcy flux imposed in the laboratory experi-
ments. The flux field in the model was continuously recalcu-
lated as NAPL-filled pores became open to aqueous flow after
dissolution. Thus the local flux distribution within the network
changes as the dissolution proceeds, although the overall flux
through the network was held at the experimental value of
0.52 m d21 (for experiment 1 of Imhoff [1992]). As initial
conditions, the aqueous concentration was set to the solubility
limit everywhere in the sample. Clean water enters the top
boundary, and a dissolution front develops and moves through
the sample as concentration gradients in the aqueous phase
evolve. Figure 5 gives the measured effluent concentrations at
the outlet (after a mixing volume) for experiment 1 [Imhoff,
1992] along with the simulated concentration profiles for a
series of horizontal slices in the network model. The computed
concentration profiles are presented for each millimeter of the
top 27 mm of the model, with concentrations averaged over the
entire horizontal area. These profiles show a smooth and con-
sistent behavior, corresponding to development of a dissolu-
tion front. The simulated concentrations at the outlet closely
match the measured concentrations.

Figure 6 provides measured saturation profiles from the
same experiment of Imhoff [1992], determined from gamma-
ray attenuation over horizontal slices of the column 1 mm in
thickness. For comparison, Figure 7 shows the results from the
network model simulation of the dissolution experiment. Sat-
urations are computed as moving averages along the sample,
with the averages taken over approximately 1 mm slices to
correspond to the experimental measurements. The fluctua-
tions seen in initial residual saturations are in agreement with
observations of residual NAPL distributions with respect to the
averaging volume [Mayer and Miller, 1992]. The development
and propagation of a dissolution front with time, or, equiva-
lently, with the number of pore volumes flushed, is clear in
Figures 6 and 7, with the network model capturing the front
and its propagation speed well. Both the experimental system
and the network model required slightly more than 210 pore
volumes to dissolve the residual NAPL. Overall, the results are
excellent, with a very close match between experimental and
model profiles over the entire duration of the experiment.

The results presented here are from a single realization of
the pore structure. It is noteworthy that we only fitted the
pore-space morphology in this approach, then used physical
descriptions consistent with the scale of representation without
any calibration. Our choice of pore space parameters was
based on extraction of pore networks from sphere packs [see
Reeves, 1997]. We noted that residual NAPL saturation is sen-
sitive to pore structure and to fluid properties, such as inter-
facial tension and contact angle.

4.2. Upscaling of Mass Transfer

Knowledge of actual fluid-fluid interfacial areas and inter-
face locations, necessary for determination of Kl in (5) and (7),

Figure 4. Ganglia volume distribution for glass beads of var-
ious diameters (symbols) (reprinted from Mayer and Miller
[1992] with permission from Elsevier Science). The solid line
represents the ganglia distribution from our network model,
based on a porous medium with grain-size diameters between
0.30 mm and 0.42 mm (mesh size 50–40).

Figure 5. Concentration profiles of trichloroethylene (TCE)
in the aqueous phase predicted by the network model. Lines
correspond to horizontal averages over 1 mm slices, taken at 1
mm increments along the column length. Symbols give mea-
sured effluent concentrations at the outlet (from experiment 1
of Imhoff [1992]) (taken from Imhoff [1992]).
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is typically not measurable and therefore not known for porous
media systems. However, the network model allows such in-
formation to be computed directly. Figure 8 presents total
water-NAPL interfacial area and average diffusion lengths, as
a function of volumetric NAPL content, un. The total interfa-
cial area shown in Figure 8 is related to the dissolution se-
quence. These data were calculated throughout the dissolution
process and are given per unit volume of the entire sample;
other averages, for example, over the 1 mm measuring thick-
ness of Imhoff [1992], can also be computed as needed. The
data indicate a near-linear relationship between interfacial
area and saturation over the considered range of un. Because
the interfacial information is provided explicitly, the mass
transfer rate coefficient Kl can be computed directly, as can the
coefficient Keff. In this section, we use the network model to
calculate both of these coefficients, compare the two defini-
tions, and investigate the behavior of these macroscale coeffi-
cients as a function of averaging volume.

Figure 9 presents both Kl and Keff, determined over the
volume of the entire network. The coefficient Kl is decoupled
from the local concentration gradients (see (5) and (7)), while
Keff is computed from (4) and therefore preserves the coupling
to the local concentration field. Computed values of these two
coefficients show a different magnitude and different func-
tional dependency on NAPL content. In order to examine each
of these coefficients more closely, we may compare them to the
data of Imhoff [1992], also reported by Imhoff et al. [1994].
Because the experiments of Imhoff [1992] or Imhoff et al.
[1994] did not include any measures of interfacial area, the
coefficients that were derived from those experiments are
equivalent to Keff. Imhoff reported estimates of Keff for each
of the 1 mm slices used for measurements; these data are
plotted in Figure 10. While these data show significant scatter,
the lower values are generally more reliable. To compare these
data to the coefficients computed with the network model, we
calculated the mass transfer rate coefficients for each 1 mm
slice of the network model. The results for Keff are shown in
Figure 11. The model-predicted values of Keff fall within the
spread of the experimental values found by Imhoff [1992], and
the general behavior of the coefficients as a function of posi-
tion along the column is comparable. Results for Kl, shown in

Figure 12, display a similar behavior, although the values of Kl

are consistently larger than the corresponding Keff values.
It is notable that the values of Keff reported in Figure 9,

which were based on an averaging volume corresponding to
the entire sample, are lower than those reported in Figure 11,
which are based on slice averages at different vertical locations.
Slice averages describe the mass transfer as the dissolution
front passes and are thus capturing local (macroscopic) dynam-
ics associated with the frontal movement. Averaging over re-
gions outside the active mass transfer zone leads to reduction
of the overall mass transfer rate. This suggests a restricted
scale where a macroscopic mass transfer coefficient is repre-
sentative and calls into question the validity of this macro-
scopic coefficient for arbitrary upscaled volumes. Recent work

Figure 6. Saturation profiles of TCE versus depth, at differ-
ent times, for experiment 1 of Imhoff [1992]. Time is given in
number of pore volumes, PV (taken from Imhoff [1992]).

Figure 7. Saturation profiles of TCE versus depth, for dif-
ferent times, predicted by the network model. Time is given in
number of pore volumes, PV.

Figure 8. Network model prediction of average diffusion
length, l , and total interfacial areas, Ana, in the dissolution
process.
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of, for example, Young and Ball [1995] or Soerens et al. [1998]
has raised similar questions by showing dependence of the
macroscopic mass transfer coefficient on aqueous phase veloc-
ity and on distance into the mass transfer zone. In the network
model simulation we see the propagation of a mass transfer
front, where cross-sectional (slice) averaging provides an ap-
propriate description, such that stable areal averages are ob-

tained for Keff (Figure 11). However, volume averages fail to
respect local frontal behavior, and may only be expected to
apply when many local fronts are statistically captured and
therefore become independent of the shape of the macro-
scopic averaging volume, and time. This type of scale depen-
dence is not seen in the results for Kl; the sample-averaged
values in Figure 9 compare well with the slice averages shown

Figure 9. Network model prediction of macroscopic mass
transfer rate coefficients, Kl and Keff, with respect to total
sample volume.

Figure 10. Macroscopic mass transfer rate coefficients, Keff,
with respect to vertical column locations for experiment 1 of
Imhoff [1992] (taken from Imhoff [1992]).

Figure 11. Network model prediction of the macroscopic
mass transfer rate coefficients, Keff, with respect to vertical
sample location.

Figure 12. Network model prediction of the macroscopic
mass transfer rate coefficients, Kl, with respect to vertical
sample location.
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in Figure 12. This appears to be consistent with a standard
conditional convergence for averaged system properties (^kl& in
(5)).

5. Discussion and Conclusions
Pore-scale network models offer opportunities to study

transport phenomena in novel ways, because detailed informa-
tion is available at the pore scale. As such, consistent upscaling
can be performed, based on physical processes that are defined
at the appropriate scales. In this work, we have used a pore-
scale network model to simulate fluid-fluid displacements
through both drainage and imbibition cycles, producing a re-
sidual NAPL saturation in a sample porous medium. We then
used mass transfer descriptions appropriate for individual flu-
id-fluid interfaces to model mass transfer from the NAPL to
the aqueous phase and subsequent miscible transport in the
flowing aqueous phase. This allowed for comparison of model
results with previously reported experiments involving dissolu-
tion, as well as additional investigations involving quantities
that are difficult or impossible to measure, including fluid-fluid
interfacial areas, local mass transfer coefficients, and local con-
centration gradients. We also used the model to investigate
upscaling of the mass transfer coefficients.

Comparison of our model results with laboratory experi-
ments of NAPL dissolution showed excellent agreement with
respect to development and propagation of the dissolution
front, including both saturation profiles and aqueous concen-
trations. The effective mass transfer coefficients derived from
the model also fell within the range of values measured in the
experiments. In our model the pore structure statistics were
chosen to correspond to a homogeneous, fine-grained porous
medium. Agreement with the measured NAPL saturation at
residual, and the reasonable distribution of ganglia sizes, pro-
vides further evidence that the pore size distributions and
subsequent capillary displacement and associated miscible
transport models are reasonable representations of the exper-
imental system. It is important to point out that once the pore
structure was fixed, no other adjustable parameters were used
to fit the dissolution model to the experimental data.

A notable feature of the pore-scale model presented herein
is that the physical length of the model corresponds to the
length of the sample used in the physical experiments (both of
the order of 3 cm). Therefore we can compare directly the
model results and the experimental results, and we can use the
model to study upscaling behavior over the range from the
pore scale to the physical core scale. In this study, we investi-
gated the behavior of two macroscale mass transfer coeffi-
cients, Keff and Kl. The rate coefficient Keff corresponds to the
coefficient that is derived from column studies of dissolution.
This coefficient shows pronounced scaling effects in the prob-
lem studied, because of the development of a well-defined
dissolution front whose width is much less than the overall
column length. Averages over thin (1 mm) slices, oriented in
the direction of the front, provided well-defined averages that
differed significantly from those defined over the entire sample
volume. This implies that care must be exercised in defining an
effective mass transfer coefficient, especially when local fronts
are involved. Note that the definition of Keff incorporates local
concentration gradients, so this behavior in the presence of a
local concentration front is not completely unexpected. The
more heuristic macroscopic mass transfer coefficient, Kl,
shows much less scaling effects. In part, this is due to the fact

that its definition is independent of local concentration gradi-
ents and involves only volume averages of specific interfacial
areas and local mass transfer coefficients. The dependence of
Keff on local concentration gradients serves to restrict the
contributing interfacial areas to those in the zone of the active
dissolution front. While the values of Kl were in the same
range as Keff for a certain NAPL content, the Kl values con-
sistently overpredicted the actual mass transfer values.

Generally, we believe that these kinds of detailed pore-
network models, in which the governing processes are defined
at the appropriate length scales and subsequent upscaling can
be performed in a consistent and well-defined way, provide a
wealth of opportunities for investigation of different aspects of
multiphase flow in porous media. These opportunities include
investigations of underlying processes such as capillary dis-
placement and dissolution, as well as investigations involving
new variables such as interfacial area and new theories that
seek to describe the behavior of these new variables. Until new
experimental methods are developed to measure these nontra-
ditional variables or to measure processes at highly resolved
scales, pore-scale network models will provide unique oppor-
tunities to advance our knowledge of multiphase flow systems.
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