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Abstract-Primary drainage involving a non-aqueous phase liquid (NAPL) invading a water-saturated, ini-
tially water-wet porous medium is a process having important practical interest. It occurs during release of
organic liquid contaminants such as gasoline, solvents, or other organic wastes. It also occurs during pri-
mary migration of oil following its generation in a source zone. Standard conceptual and numerical pore-
scale models of this process do not incorporate time in any explicit manner in their representation of the cap-
illary forces that control this process. Time-dependence of interfacial chemistry, however, is a well-known
phenomenon, with some of the earliest interfacial chemical work exhibiting its existence, and quantitative
evaluation becoming established in the late 1930's. Time-dependence of interfacial properties is manifested
during primary drainage through the sequential processes of interface dilation and compression as a fluid-
fluid interface advances through a porous medium. This sequence is illustrated and described schematically
to demonstrate its importance in the drainage process.

Log-linear interfacial chemical kinetics of a known system was incorporated into a small pore-scale
model to assess its influence on primary drainage. NAPL saturation was a function of time as well as applied
capillary pressure. NAPL migration rate became a log-linear function of applied capillary pressure, and the
maximum NAPL saturation exhibited a minimum at the entry pressure for pure bulk NAPL without any
interfacially active components. This arises from competition between applied capillary pressure and the
interfacial kinetics for control over the timing of when and whether NAPL penetrates a given pore or not.
The interfacial chemical kinetics dominate at lower applied capillary pressure. More time becomes available
for the interfacial chemical kinetics to lower interfacial tension sufficiently to enter pores that would other-
wise be by-passed as the applied capillary pressure decreases. These results stand in marked contrast with
the "standard" equilibrium view of the capillary pressure-saturation relationship. Comparison of model
results, assuming standard Tempe cell dimensions, indicates initial penetration of a medium occurs at lower
capillary pressure and final saturation is higher when time-dependent interfacial chemistry is incorporated.

1. INTRODUCTION

Subsurface non-aqueous phase liquid contamina-
tion, both light (LNAPL) and dense (DNAPL), poses a
major environmental problem for many commercial
and industrial sites. For the purposes of this paper,
NAPL, LNAPL, and DNAPL are interchangeable; the
behavior will be comparable with respect to the inter-
facial chemistry. Understanding DNAPL behavior in
porous media is important for designing effective
strategies for locating subsurface DNAPL and for
designing effective remediation systems. The displace-
ment of water by a non-aqueous phase liquid (NAPL)
is called primary drainage. It is also important for
petroleum migration from a source area. Two impor-
tant interfacial properties play major roles in subsur-
face NAPL movement during primary drainage: the
surface or interfacial tension between fluids and the
contact angle between the fluid-fluid interface and the
mineral-grain solid surfaces. "Surface tension" is gen-
erally applied to gas-liquid systems, while "interfacial
tension" is applied to liquid-liquid systems.

Interfacial properties are generally treated as static
by assuming equilibrium values when modeling multi-

phase behavior in porous media, either explicitly in
pore-scale models or implicitly in continuum models.
This assumption is accurate for three cases: 1) single
component NAPLs, 2) systems where the magnitude
of the kinetic changes are small with respect to the
equilibrium values, or 3) systems where the interfacial
chemical kinetics are rapid with respect to the process
under consideration. Interfacial chemical kinetics
involves the rates of interfacial reactions, such as par-
titioning of surface active substances into a fluid-fluid
interface. Assuming equilibrium, however, is not nec-
essarily accurate for the process of primary drainage
(i.e., initial penetration of a water-wet porous medium
by a NAPL). The first objective of this paper is to
briefly review literature on time-dependent interfacial
chemistry to show it is not a new or unknown phe-
nomenon. The second objective is to illustrate why
equilibrium is not necessarily a valid a priori assump-
tion with respect to primary drainage, and how time-
dependent interfacial effects are manifested during pri-
mary drainage. The final objective is to show the
effects of incorporating time-dependent interfacial
chemistry in a small pore-scale model.
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1.1. Time-Dependence in Interfacial Chemistry

Early indications that interfacial chemical equilib-
rium is not established instantaneously are over a
hundred years old. Tate (1864) showed that interfa-
cial tension of solutions measured using the drop vol-
ume method depends on the rate of formation of the
drop. The faster a drop is formed (i.e., the younger its
average surface age), the higher is the measured
interfacial tension. Dupre (1869) studied the surface
tensions of aqueous soap solutions, noting that they
decreased as the surface aged. Lord Rayleigh (1879)
developed the pulsating jet method for measuring
surface tension, and later (Rayleigh, 1890) showed it
could be used to resolve surface tension changes over
short time-scales (on the order of seconds). Rayleigh
also concluded that surface tension of sodium oleate
solutions decreased with increasing age of the sur-
face. Bohr (1909) further developed and refined the
vibrating or oscillating jet method, facilitating its
application by later workers (Rideal and Sutherland,
1952; Addison and Litherland, 1953; Thomas and
Potter, 1975; Zhang and Zhao, 1989). Several
research groups used other methods to show that sur-
face tension of aqueous soap solutions varied with
time (Bigelow and Washburn, 1928; Tartar et aI.,
1940). Andreas et al. (1938) extended and further
developed the pendant drop technique for measuring
surface and interfacial tensions. Ward and Tordai
(1944) showed that the interfacial tension of solu-
tions is, in general, time-dependent. Later, Ward and
Tordai (1946) were the first to explicitly apply a dif-
fusion model to fit kinetic data for interfacial tension.
Several authors have since measured time-dependent
surface or interfacial tension covering many orders of
magnitude in time scales. Time-scales of interfacial
or surface tension kinetics range from milliseconds
(Thomas and Potter, 1975; Zhang and Zhao, 1989) to
seconds and minutes (Lucassen and Giles, 1975;
Tuck and Rulison, 1999a), to minutes and hours (Pan
et aI., 1998), to hours, days, and longer (Tartar et aI.,
1940; Schroth et aI., 1995; Tuck and Rulison, unpub-
lished data; Tuck and Rulison, 1999a).

Time-dependence in interfacial chemistry is thus a
well-known phenomenon. This time-dependence can
occur over a very large range of time scales, depend-
ing on the system under consideration. It is therefore
not necessarily appropriate to assume equilibrium
values for interfacial tension and contact angle. Tuck
and co-workers (Tuck et aI., 1998) have shown that
the effective value of interfacial tension between
water and a dyed-DNAPL may vary significantly dur-
ing primary drainage when interfacial chemical
kinetics is considered. They showed that the faster a
penetrating front of a complex NAPL (exhibiting
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time-dependent surface chemistry) penetrates a
porous medium, the younger will be the average
interface age, and therefore the higher will be effec-
tive interfacial tension. Whether or not equilibrium
values will accurately reflect their effective values
during primary drainage of a complex NAPL in an
initially water-wet porous medium depends on the
relative time scales of the drainage process and the
interfacial chemical kinetics. It is inappropriate to
assume equilibrium values measured for pure phases
when modeling the behavior of complex phases.
Examples of these situations include DNAPLs
stained with an azo dye (Tuck and Rulison, 1999b) or
field NAPLs such as gasoline or spent solvents
(Powers and Tamblin, 1995; Tuck et aI., 1998).

The mechanism through which time-dependent
interfacial properties are manifested during primary
drainage is illustrated in a later section. The potential
influence of interfacial chemical kinetics on primary
drainage is demonstrated in the subsequent section
through the development and implementation of a
pore-scale model in which time-dependent interfacial
tension is incorporated.

1.2. Theory
1.2.1. Surface chemistry and
pore-scale interface movement

Interfacial chemistry is important in multi phase
flow in porous media because of its role in capillary
forces. Capillary forces determine which pores will
be penetrated by an infiltrating NAPL during primary
drainage. This role is expressed through the Young-
Laplace equation (Dullien, 1992):

Pc =Pn-Pw = 'Ynwcose(_!_+I.)
~ r2 (1)

where Pc is the capillary pressure (dynes/em- or
N/m2), which is defined as the difference between the
non-wetting phase pressure Pn and the wetting phase
pressure Pw' 'Ynwis the interfacial tension between the
non wetting (n) and wetting (w) fluid phases
(dynes/em or mNlm), e is the contact angle between
the fluid-fluid interface and the solid or mineral sur-
face (degrees or radians), and r1 and r2 are the prin-
cipal radii of curvature of the fluid-fluid interface (em
or m). The two radii of curvature are equal if the cap-
illary geometry is cylindrical, in which case the
Young-Laplace equation simplifies to:

Pc = Pn -P; = 2'Ycose(~) (2)

Typically, pore-scale models of porous media
assume circular cross-sectional geometry for the
structure of pores and pore-throats (Celia et aI.,
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1995). The interfacial tension (n and contact angle
(8) are represented as single-valued, i.e., equilibrium,
parameters in most pore-scale models, or contact
angle hysteresis is incorporated by specifying
advancing and retreating contact angles (Giordano
and Slattery, 1983a; Dullien, 1992). Equation 2 (or
appropriate modifications) is used to determine inter-
face stability and thus whether an immiscible fluid
phase (gas or NAPL) penetrates a given pore during
primary drainage. A fluid-fluid interface may be
"trapped" in a given pore throat until conditions
change to make it unstable.

A fluid-fluid interface is unstable once it passes the
neck of a pore throat (Haines, 1930; Miller and
Miller, 1956; Melrose, 1965; Dullien, 1992). The
interface advances extremely rapidly through the
pore-body into the next pore throats where it reestab-
lishes new stable positions. This rapid interface
"jump" is called a Haines jump, named after the per-
son who first described it (Haines, 1930). Interface
migration through a porous medium occurs through a
sequence of relatively stable locations in pore throats
linked by a series of Haines jumps. The applied cap-
illary pressure controls stable interface locations in a
model porous medium (and within any given pore if
the pore-throat geometry is allowed to change with
axial distance through the pore-throat). This is
because most models treat the interfacial chemistry
as static via equilibrium assumptions for rand 8. The
interface locations within a pore-throat will change,
however, if interfacial chemistry is not at equilibrium
and capillary pressure is not sufficiently high to over-
come the initial capillary forces.

1.2.2. Interfacial chemical kinetics

Equilibrium values of interfacial tension or contact
angle are determined by partitioning or adsorption
equilibria of interfacially active (surface active) com-
ponents at the interfaces whenever any of the phases
contain such components. This is expressed quantita-
tively via the Gibbs equation (Gibbs, 1948; Adamson,
1990). The Gibbs equation for a three-component
system at constant temperature is (Adamson, 1990):

where If is the surface excess of component i, µi is
chemical potential of component i, and the super-
script a designates that the parameter is evaluated at
the surface between the fluid phases. In this paper,
components 1 and 2 are the respective bulk fluids.
Component 3 is assumed to be interfacially active; it
may be either predominantly present in the aqueous
phase (water soluble) or predominantly present in the
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NAPL (oil soluble). Positive surface excess means
that a greater amount of component i is accumulated
in the surface than is present in a volume of bulk
solution containing the same amount of solvent. A
reduction in interfacial tension occurs in such cases.
The first two terms of Eqn. 3 can be eliminated if we
assume that a Gibbs surface equation (Gibbs, 1948;
Adamson, 1990) can be defined, i.e., if we define a
surface such that rF= rt = O.

Equation 3 is an equilibrium equation. The surface
excess of component 3, rl(and therefore the interfa-
cial tension between the liquid phases) changes with
time if surface equilibrium has not been attained.
Isothermal perturbation of a surface equilibrium can
be brought about in five ways: 1) addition of pure
component 1 to the bulk liquid 1phase, 2) addition of
pure component 2 to the bulk liquid 2 phase, 3) addi-
tion of component 3 to either of the liquid phases, 4)
compression of the interfacial area, or 5) dilation of
the interfacial area. The first three ways change the
chemical potentials, µi' the fourth way increases the
surface excess, and the fifth decreases the surface
excess.

Time becomes an important variable for interfacial
tension when an interface is expanding or being com-
pressed more rapidly than interfacially-active compo-
nents in either phase can partition into or out of the
interface. Time-dependence is a function of the spe-
cific system and varies over several orders of magni-
tude of time-scale, as noted in the introduction. Time-
dependence of interfacial tension during a dilation
process is also known as dynamic surface or interfa-
cial tension (Lucassen and Giles 1975) and as surface
dilational viscosity (Giordano and Slattery, 1983a, b,
1987). The latter term arises by analogy that interfa-
cial tension resists interface dilation as viscosity
resists fluid flow. Interfacial chemical kinetics may
become important for any given dynamic process
involving compression or dilation of fluid-fluid inter-
faces. Imbibition, the immiscible displacement of a
non-wetting fluid by a wetting fluid in a porous medi-
um, and drainage, the immiscible displacement of a
wetting fluid by a non-wetting fluid in a porous medi-
um, are two such processes.

(3) 1.2.3. "Haines" jumps and interface dilation

Crawford and Hoover (1966) examined the move-
ment of air-water interfaces through small diameter
glass and Teflon tubes (ID := 1 mm) filled with various
sized water-wetted or non-wetted beads. They simulta-
neously monitored injection pressure (in ern of water)
and injection volume, which was done in discrete vol-
umetric increments, /I,.V = 1.7xlO-4 cm '. Their pres-
sure plots show distinct discontinuities, which
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Crawford and Hoover associated with rapid move-
ments of the air-water interfaces as they advanced
from pore-to-pore, i.e., the pressure discontinuities
correspond to Haines jumps. The discontinuities
occurred in less than 0.5 seconds (the approximate
limit of time resolution in their measurements) in pores
with volumes ranging in size from approximately 0.5
to 14 x 10-5 cm '. These pore dimensions are roughly
the scale of medium to very coarse sand. Thus, 0.5 sec-
onds is a measure of the upper limit for the time
required for an air-water interface to advance through
a single pore-body during a Haines jump in their
media. The "creeping" stages occurred over time-
spans ranging between approximately 20 and 185 sec-
onds. These results indicate that air-water interfaces
spent at least 40 times longer in pore-throats than in
"jumping" to the next pore throat, and that ratio may
exceed 400. Thus, the assumption that interfaces spend
negligible time moving through pore bodies is a rea-
sonable first approximation (Tuck et aI., 1998).

Heller (1968) took 16-mm movies (64 frames per
second) of drainage experiments of 1,1,1-
trichloroethane from two unconsolidated packs of 80-
mesh and l40-mesh fluorite grains. Exposure time
was half of the 15.6-millisecond frame-repetition-
time. He documented Haines jumps covering a few
pores (-1 to 10 by visual estimation) and several cov-
ering several tens of pores occurring over the time
interval between exposures. Therefore these Haines
jumps took place in no more than 23.4 milliseconds.
Haines jumps covering several tens of pores imply
that relatively small regions in the porous medium
have slightly larger pore-throat sizes than the sur-
rounding porous regions.

1.2.4. Interfacial viscosity

Boussinesq (1913), in his analysis of free-bound-
ary flows, identified two coefficients of interfacial
viscosity, interfacial shear viscosity (E) and interfa-
cial dilational viscosity (IC). These interfacial viscosi-
ty coefficients are incorporated into the standard
Newtonian model for fluid interfaces (Scriven, 1960;
Slattery, 1964). Interfacial shear viscosity is the two-
dimensional equivalent of the ordinary fluid shear
viscosity; it is the force required to produce relative
motion between adjacent line elements in a surface
(Adamson, 1990). Surface or interfacial dilational
viscosity is defined by the following equation
(Adamson, 1990):

1 I dA
K /1,."1 A dt

where "1 is the surface or interfacial tension, A is the
interfacial area, and t is time. He notes that the equi-
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librium quantity corresponding to xis the modulus of
surface elasticity, E, given by:

E=_}y_
dInA (5)

He further states that "... IC and E are probably the
most important rheological properties of interfaces
and films" (Adamson, 1990, p. 127). Of the two coef-
ficients of surface viscosity, interfacial dilational vis-
cosity is generally more important for two reasons:
first, IC is generally on the order of 100 times greater
than E; and second, interfaces are more often subject
to dilation strains than shear strains (Adamson, 1990).

1.2.5. Interfacial compression and
dilation in porous media

(4)

Fluid-fluid interfaces continually go through com-
pression and dilation during drainage or imbibition.
Drainage in a porous medium is illustrated in Fig. 1,
which is a qualitative time sequence showing the
advance of a multicomponent fluid containing a sur-
face active component (i = 3) through an idealized
pore. The porous medium is visualized as a vertical
slice through uniform, spherical grains in a cubic
packing (Graton and Fraser, 1935). The appropriate
equilibrium interfacial tension equation is Eqn. 3,
assuming isothermal conditions and a Gibbs' surface.
The surface excess, r/" is illustrated schematically
by a surfactant molecule partitioned across the fluid-
fluid interface; each surfactant molecule shown in the
interface represents a schematic surface excess of one
(1). The initial stage, shown in Fig. la, is taken to be
a "fresh" interface, just established in the top pore-
throat, and the schematic surface excess equals 2. The
hydrostatic fluid pressure difference is assumed to
remain constant.

Component 3 diffuses to and partitions into the
interface as the interface ages. The surface excess
increases and interfacial tension decreases. The stable
position of the interface changes as a result, and the
interface begins to creep down into the pore throat.
The interfacial area is compressed simultaneously
with the creeping interface advance. Both processes,
adsorption of component 3 and interface compres-
sion, act to increase the surface excess, r/" and thus
decrease interfacial tension according to Eqn. 3.
Schematic surface excess in Fig. Ibis designated as
4+, with the superscript "+" indicating the surface
compression portion of the increased surface excess.
These processes continue until the interface reaches
the neck of the pore throat, where, in Fig. lc, the
schematic surface excess is 6++.

A Haines jump results in extremely rapid dilation
of the interface as illustrated in the sequence pro-
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b

e

c

f

• Porous medium grain,
i.e., solid phase

NAPL

D Aqueous phase

Legend

Surfactant molecules in bulk NAPL

Surfactant molecules at NAPL-Aqueous
interface

Fig. 1. Schematic illustration of the mechanism by which dynamic interfacial tension effects are man-
ifested during primary drainage in a porous medium. The schematic values of the surface excess, T;", are
displayed. See text for discussion.

ceeding from Figs. l c-f Following the method above,
the schematic surface excess in Fig. ld is 6-, and by
Fig. Ie it is 6---, with the superscript "-" indicating
decreased surface excess due to surface dilation. The
surface excess continues to decrease, purely by dila-
tion, and, by the time the "jumping" interface

encounters the three new pore throats and establishes
three new semi-stable interfaces, it has decreased, in
this idealized medium, back to 2, where the sequence
started. This schematic sequence illustrates how
interfacial chemical kinetics becomes important dur-
ing multiphase flow in porous media. The sequence



404

assumes that the time required for a Haines jump is
significantly less than the time required to attain
interfacial equilibrium.

1.2.6. Early modeling work

Giordano and Slattery (1983a, b) extended the
qualitative theory proposed by Slattery (1974, 1979)
in their model of immiscible displacement of a NAPL
blob in a capillary of constant radius incorporating
the influence of interfacial viscosity. One of their
major explicit assumptions was that the dimension-
less interfacial viscosity, N K:+E' is much greater than
unity. NK:+£ is the ratio of the sum of the interfacial
shear E and dilational viscosity 1C to the bulk fluid
shear viscosity-capillary radius product (µ2R); here
the subscript 2 indicates the bulk viscosity of the dis-
continuous fluid phase:

Giordano and Slattery (1983a, b) concluded that
interfacial viscosity could have a significant effect on
tertiary oil recovery, and that the interfacial dilation-
al viscosity was of greater importance than interfacial
shear viscosity. They also showed that rate of dis-
placement is a function of interfacial viscosity.

In a later paper, Giordano and Slattery (1987)
modeled immiscible displacement of a NAPL blob in
a capillary whose radius varies in sinusoidal fashion
with axial position. Again, they found that interfacial
viscosity played a major role in determining the aver-
age rate of displacement. Quasi-stable interfaces are
established as an interface begins into the narrow por-
tion of the sinusoidal capillary. They creep slowly
toward the neck of the pore throat. Beyond this point
the interfaces become unstable, and "jump" to the
next pore throat where they begin the slow "creep-
ing" stage anew. Their 1983 and 1987 models, how-
ever, did not consider the effects involved with the
multiply-connected pores of a 2-D or 3-D porous
medium network.

The rate at which a non-wetting, immiscible phase
penetrates a porous medium is strongly controlled by
the amount of time the interfaces spend "creeping"
down into the pore throats until they reach their
unstable limit at the pore necks (Miller and Miller,
1956; Melrose, 1965; Giordano and Slattery, 1983b,
1987). In the traditional view, this is purely a function
of the applied fluid pressure difference, i.e., capillary
pressure. Applied capillary pressure is not the only
control, however, for complex fluids. The time-
dependence of interfacial chemistry can playa major
role in such systems. As noted above, Giordano and
Slattery (1983a) showed that displacement rate of
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NAPL blobs trapped in cylindrical and sinusoidal
capillaries is a function of dimensionless interfacial
viscosity. Also, Tuck et al. (1998) showed that differ-
ent effective interfacial tension values are likely to
apply when the physical capillary pressure exceeds
the entry pressure for the medium. A small pore-scale
model is developed in the next section to examine the
effects of time-dependent interfacial tension (i.e.,
dynamic interfacial tension or interfacial dilational
viscosity) on primary drainage in porous media.

2. PORE-SCALE MODEL

2.1. Model Domain

(6)

A small, two-dimensional pore-scale model was
formulated consisting of a 7x7 array of spherical
pore bodies connected by cylindrical pore throats
arranged in a square lattice (see Fig. 2). The pore
throats were assumed to be of infinitesimal length,
and hence did not contribute to the pore volume. Two
populations of pore body and pore throat sizes were
designed to mimic fine-to-medium sand, based on
empirical results of Pirkle et al. (1997a). Figure 3 is
a graphical presentation of the data contained in
Tables 1 and 2. Five evenly-spaced pore-body and
pore-throat sizes were assigned to each population.
The populations shared one overlapping category of
pore-body and pore-throat size. The central nine
pores of the medium were assigned the smaller pore-
body and pore-throat size-categories. Pore-body and
pore-throat sizes were assigned randomly by my
assistant (my, at that time, three-year old daughter,
Gaia) by drawing cards from a shuffled deck con-
sisting of aces through fives. The horizontal bound-
aries of the medium are no-flow boundaries. The
upper boundary of the medium is a constant non-
wetting-phase pressure boundary. The lower bound-
ary is a constant wetting-phase pressure boundary.
For the sake of convenience, the term "capillary
pressure" will be used interchangeably for the
"boundary fluid pressure difference". In reality,
"capillary pressure" means the fluid-pressure differ-
ence existing across a specific NAPL-water inter-
face. This will vary throughout the model, with val-
ues below the applied fluid-reservoir pressure differ-
ence. The pore throats at the boundaries fall in the
coarser pore-throat size population. Tables 1 and 2
contain the pore body and pore throat size specifica-
tions, respectively, corresponding to the different
size categories. This pore-scale model can be con-
ceived, in physical terms, as a two-dimensional slice
through a granular medium containing a random het-
erogeneity, either due to packing variation of uni-
form grains (Graton and Fraser, 1935) or variation in
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Legend

Fig. 2. Time-dependent interfacial chemistry effects were assessed in this 7x7 node pore-scale model.
The center nine pores (nodes) and associated pore-throats were assigned to the smaller size range. Pore-
body and pore-throat sizes are given in Table 1.
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Table 1. Pore-body and pore-throat size categories and pore volumes.

Pore Pore Radius Volume Number of Total Volume
Category (cm-', xlO·2) per Pore Pores in for Size Category
Number (cm-', xlO·4) Category (cm-', xlO·3)

5.4 6.5958 13 8.58
2 5.2 5.8898 11 6.48
3 5.0 5.2350 5 2.62
4 4.8 4.6325 6 2.78
5 4.6 4.0772 6 2.45
6 4.4 3.5682 2 0.713
7 4.2 3.1034 3 0.931
8 4.0 2.6808 2 0.536
9 3.8 2.2985 1 0.230

Total Pore Volume 25.3

Table 2. Pore throat size categories and pore entry
pressures for PCE (r= 48.6 mN/m, f) = 26.5°).

Pore Throat Pore Throat Capillary
Category Radius (em) Entry Pressure

(mbar)
1 5.4 x 10-3 16.04
2 5.2 x 10.3 16.62
3 5.0 x 10.3 17.26
4 4.8 x 10.3 18.01
5 4.6 x 10.3 18.79
6 4.4 x 10-3 19.64
7 4.2 x 10-3 20.58
8 4.0 x 10-3 21.61
9 3.8 x 10-3 22.74

grain size (Morrow, 1971). Alternatively, it could be
conceived as a model of a rough walled fracture with
the central region being of smaller average aperture.

The drainage experiment results reported by
Heller (1968) provide support for including small-
scale heterogeneous regions within a pore-scale
model. As mentioned above, Haines jumps covering
several tens of pores imply relatively small regions
within the medium that have slightly larger, effec-
tive pore-throat radii. The qualifying term "effec-
tive" distinguishes the irregular geometry of real
porous media from the idealized representation of
cylindrical and spherical geometry used here and in
most pore-scale models.

2.2. Incorporating Time-Dependent
Interfacial Chemistry

The Young-Laplace equation modified for circu-
lar cross-sectional elements (Eqn. 2) governs the
capillary behavior. Thus, the standard criterion for

movement of an interface past a given pore throat
of radius rij is:

p =p =P: > 2rcos8
c n W 'ij (7)

where the subscripts nand w indicate non-wetting
and wetting fluids, respectively, and i andj designate
a specific pore-throat. This criterion holds for single-
valued interfacial tension and contact angles.
Trapping of wetting fluid by isolation from continu-
ous wetting fluid was allowed in the model. Wetting
fluid becomes trapped in finer pore-body/pore-throat
domains as a NAPL penetrates the coarser domains
surrounding them. Ferrand and Celia (1992) have
shown this to be an important process in heteroge-
neous porous media. This model was designed to
capture this effect on a smaller scale.

When time-dependence is incorporated into the
interfacial parameters, the criterion for interface
movement through a pore can be specified as:

P. =p _ p > 2r(t)cos8(t)
c n W rij (8)

where the interfacial tension, it), and contact angles,
()(t), are each expressed as functions of time.

2.2.1. Interfacial chemical kinetics

Tuck and co-workers (Tuck et al., 1998; Tuck and
Rulison, 1999a, b; Tuck and Rulison, unpublished
data) have characterized the time-dependence of
interfacial tension and contact angle in the Sudan IV-
dyed-tetrachloroethylene (PCE)-water-glass system.
This system is of interest because several investiga-
tors have used this dye in visualization experiments
involving PCE or other DNAPLs (Kueper and Frind,
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r- "Coarser"
r- Grains Medium Sand
r- •
r- I Ir- Fine Sand
f-

f- "Finer"
r- Grains Very Fine Sand
r-

Grain Size Scales
microns phi
500 1.00

250 2.00

125 3.00

62.5 4.00

407

Fig. 3. Comparison of pore-scale model dimensions with approximate dimensions for "equivalent"
granular porous media. The two pore-body and pore-throat size populations overlap slightly near the
boundary between fine and medium sand.

1991; Poulsen and Kueper, 1992; Brewster et al.,
1995; Fortin et al., 1997). Sudan IV belongs to the
azo class of dyes (Catino and Farris, 1978). Virtually
all visualization studies involving dyed DNAPLs
have used this dye or minor variations of it (Tuck,
1999). Tuck and co-workers (Tuck et al. 1998; Tuck
and Rulison, 1999a, b) found that both ret}
(expressed in dynes/em or, equivalently, mNlm) and
(}(t) (expressed in degrees) for a system consisting of
0.5 gIL of Sudan IV in PCE, deionized water, and
glass can be described accurately over time spans of
hours to days by the following log-linear equations
(see Figs. 4 and 5):

J{t} = 48.6 - 3.64log(t} r2 = 0.991

(}(t) = 21.4 + 5.96log(t} r2 = 0.933

where t is the age of the interface in seconds. The
model applied here simplified Eqn. 8 by assuming an
"equilibrium" value for the contact angle (26.5°),
i.e., no contact angle time-dependence was assumed.
The focus of the modeling work was solely on the
effects of time-dependent interfacial tension. The
interfacial tension time-dependence was modeled
using Eqn. 9, and the critical ages were calculated to
satisfy the inequality of Eqn. 8 for each pore-throat
size category as a function of applied capillary pres-
sure (see Fig. 6). The log-linear equation results in
higher interfacial tension values than for pure PCE
for interface ages less than one second. This is
unlikely to be physically realized. Hence, any criti-
cal age less than one second was taken to indicate the
interface was instantly unstable. In such cases, the
interface continues into the next pore (or pores) until
it encounters a pore-throat of sufficiently small
radius to stop it.

2.2.2. Numerical experiments

(9)

Three sets of numerical experiments were per-
formed. The first set included two experiments using
Eqn. 7, i.e., assuming capillary equilibrium, as the
criterion for interface movement, one using 48.6
mNlm for the interfacial tension and the other using
25.3 mNlm (from Eqn. 9 using an interface age of 30
days). These experiments were run assuming the
conventional capillary pressure-saturation experi-
mental procedure of incrementing capillary pressure
and assuming equilibrium capillary pressure-satura-
tion conditions are achieved following each pressure
increment. Capillary pressure was incremented in
0.2 mbar steps for this first set of experiments.

The second set of numerical experiments was run
assuming constant fluid reservoir pressure difference
P; throughout an experiment. The constant value of
Pc was changed for each experiment in increments of
2 mbar from 2 to 20 mbars for this series of experi-
ments. Near the entry pressure for pure PCE in this
medium (approximately 16 mbar), Pc was changed
in increments of 1 mbar. The NAPL (PCE) saturation
history was then computed for each value of PC"
Viscous flow control of pore-filling times was
approximated by assuming that 0.01 seconds was
required for all pore-throat and pore-body sizes.
Heller's (1968) experimental documentation of
Haines jumps during drainage suggests this time
estimate is at least the right order of magnitude.
Actual times should vary as a function of the pore-
throat radius and length (Blunt and King, 1991).
Since infinitesimal length was assumed for each
pore-throat, however, a constant value for the fill
time is a reasonable first approximation. This only
becomes important for pressures above 16 mbar.

(10)
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The third set of numerical experiments was run as
a standard capillary pressure-saturation experiment,
but assuming time-dependence of interfacial tension
was operating and pressure-step equilibration time
(the length of time following each pressure incre-
ment) was varied. The pressure was incremented in
2-mbar steps for 2 to 20 mbars, and time-dependent
penetration of the medium was recorded for the
pressure-step-equilibration time for that experiment.
In these last experiments, an interface instantly
becomes unstable (i.e., jumps to the next pore) if the
age of an interface in a pore-throat was greater than
or equal to the critical age for a stable interface at
the incremented value of Pc'

3. MODEL RESULTS

3.1. Equilibrium Interfacial Tension

Results from the first set of experiments are shown
in Fig. 7. Different values for "equilibrium" interfacial
tension were assumed in these experiments. Note that
the entry pressure for this medium for undyed PCE is
between 16.0 and 16.2 mbars. The maximum NAPL
saturation attained in both experiments was 0.8542.

3.2. Time-Dependent Interfacial Tension

Model results for the second set of experiments are
presented in Fig. 8. Dynamic interfacial chemistry
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Fig. 7. Pore-scale model results using single-valued ("equilibrium") interfacial tension. The interfacial
tension between pure PCE and water is 48.6 mN/m; note the entry pressure at approximately 16 mbars.

was incorporated in these experiments. Maximum
saturation varied under the different applied capillary
pressures in a non-monotonic fashion (see Fig. 9).
Maximum saturation ranged from 0.8542 to 0.9894.
A minimum value for the maximum saturation was
obtained under the 17-mbar and 18-mbar capillary
pressure conditions, i.e., those constant capillary
pressure conditions just above the entry pressure for
pure PCE. The slopes of the curves illustrate that time
was an important variable in reaching the final satu-
ration. The locations of the curves along the time
scale indicate that drainage occurs more quickly
under the higher applied capillary pressure condi-
tions. Three different NAPL migration rates were cal-
culated for each experiment from the saturation his-
tories in the bottom row of pores. The rates were
based on the average distance from the non-wetting
phase reservoir to the bottom row of pores and on
three different "arrival" times: first arrival of NAPL,

the interpolated time when NAPL saturation reached
0.5, and the time when NAPL saturation reached 1.0.
These rates are shown as a function of the constant
capillary pressure in Fig. 10.

3.3. Discrete Pressure-Step Increments

Model results for the third set of experiments are
presented in Fig. 11, where they are presented in
comparison to the results in which single, "equilib-
rium" values of interfacial tension were assumed.
Capillary pressure at which NAPL first enters the
medium decreased and the maximum saturation
attained in an experiment increased as the equilibra-
tion time was increased between pressure incre-
ments. Maximum saturation is shown as a function
of the pressure-step equilibration time in Fig. 12.
Maximum saturation in these experiments ranged
between 0.8703 and 0.9504.
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4. DISCUSSION

4.1. Equilibrium Interfacial Tension

Results from the first set of experiments are consis-
tent with typical results from uniform grain-size
porous media. The rapid increase in PCE saturation
reflects the near homogeneity of this medium. The
rapid build-up of PCE saturation occurs between cap-
illary pressures of 16 and 18 mbars for pure PCE (rnw
= 48.6 mN/m) and between 8 and 9 mbars for the
lower assumed interfacial tension value (25.3 mN/m).
All of the PCE saturation occurs in the coarser pores
surrounding the finer pore domain. These results are
consistent with those reported by Ferrand and Celia
(1992). Irreducible wetting phase saturation is deter-
mined by the finer pore-throat heterogeneity embed-
ded within the model. Results for the lower "equilibri-
um" interfacial tension are consistent with the standard
assumption of Leverett f-function scaling of capillary
pressure saturation curves based on changing the inter-
facial tension between the fluids (Leverett, 1941; Bear,
1972). The capillary pressure-saturation curve is mere-
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ly shifted to lower capillary pressures in response to
the lower interfacial tension. These results confirm that
the model is a reasonable approximation of a real
porous medium, and that it demonstrates behavior
comparable to pore-scale simulations in which a much
greater number of pores were used and the standard
assumptions of equilibrium interfacial chemistry were
employed (Ferrand and Celia, 1992).

4.2. Time-Dependent Interfacial Tension

There are several things to note in Fig. 8. First,
there are discrete discontinuities in the SpCE-time

curves. This is especially apparent in the Pc-SpCE

curve for 18 mbars. These discontinuities occur when
multiple pore throats become unstable simultaneous-
ly. To some extent the apparent discontinuities are an
artifact of the model since discrete categories of pore
throat sizes were used rather than a smooth distribu-
tion, and also, because of the small total number of
pores. This result is physically reasonable, however,
as Haines jumps can occur simultaneously through
many different pores in real porous media (Payatakes,
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1982). It also happens when an interface jumps
through multiple pore bodies because the pore throat
radius at the end of the first pore body being
"jumped" (or subsequent pores "jumped") is not suf-
ficiently small to establish a stable interface and
therefore stop its advance (Payatakes, 1982). Heller's
(1968) movie-frames of 1, I, l-trichloroethane
drainage that show Haines jumps covering several to
several tens of pores provide visual experimental
documentation that this occurs.

The second thing to note is that the non-wetting
phase saturation, Sn' becomes a function of both cap-
illary pressure and time, with the time-dependence
arising through the interfacial chemical kinetics:

The time-dependence enters from the time-dependent
surface chemistry at capillary pressures below the

Fig. 9. Maximum NAPL saturation as a function of applied capillary pressure with interfacial chemi-
cal kinetics incorporated in the pore-scale model. Maximum saturation occurs at a pressure significantly
lower that the entry pressure for the pure bulk NAPL with no interfacially-active component.

(11)

entry pressure for pure PCE and from a combination of
viscous flow and the time-dependent surface chemistry
at capillary pressures above the pure PCE entry pres-
sure. The time scale varies as a function of the capil-
lary pressure boundary conditions. However, non-wet-
ting phase penetration of the medium does not neces-
sarily stop at a threshold capillary pressure, as applied
by Leverett (1941). Leverett's work presupposes equi-
librium interfacial chemistry, and hence a threshold
capillary entry pressure for the medium/fluid combina-
tion. The threshold entry pressure becomes somewhat
nebulous under the conditions of time-dependent sur-
face chemistry. Penetration of the medium still occurs
in the combination modeled here, even at capillary
pressures significantly below the "threshold" pressure
for undyed PCE. NAPL penetrates the medium at dif-
ferent rates. The penetration or migration rate is a
function of the boundary fluid pressure difference.
However, penetration or migration of NAPL does not
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Fig. 10. NAPL migration rate as a function of applied capillary pressure with interfacial chemical
kinetics incorporated in the pore-scale model.

stop at fluid pressure differences below the "threshold"
capillary pressure, assuming equilibrium interfacial
tension. These rates are more a function of the non-lin-
ear chemical kinetics than of the capillary pressure.
The approximate log-linear curve reflects the log-lin-
ear nature of the interfacial chemistry time dependence
given by Eqn. 9.

The third and very important, although father obvi-
ous, observation is that penetration of a porous medi-
um occurs at capillary pressure boundary conditions
lower than those predicted by the standard equilibri-
um capillary pressure-saturation model, if static val-
ues are assumed for interfacial tension and contact
angle which are higher than the true equilibrium val-
ues. This is important to bear in mind when interpret-
ing multiphase flow visualization experiments in
which NAPLs dyed with azo dyes are used. These
dyes have generally been assumed to have no effect
on the interfacial chemistry. The work of Tuck and
coworkers (Tuck et al., 1998; Tuck and Rulison,
1999b), as illustrated in Figs. 4 and 5, demonstrates
that this assumption is inappropriate.

The fourth, and perhaps most intriguing observa-
tion, is that maximum non wetting phase saturation,
Sn max' may not increase monotonically with capil-
lary pressure, as the standard, equilibrium capillary
pressure-saturation model predicts. This is illustrat-
ed in Fig. 9. In fact, lower maximum NAPL satura-
tion occurred at fluid reservoir pressure differences
near the entry pressure for the equilibrium capillary
pressure-saturation model for the pure solvent, in
this specific case approximately 16 mbars. This
minimum appears to arise from competition
between whether the capillary pressure boundary
values or the time-dependent surface chemistry will
determine whether a given pore is penetrated or not.
Near the entry pressure for the medium, the capil-
lary pressure and time-dependent surface chemistry
play nearly equal roles in determining when and
which pores become filled with NAPL. The capil-
lary pressure is the dominant control at higher cap-
illary pressure boundary values. Alternatively, the
time-dependent chemistry dominates control of
when and whether a given pore will become filled at
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Fig. 11. Pore-scale model results for incremented pressure-step experiments under conditions of time-
dependent interfacial tension as a function of pressure-step equilibration time.

capillary pressures below the entry pressure for a
pure, single-component NAPL (in this case, PCE)
with no surface-active components.

An analysis of variance was performed to test
whether or not the minimum saturations were signif-
icant. The actual entry pressure for undyed PCE was
16.04 mbar. Four experiments were run in which the
difference between this entry pressure and the mod-
eled pressure was less than 2 mbars. Those experi-
ments also yielded the lowest values for Sn,max' These
were thus assigned to one group, having four sam-
ples. The remaining experiments, with the exception
of the P; = 2 mbar, were assigned to a second group,
resulting in a subtotal of 7 experiments. A model II
analysis of variance was performed to test the null
hypothesis that the mean saturation values for both
groups are equal (Sokal and Rohlf, 1969). The exper-
iment F-statistic was 40.16. The critical value of the

F-distribution for p=O.OOI with the Among Groups
degrees of freedom equal to one (df = 1) and the
Within Groups degrees of freedom equal to nine (df =
9) is 22.9 (FO.OOI[I,9] = 22.9, Rohlf and Sokal, 1969).
Thus, the two groups have statistically different
means (p < 0.001), i.e., the minimum in the plot of
Smax vs. Pc is statistically significant. The maximum
NAPL saturations for boundary fluid pressure differ-
ences within ±2 mbar of the pure-solvent equilibrium
entry pressure are statistically significantly lower
than maximum NAPL saturations for boundary fluid
pressure differences outside this range.

4.3. Discrete Pressure-Step Increments

The results of the third set of experiments (Fig. 11),
those in which the fluid reservoir pressure difference
was incrementally ramped up, provide a qualitative
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Fig. 12. Maximum saturation as a function of the pressure-step equilibration time.

view of the effects that time-dependent surface chem-
istry would be expected to have on current experimen-
tal techniques for measuring the capillary pressure-sat-
uration relationship. The results suggest, depending on
the time used for equilibration between pressure incre-
ments, that we could expect measured results to
approximate those based on simply assuming the equi-
librium interfacial tension for the dyed PCE-water sys-
tem, with the caveat that we would expect to see high-
er final PCE saturation. But this is very deceptive. In
fact, what we would more likely see is that our current
experimental approach using a real porous medium
sample would yield a curve somewhere between that
of undyed PCE and the equilibrium-interfacial tension
curve. The difference between what the current model
results suggest and what we would actually measure
arises from the extremely small sample of porous
medium represented by this model.

We can begin to understand why this is so by
thinking about what would happen if the model
domain were expanded by simply linking multiple
copies of the current 7x7 pore-scale model. We would
obtain nearly the same results if we expand the model
domain only in the direction transverse to flow. If, on
the other hand, we were to expand the model domain
in the direction parallel to flow, the results would be
much different. The reason for this is that rates of
PCE migration are slow at pressures below the entry
pressure for undyed PCE (see Fig. 10). A low migra-
tion rate results in a relatively higher saturation in the
short model because it can still cover an appreciable
fraction of the model domain. Low migration rates
under the low fluid pressure differences would pene-
trate a progressively lower fraction of the model as
the length of the domain increased in the direction
parallel to flow. A "standard" capillary pressure-satu-
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Fig. 13. Estimated capillary pressure-saturation curve for a 7.5 em long, 2-D medium composed of
linked copies of the 7x7 pore-scale model presented here. Saturation was approximated based on the frac-
tion of the medium covered in a pressure-increment/time-step using the migration rates presented in Fig.
10. Bounding "equilibrium" interfacial tension curves for the 7x7 model are shown for comparison.

ration curve, as we would measure it in a Tempe cell,
can be estimated using the following approximation:

(
D . )S P - mig S

est( c) - Dcell max (12)

where SeslPc) is the estimated saturation at a fluid
reservoir pressure difference of Pc' Dmig is the esti-
mated distance PCE would migrate during the pres-
sure-step equilibration time, D cell is the length of the
Tempe cell, and Smax is the estimated maximum sat-
uration. D mig can be estimated using the following
relation:

where Rmig(p) is the migration rate as a function of
the boundary fluid pressure difference estimated from

(13)

the exponential curve fit in Fig. 10 and L1t is the pres-
sure-step equilibration time in days. This approach
yields an approximate capillary pressure-saturation
relationship for the 2-D model domain based on the
fractional length of porous medium covered during a
pressure-increment/time-step, as determined by the
migration rates of Fig. 10.

Common practice in geotechnical companies is to
measure the capillary pressure-saturation relation-
ship using seven pressure levels over a two-week
period, i.e., an average equilibration time of 2 days.
Fig. 13 contains the estimated capillary pressure-sat-
uration relationship for this Tempe-cell model
domain based on the fraction of the porous medium
covered during a pressure-increment/time-step as
determined by the migration rates of Fig. 10. I
assumed a Tempe cell length of 7.5 em (3 inches),
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0.9 for Smax' and the following sequence of pres-
sures: 1 mbar, 5 mbar, 8 mbar, 11 mbar, 14 mbar, 17
mbar, and 20 mbar. The estimated curve falls
between the bounding curves generated assuming
single-values for the interfacial tension. Even this
estimated curve is probably biased toward the curve
for the lower interfacial tension. The reason is that
the oil-wetted pressure plate used to separate the oil
reservoir from the porous medium would likely
adsorb a significant amount of any surface active
component before it got into the medium. Hence, the
current experimental technique is likely to bias
results toward higher interfacial tension than what
may actually occur in a "real" setting.

4.4. Model Limitations
4.4.1. Model size

Clearly, a major criticism of this model can be
leveled at the paucity of its size. I believe the results
to be valid, however, for several reasons. First, it
demonstrates the qualitative behavior observed in
standard capillary pressure-saturation measure-
ments made in real porous media consisting of nar-
row grain size, hence pore size, distributions (see
Fig. 7). Rapid water drainage occurred over a nar-
row range of capillary pressure once the critical cap-
illary pressure was exceeded. The model also illus-
trates the concepts of by-passing and stranding of
water in the finer pores. Hence residual water satu-
ration was observed. This result is comparable to
those of Ferrand and Celia (1992) who used a much
larger number of pores in their simulations. In addi-
tion, the results with respect to NAPL-front penetra-
tion rate are qualitatively similar to the model
results of Giordano and Slattery (1983a; 1987) for
one-dimensional displacement rates of discontinu-
ous NAPL in capillary tubes in which they explicit-
ly incorporated interfacial viscosity (i.e., time-
dependent surface chemistry).

4.4.2. Interfacial chemistry time-dependence

Another criticism of the model can be leveled
against the representation of the interfacial tension
time-dependence. The logarithmic equation implies
that interfacial tension can decrease infinitely, includ-
ing reaching negative values at sufficiently large time.
This is clearly a physical impossibility. The interfa-
cial tension eventually reaches a stable equilibrium or
meso-equilibrium value, rather than continuing to
decline. A better representation of this time-depend-
ence would be that due to Hua and Rosen (1988).
They represented the time dependence of dynamic
surface tension using the following equation:

417

(14)

where "1t is surface or interfacial tension at time t, Yo
is the surface or interfacial tension of the pure sol-
vent, "1m is the meso-equilibrium surface or interfa-
cial tension, and t* and n are constants. This equation
captures the approach of surface or interfacial tension
to an equilibrium or meso-equilibrium value and the
observations that time-dependent interfacial tension
rarely exceeds that of the pure, bulk solvent. This
form could easily be incorporated into the model if
sufficient data were available. Currently there are
insufficient time data for the system modeled here to
have reached meso-equilibrium.

Tuck and Rulison (unpublished data) monitored
the interfacial tension in the system modeled here out
beyond eight hours (>28,800 sec). Interfacial tension
continued to decline log-linearly for this whole time
following Eqn. 9 and showed no trend that the log-
linear phase of the decline was nearing. Similarly,
they followed the contact angle for more than 30 days
(2.592 x 106 sec). Again, the contact angle continued
to follow the log-linear trend of Eqn. 10 with no sign
of deviation. Comparison of these experimental times
with the critical ages illustrated in Fig. 6 reveals that
the contact angle data fall within the majority of the
modeled time-scales, but the modeled interfacial ten-
sion implies an extrapolation of the experimentally
measured data. Only pore-throats down to category 6
(see Table 2), however, were ever invaded in the
model, with the exception of the experiment with
constant capillary pressure of 2 mbar (2 mbar
results). Thus, the actual maximum time any NAPL-
water interface spent in a specific pore-throat (i.e., the
maximum interface age used in the modeling) was
204,700 seconds, again with the exception of the 2
mbar results. Extrapolation of the interfacial tension
data presents no problem if we assume that the con-
tact angle behavior is indicative of what the interfa-
cial tension behavior would be, i.e., that the log-lin-
ear rate of decrease would continue beyond 30 days.
The log-linear equations for the interfacial tension
and contact angle still give physically reasonable val-
ues well beyond the time frames discussed here.
Thus, there is no conflict at all if the interfacial chem-
ical kinetics are viewed as purely arbitrary, and not
meant to model a specific system. This might be very
reasonable in the geologic time regime characteristic
of primary oil migration. In that case, surface-active
components will migrate at different rates than the
bulk oil due to adsorption loss on mineral surfaces.
This could significantly retard the surface chemical
kinetics at the leading edge of the migrating oil.
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4.4.3. Interface age

Another limitation of this model is that the effective
age of an interface gets reset essentially to zero after
each Haines jump in order to directly apply the inter-
facial chemical kinetics of Eqn. 9. The interfaces
measured via the drop volume technique start from a
"fresh" condition since they arise from the break
occurring when a drop falls from the measurement
instrument (see Tuck and Rulison, 1999b, for details).
Interfaces in a porous medium do not form in this fash-
ion during drainage. Instead, they go through cycles of
dilation and contraction, as illustrated in Fig. 1.

An "effective" age of the "fresh" interfaces can be
defined in terms of the initial interfacial surface
excess, r/" when a quasi-stable interface is first
formed following a Haines jump. A rigorous model
of the concepts involved in this paper would entail
modeling the surface expansion and subsequent
change in interfacial excess, r/" as an interface
makes a Haines jump and establishes its new "stable"
positions in the subsequent pore throats. A relatively
simple approximation of this effect can be made by
proportionately reducing the interfacial excess in
effect when an interface reaches the narrow-point of
the pore throat, as illustrated in Fig. lc. The factor for
the reduction will be approximated by the ratio of the
interfacial area in the pore-throat just before a Haines
jump occurs to the sum of the new interfacial areas
established in the subsequent pore-throat after com-
pletion of the Haines jump. The justification for this
approximation lies in the direct relationship between
interfacial tension reduction and the surface excess as
expressed in Eqn. 3. This approach leads to the fol-
lowing equation to estimate the initial interfacial ten-
sions of the "fresh" interfaces in this model:

[
I rC1 J"3 3 µ3

rt=o=ro 1- r; (15)

where r0 is the interfacial tension of the pure NAPL
or solvent, and rt=o is the adjusted interfacial tension
for the "fresh" interfaces in the porous medium fol-
lowing a Haines jump. This approach assumes: 1)
that the new interfaces are established simultaneous-
ly, 2) that the areas of the new interfaces are all iden-
tical or at least negligibly different, and 3) that the
surface excess just before the Haines jump is distrib-
uted equally over the new interfaces.

4.5. Experimental Support

Tuck and co-workers (Pirkle et al. 1997a,b; Tuck et
al., 2000) conducted experiments to test the role of
time-dependent surface chemical effects on Sudan
IV-dyed PCE displacement of water using glass bead
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porous media. In their early work (Pirkle et al.,
1997a), they measured the entry pressures of PCE
with various Sudan IV dye concentrations in uniform
glass bead porous media. Each experiment from that
work lasted less than eight hours. They measured an
entry pressure of 15.45 em of PCE with a standard
deviation of 0.66 em (n=4) for the dye concentration
used in the model results reported here. This trans-
lates to an expected capillary entry pressure of 24,500
baryes (g/cm-sec-), The 95% confidence interval for
the entry pressure of PCE with this dye concentration
in this medium was thus 13.35 to 17.55 cm of PCE
(21,200 to 27,900 baryes). In a later experiment
(Pirkle et al., 1997b; Tuck et al., 2000), they set a
dyed PCE column above a water-saturated glass bead
medium of the same grain size to a height of approx-
imately 9 em, and then monitored the experiment for
nearly 70 days. Thus, the surface chemical time-
dependence became the primary variable governing
penetration of the glass bead medium in the latter
experiment since the target fluid pressure difference
was less than 60% of the expected entry pressure and
less than 70% of the lower 95% confidence limit for
entry pressure. They saw visual penetration of the
medium to a depth of approximately 2 mm. They also
noted that the glass beads in this top 2 mm section of
the column had become stained red by the Sudan IV
dye. Limitations of their experimental apparatus,
however, allowed a spike in capillary pressure that
exceeded the lower 95% confidence limit, but did not
exceed the mean entry pressure measured previously.
Thus, their results, at this time, offer only qualitative
evidence supporting the theory and model presented
here. Further experimental work is needed.

4.6. Model Implications

The major conceptual advance of this work is to
incorporate time explicitly into the capillary pres-
sure-saturation relationship via incorporation of time-
dependent surface chemistry. The result is that the
rate of advance of a NAPL front during primary
drainage can be estimated from this type of model.
Following the multi-scale model concept of Celia et
al. (1993), embedding such a pore-scale model into a
continuum model might thus allow more accurate
estimation of NAPL migration rates and be used to
help determine time step length for the continuum-
scale model component.

An additional connection to continuum-scale behav-
ior arises from the interaction between the interfacial
chemical kinetics and the porous medium heterogene-
ity. The model results imply that this interaction may
determine the portion of finer pore-size heterogeneities
that are by-passed during primary drainage. This inter-
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play will be a function of the applied capillary pressure
and the magnitude of the heterogeneity, as well as the
interfacial chemical kinetics.

The use of equilibrium interfacial tensions will lead
to overestimating the rate of NAPL migration in mod-
els involving complex fluids containing interfacially
active components. This will be especially true for sit-
uations where the capillary pressure is relatively low.

The interfacial chemistry changes occur due to
adsorption and partitioning of interfacially active
components to the fluid-solid and fluid-fluid inter-
faces as discussed above. Equation 3 indicates that
the magnitude of the equilibrium change in interfa-
cial tension is directly proportional to the chemical
activity of the surface-active component. Thus, the
magnitude and rate of interfacial tension decline and
contact angle increase will change with long-term
migration as the interfacially active component(s) is
(are) lost by adsorption onto the porous medium
solids. This should have the effect of decreasing the
rate of NAPL migration as it moves away from the
source area. This effect may have particular relevance
to primary migration of oil out of a source rock
toward a trap since these distances are on the scale of
geologic basins, as opposed to tens to hundreds of
meters at a contaminated site.

Current experimental techniques for measuring the
capillary pressure-saturation relationship are likely to
cause significant inaccuracy for complex NAPLs
containing surface active components. This arises
from the interplay of the time-dependent chemical
kinetics, the applied fluid reservoir pressure differ-
ence, the resulting rate of NAPL migration, and the
length of the pressure-step equilibration time.

5. CONCLUSIONS

Surface chemical kinetics is a well-established
phenomenon in multicomponent fluid systems. Time-
scales for interfacial tension change range from mil-
liseconds to hours, and even days and longer, while
those for contact angles can range up to months and
perhaps longer, depending on the system. A priori
assumption of equilibrium values for interfacial ten-
sion and/or contact angle may not be appropriate
since most systems of practical interest, whether
experimental or field situations, involve such multi-
component systems.

Whether or not dynamic surface chemistry must be
considered depends on three issues. The first is
whether or not a surface-active component is present
in the system of interest. The equilibrium assumption
is perfectly valid for simple, two-component systems
involving pure bulk fluids. In field situations and in
laboratory systems in which dyes are used to aid
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visualization, the equilibrium assumption needs to be
examined. The second issue concerns the relative
time scales of the process under consideration and the
specific dynamic surface chemical kinetics of the sys-
tem involved. Any process involving interfacial dila-
tion or compression that occurs on a time-scale sig-
nificantly shorter than the time-scale of the surface
chemical kinetics should be evaluated for the need to
incorporate the kinetics. Primary drainage in a porous
medium of a multicomponent, non-wetting liquid
(for example, a complex NAPL in water-wetted
media) containing a surface-active component is a
process for which the interfacial chemical kinetics
should be evaluated. The third issue is whether the
magnitude of the interfacial property changed is great
enough to significantly alter the process, i.e., are the
concentration and surface chemical behavior of a sur-
face active species sufficient to produce significantly
different capillary behavior.

The results of incorporating interfacial kinetics in
a pore-scale model illustrate its importance. Contrary
to the standard, equilibrium capillary pressure-satura-
tion measurement procedures, the attainment of
"equilibrium" may take far longer than ordinary lab-
oratory time-scales. The non-wetting phase satura-
tion becomes a function of both the capillary pressure
(the traditional view) and the surface chemical kinet-
ics under these conditions. The rate of migration of a
NAPL front becomes a function of the interfacial
chemical kinetics. Maximum NAPL saturation can
no longer be seen as a monotonically increasing func-
tion of the capillary pressure boundary conditions
alone. Rather, in pore-scale heterogeneous media at
least, competition between whether the capillary
pressure boundary conditions or the interfacial chem-
ical kinetics are more important for determining
when and if an interface advances result in a mini-
mum in a plot of maximum NAPL saturation versus
capillary pressure. The minimum occurs near the
entry pressure for the pure bulk fluid without surface
active components.

Current experimental techniques for measuring the
capillary pressure-saturation relationship can mask
the effects of time-dependent surface chemistry
through both large pressure increments and short
equilibration times. In addition, it is likely that oil-
wetted pressure-plates could remove significant
amounts of surface-active components in a NAPL
prior to its encountering the test medium.

The effects of modeling multiphase flow by assum-
ing equilibrium values for interfacial properties will
be to over-estimate the rate at which a NAPL front
advances, particularly at capillary pressures which
just exceed the entry pressure for the medium.
Another effect will be to underestimate the time
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required for NAPL to penetrate finer-grained units. In
addition, it is likely that NAPL saturation may be off
by a significant amount. More detailed work is need-
ed to verify the results presented here. Both experi-
mental and more elaborate modeling are warranted to
test the predictions.
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