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We study the effects of rock wettability on the flow of oil, water, and gas in hydrocarbon reservoirs. We
describe the three-phase fluid configurations and displacement processes in a pore of polygonal cross section.
Initially water-filled, water-wet pores are invaded by oil, representing primary oil migration. Where oil directly
contacts the solid surface, the surface will change its wettability. We then consider water injection followed
by gas injection for any possible combination of oil/water, gas/water, and gas/oil contact angles. We find the
capillary pressures for the different displacement processes and determine the circumstances under which the
various fluid configurations are stable. Using empirical expressions for the phase conductances, we find three-
phase relative permeabilites for a bundle of pores of different sizes with constant triangular cross sections.
For gas injection, we show that the oil remains connected in wetting layers down to low oil saturation with
a characteristic layer drainage regime, which gives very high ultimate oil recoveries. The only exceptions are
nonspreading oils in water-wet media and large gas/oil contact angles. The relative permeability of the phase
of intermediate wettability depends on two saturations, while the relative permeabilities of the other phases
are functions of their own saturation only. In water-wet media, oil is the intermediate-wet phase. In weakly
oil-wet media, water is intermediate-wet. In strongly oil-wet media, gas is intermediate-wet. This finding
contradicts the assumptions made in many empirical models that gas is always the most nonwetting phase
and that its relative permeability depends only on the gas saturation. This work indicates appropriate functional
dependencies for three-phase relative permeabilities, and represents a necessary first step toward the
development of a predictive pore-scale model that accounts for the effects of wettability in three-phase flow.

Introduction

The simultaneous flow of three phasessoil, water, and gass
occurs in a variety of circumstances during hydrocarbon
extraction from underground reservoirs and contaminant migra-
tion in the unsaturated zone. Conventionally, hydrocarbon
reservoirs are exploited through pressure decline (primary
production) followed by water injection. If the pressure remains
above the bubble point, then only oil and water are flowing.
Typical oil recoveries for such processes are in the range of
20-50%,1 which means that the oil is flowing at a relatively
high saturation. In these cases, the oil relative permeability is
of order 1 in most parts of the reservoir, and the overall recovery
is controlled, to a first approximation, by the well placement
and the geological structure. Improved oil-recovery schemes in
which three-phase flow occurs, such as gas injection, gas cap
expansion, and thermal flooding, attempt to boost the hydro-
carbon recovery into the 50-80% range. In this case, the oil is
flowing at much lower saturation, meaning that the oil relative
permeability can be very low and may vary by orders of
magnitude with small changes in saturation. For these situations,
accurate predictions of the relative permeabilities are critical
for making sound judgments of the project economics. The
movement of non-aqueous-phase pollutants above the water

table in a moist soil is another three-phase flow process that
involves flow at low oil saturations.

Unfortunately, experimental measurements of three-phase
properties are often difficult and time-consuming to obtain,
particularly at low oil saturations.1 Two independent fluid
saturations are needed to define a three-phase system, leading
to a large combination of different possible fluid arrangements.
Moreover, the behavior is often critically dependent on the
saturation path taken by the displacement (see, for instance, Oak
et al.2). The standard practice in the oil industry is to use
empirical models to predict three-phase relative permeability
that are based on extrapolations from simpler two-phase
measurements. As an example, in Prudhoe Bay, where signifi-
cant oil recovery comes from three-phase gravity drainage and
gas injection, experimental data on rock samples from the field
in which all three phases are flowing simultaneously are quite
sparse. However, extensive two-phase measurements have been
made (for oil/water or gas/oil flow) that have been used to
develop a detailed three-phase model.3,4 The predicted three-
phase relative permeabilities are then used in a numerical
simulator to predict recovery in the field for different possible
development strategies. Although this is a convenient approach
for numerical simulation studies, predictions of the oil relative
permeability from different three-phase models in the low
saturation range of interest typically vary by orders of magni-
tude.5,6 As a result, accurate assessment of improved oil recovery
schemes is very difficult.
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Physically based modeling of flow at the pore scale offers
an appealing alternative to empirical models for predicting three-
phase relative permeability. Micromodel experiments and
theoretical analyses have elucidated the microscopic three-phase
displacement mechanisms in uniformly water-wet and oil-wet
media.7-12 These studies have been the basis of pore network
models that predict macroscopic parameters from the pore
structure and the displacement physics.13-17 This work assumed
that the medium was strongly water-wet. In reality, oil reservoirs
are rarely water-wet. One reason for this is that polar compo-
nents of the crude oil adhere to rock surfaces and alter the rock
wettability. This leads to variations in wettability at the pore
scale and makes possible any gas/oil, oil/water, and gas/water
contact angle.18-20

Two-phase (oil/water) pore network models for studying the
effects of wettability have been developed by several authors.
Any oil/water contact angle could be assigned to each pore in
the network.21-24 Kovscek et al.25 developed a physically based
model for wettability alteration at the pore scale. A primary
drainage displacement was first simulated, assuming that the
medium is initially fully water-saturated and water-wet. Where
oil directly contacted the solid surface, the surface became
strongly oil-wet. Regions of the pore where wetting layers or
thick wetting films were present, as well as pores full of water,
remained water-wet. Capillary pressures were computed for a
bundle of star-shaped pores. Blunt extended this model to allow
the regions of the pore space that were contacted by oil to
assume any oil/water contact angle.26,27 He computed relative
permeabilites and capillary pressures for a three-dimensional
network containing pores with a square cross section. Øren et
al.28 used a similar model of the displacement physics and
wettability changes to simulate two-phase flow in a network
with a random topology that was reconstructed from thin-section
analysis. The predicted relative permeability of a mixed-wet
reservoir rock agreed with experimental measurements. Man
and Jing29 studied the effects of wettability on electrical
resistivity for networks of pores with a variety of shapes.
Overall, the effects of wettability on relative permeability and
oil recovery for two-phase flow are now reasonably well
understood.24,26

This paper is one step in the three-phase extension of the
two-phase work described above. The model of Kovscek et al.25

and Blunt26 will be used to find the pore-scale configurations
of oil, water, and gas during waterflooding and gas injection,
for the full range of possible oil/water, gas/oil, and gas/water
contact angles. As in Kovscek et al.,25 the general trends in
behavior with wettability will be studied using a bundle-of-
tubes model.

The purpose of this work is twofold. The description of fluid
configurations, displacement capillary pressures, and conduc-
tances for three-phase mixed-wet pores is a necessary first step
in the development of a predictive three-phase network model
that will combine these displacement mechanisms with a realistic
description of the pore space in a three-dimensional network.
Second, the analysis of relative permeabilities, albeit from an
idealized model, illustrates some general features that will be
present in more sophisticated treatments. As such, they serve
as a guide for the development of improved three-phase relative
permeability predictions and as a means of interpreting experi-
mental results.

First, the different possible pore-scale configurations will be
described, and the capillary pressures for displacement from
one configuration to another will be given. Then, the fluid
saturations and conductances will be found. Finally, these results

will be used in a bundle-of-capillary-tubes model to predict
trends in three-phase relative permeability as the wettability of
the system is modified.

Theoretical Approach

Representing the Pore Space.An exact representation of
the complex geometry of the pore space for a mineralogically
complex reservoir rock, combined with a model of possible
crude oil/solid interactions, is a daunting task. However, it is
possible to make progress by representing the void space of
the rock as a lattice of interconnected pores. As a first step in
network modeling, it is necessary to compute fluid configura-
tions, displacement pressures, and phase conductances for pores
of some simple shape. We will consider pores with a uniform
polygonal cross section. Each corner of the polygon has a half-
angleR. Later, we will consider one specific case: pores whose
cross sections are equilateral triangles whereR ) 30°. To place
this approach in context, Øren and co-workers28,30have gener-
ated equivalent networks from images of the pore space taken
from either microscopic X-ray tomography or numerical re-
construction. Although no pores are exactly polygonal in cross
section, modeling them as having a triangular shape that has
the same ratio of the square of the perimeter length to the cross-
sectional area as the real pore is sufficient to enable accurate
predictions of two-phase properties to be made. In this work,
we will be interested in trends in relative permeability with
wettability and will consider nothing more than a simplistic
bundle-of-tubes model, so that a more accurate consideration
of realistic pore geometries is not necessary. However, it is
possible that extensions of this work, using the expressions for
conductance and displacement pressures in this paper, could
be used as the foundation of a predictive three-phase model if
an irregular lattice of interconnected angular pores were
considered.

The most important generic feature of angular pores, as
opposed to those of circular cross section, is that the corner of
the pores can be filled with wetting fluid, even if the centers
are filled with another phase. As we will show later, flow
through these wetting layers has a significant impact on relative
permeability.

Wettability Changes.Most reservoirs are composed of rocks
that are naturally water-wet. However, most reservoirs are either
weakly water-wet or oil-wet.31 A series of experimental studies
on crude-oil/rock/brine systems and contact angle measurements
for oil and water on a flat surface (see, for instance, refs 20
and 32) have suggested that the wettability of the reservoir rock
changes as a result of the direct contact of crude oil with the
solid surface. High-molecular-weight, polar compounds in the
oil, called asphaltenes, can sorb to the solid, rendering the
surface weakly water-wet or oil-wet. When oil is moving over
the solid surface, the receding oil/water contact angle is close
to zero. If, however, the system is then left to rest for several
hours to days, the advancing oil/water contact angle, when water
displaces oil, is much larger. The exact degree of wettabilty
alteration depends on the mineralogy of the surface and the
chemical composition of the oil. Heavy oils with a high
asphaltene content (such as California crudes) give oil/water
contact angles close to 180°, whereas lighter oils with a lower
asphaltene content, such as North Sea oils, may give contact
angles of less than 90°, meaning that the surface is water-
wet.20,32,33 In laboratory studies, the wettability change is
complete after around 1000 h, which is much faster than the
time scale for oil migration and production from the reservoir.
Regions of the pore space that contain water, or regions where
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the surface is covered by a thick (several nanometers across)
wetting film of water, remain water-wet.

The wettability change for a pore that contains oil is initiated
by the collapse of a thick wetting film of water that covers the
solid surfaces. This collapse occurs when the capillary pressure
is sufficiently high to overcome the disjoining pressure of the
film. We will model this process of wettability alteration in a
single pore for a typical sequence of saturation changes in the
reservoir, following the work of Kovscek et al.25 and Blunt.26

However, rather than consider disjoining pressure, which
requires knowledge of molecular properties, we will simply
assume that all surfaces in contact with oil will undergo a
wettability change. We then allow any value to be assigned to
the resultant advancing oil/water contact angle. If the surface
is still coated by a thick wetting film, the oil/water contact angle
will be close to zero.

Initially, all the pores are full of water, and the system is
strongly water-wet. This condition represents the native state
of the reservoir before primary oil migration. First, primary
drainage, in which oil invades into the pore space, is simulated.
Oil will displace water from a pore when the pressure difference
between oil and water (the oil/water capillary pressurePcow)
reaches a critical value. The displacement capillary pressures
for this process and for water flooding are given in the
Appendix. Primary drainage continues with the water pressure
increasing and the oil invading progressively smaller pores until
some maximum oil/water capillary pressurePcow

max is reached.
The configuration of oil and water in a triangular pore at this
stage is shown in Figure 1. It is assumed that, during primary
drainage, surfaces of the pore that are in direct contact with oil
alter their wettability. Small pores that are water-filled remain
water-wet, as do the corners of the pores that still contain water.
The oil/water contact angle for primary drainage isθ1. It is
assumed thatθ1 + R < π/2 and, thus, that water is always
present in the corners. (Remember, this is the receding contact
angle, where oil is moving over a water-coated surface.)
Experimentally,θ1 is always small.20,32 The distanceb of the
water-wet surface in Figure 1 is given by

whereσow is the oil/water interfacial tension.
During waterflooding and gas injection, we will allow any

value for the oil/water, gas/water, and gas/oil contact angles at
the surfaces of altered wettability. While this is a simple model
of wettability alteration, it captures one of the principal
mechanisms for wettability alteration in reservoir settings,18,20

and for two-phase flow, it has been shown to lead to macro-

scopic consequences that cover the full range of experimentally
observed behavior.24-27 The essential features of the model are
that (1) different wettabilities can be present in a single pore,
as shown by electron microscopy;19 (2) any combination of
contact angles can be considered; and (3) the mechanism of
wettability alteration is the contact of crude oil with the solid
surface.18,20

The different possible arrangements of the three phases in a
single pore are illustrated in Figure 2. Configuration A represents
a water-filled pore that was not invaded during primary drainage
and, so, remains water-wet. We will assume that these pores
are never invaded during gas injection, although such an
invasion could be considered by setting the gas/water (water
receding) contact angleθgw ) 0 in the equations that follow.
Below, we will describe how the other configurations arise
during water and gas injection. However, first, we will consider
the possible values of contact angles for three-phase flow.

Possible Values of the Contact Angles.There is one constraint
on the interfacial tensions and contact angles. Consider the oil/
water/solid contact on a flat surface that is illustrated in Figure
3. A horizontal force balance gives the following relationship:

whereσws is the water/solid interfacial tension,σos is the oil/
surface interfacial tension, andθow is the oil/water contact angle.
Contact angles are always measured through the denser phase
(water for oil/water and gas/water systems and oil for gas/oil
systems). We can consider equivalent situations with water/
gas/solid and oil/gas/solid contacts to obtain

whereσgs is the gas/solid interfacial tension,σgo is the gas/oil
interfacial tension, andθgo is the gas/oil contact angle. Adding
eqs 2 and 4 and comparing with eq 3 leads to the following
result:34

Equation 5 assumes that all three phases are stationary and in
thermodynamic equilibrium and that the interfacial tensions
include the effects of any wetting and spreading films that may
be present. It is not known how applicable this expression is
when the contacts are moving over a rough and chemically
heterogeneous surface. However, we will use it as a constraint
on our values of contact angles when oil is receding and gas
and water are advancing.

Contact Angles for a Water-Wet Medium.If the system is
strongly water-wet, the solid surfaces are coated by a thick film
of water, makingσgs ) σgw andσos ) σow, which leads to the
following expression forθgo from eq 4:35

whereCso is the oil spreading coefficient, defined by

In thermodynamic equilibrium, where the gas/water interface
may include a molecular spreading film of oil,Cso e 0.36

Contact Angles for an Oil-Wet Medium.Consider an oil-wet
system in which the solid surfaces are coated by a thick oil

Figure 1. Oil and water in a triangular pore after primary drainage.
The areas directly contacted by oil (shown by the bold line) have an
altered wettability, whereas the corners that are water-filled remain
water-wet.b is the length of the water-wet surface.

b )
σow

Pcow
max

(cot R cosθ1 - sin θ1) (1)

σos ) σws + σow cosθow (2)

σgs ) σws + σgw cosθgw (3)

σgs ) σos + σgo cosθgo (4)

σgw cosθgw ) σgo cosθgo + σow cosθow (5)

cosθgo )
σgw - σow

σgo
) 1 +

Cso

σgo
(6)

Cso ) σgw - σow - σgo (7)
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film. Then, in eq 5,σgs ) σgo andσws ) σow, which leads to
the following result:

For most fluid systemssparticularly those at reservoir condi-
tions for which σgo may be very low for near miscible gas
injectionsσow > σgo, meaning thatθgw > 90°. Gas is wetting
to water in strongly oil-wet media. Measurements of contact
angles on oil-wet surfaces have foundθgw in the range 100-
120°, consistent with predictions based on eq 8.37,38

If we apply eq 5 with plausible values for the interfacial
tensions, gas is only nonwetting to water for water-wet and
weakly oil-wet media (θow just above 90°).

Wettability Types.There are three different generic wettability
types. The first is a water-wet system, for which gas is
nonwetting to both water and oil (θow < 90°, θgo < 90°, and
θgw < 90°). In this case, water is the most wetting phase, gas
is nonwetting, and oil is intermediate-wet. The second type is
a strongly oil-wet medium, for which gas is wetting to water
but nonwetting to oil (θow > 90°, θgo < 90°, andθgw > 90°).
In this case, oil is the most wetting phase, water is nonwetting,
and gas is intermediate-wet. The third case is a weakly oil-wet
medium, for which gas is nonwetting to both oil and water (θow

> 90°, θgo < 90°, andθgw < 90°). Oil is the wetting phase, gas

is nonwetting, and water is intermediate-wet. On physical
grounds, we do not consider cases in which gas is more wetting
than oil. We will now explore the consequences of these
different wettabilities on displacement pressures and relative
permeability.

Water Flooding. The advancing oil/water contact angle for
water flooding,θow, may be larger thanθ1. As the oil/water
capillary pressure decreases, the oil/water/solid contact is pinned
with a hinging contact angleθh that increases fromθ1 to θow.
When θh ) θow, the oil/water/solid contact can move, and
displacement may occur. There are three possible displacement
mechanisms for pore filling: spontaneous snap-off, piston-like
advance, and forced snap-off. The displacement processes are
described, following the work of Blunt,26 in the Appendix.
Configurations A-E in Figure 2 show the possible arrangements
of fluid. The Appendix describes the range of capillary pressures
and contact angles for which the different patterns are seen.
Configuration A is a pore that has always been full of water. In
configurations B and C, the centers of the pore have not been
invaded by water. However, the pores have experienced an
increase in water saturation from the configuration in Figure 1.
This is because the oil/water capillary pressure has decreased,
leading to a swelling of the water layers and a change in the
curvature of the oil/water interfaces. Configurations D and E
are pores whose centers have been invaded by water. In
configuration E, water occupies the center and corners of the
pore, with layers of oil sandwiched in between.

Gas Injection. We assign gas/water and gas/oil contact
angles,θgw andθgo, respectively, for gas injection on the surfaces
of altered wettability. During gas injection, the gas/water and
gas/oil capillary pressures increase. We assume thatPcgw ) Pcow

+ Pcgo, wherePcgw is the gas/water capillary pressure andPcgo

is the gas/oil capillary pressure. We also assume that the gas
pressure is never high enough to displace water from water-

Figure 2. Different pore-scale configurations for water flooding and gas injection in mixed-wet pores. A bold line indicates regions of the pore
space with altered wettability. The solid circles indicate points where the fluid/surface contact is pinned and the contact angle continually varies
with capillary pressure. Light gray indicates water, dark gray indicates oil, and white indicates gas.

Figure 3. Three-phase oil/water/solid contact. A consideration of the
horizontal balance of forces for this contact and the oil/gas/solid and
water/gas/solid contacts leads to a relation between the interfacial
tensions and contact angles, eq 5.

cosθgw )
σgo - σow

σgw
(8)
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filled pores that have never had oil in them, represented by
configuration A in Figure 2.

Gas InVasion into Water.If θgw < π/2 - R, gas may fill the
center of a pore while water occupies the corners, without a
pinned gas/water/solid contact. Gas invasion is a displacement
from configuration D in Figure 2 to configuration F, or from
configuration E to configuration J. The capillary pressure is
obtained from the Mayer-Princen-Stowe theory39-42 and
comes from Ma et al.43 (see the Appendix).

For σgw g π/2 - R, the gas/water/solid contact is pinned.
Gas invasion is a displacement from configuration D in Figure
2 to configuration G, or from configuration E to configuration
I. The capillary pressure is given by43

Gas InVasion into Oil.The displacement capillary pressures
are similar to those for gas injection into water. Ifθgo < π/2 -
R, gas invasion is a displacement from configuration B to
configuration H, or from configuration C to configuration I.
There is a free gas/oil/solid contact, resulting in an oil layer
sandwiched between water in the corners and gas in the center
of the pore. The displacement capillary pressure is given by

For θgo g π/2 - R, oil layers cannot be formed. The
displacement goes from configuration B to configuration F, or
from configuration C to configuration G, at a capillary pressure
given by

Layer Formation and Stability.For gas injection, there are
three fluid configurations with layers of either oil or water,
namely, H, I, and J in Figure 2. For oil layers to be present and
sandwiched between water and gas, configurations H or I, we
must have

Configuration H in Figure 2 shows a layer of oil sandwiched
between water and gas at a positive oil/water capillary pressure.
Such a layer will only exist if

In configuration H, the oil/water contact has moved during
water injection, so that it is no longer pinned. This is only true
if the oil/water capillary pressure exceeds the value given by

Oil-layer stability depends on the ratio of oil/water to gas/oil
interfacial curvatures.

Oil layers are stable in configuration H forRo e Rco until the
oil/water/solid and gas/oil/solid contact points meet, and the
system goes from configuration H to configuration F.14,37

if θgo g θow. Forθgo < θow, the oil/water and gas/oil interfaces
first meet at their centers. Again, we have a transition from
configuration H to configuration F at a critical curvature ratio
given by

If the oil/water/solid interface is pinned, as in configuration I
in Figure 2, the oil/water capillary pressure is less than the
critical value given in eq 15. To determine oil-layer stability,
we first find the hinging contact angle from the equation

If θgo g θh, we use eq 17 withθh substituted forθow to determine
whether oil layers are stable. Ifθh > θgo, we use eq 18 withθh

substituted forθow.
The final case is configuration J in Figure 2, in which there

are layers of both water and oil. Oil-layer collapse is a transition
from configuration J to configuration F. The criterion for oil-
layer stability is given by eq A11 in the Appendix. The water
layers are sandwiched between oil and gas. The stability for
water layers is determined in the same way as for oil layers.
Water-layer collapse is a transition from configuration J to
configuration I. We only see water layers if the following two
conditions are met:

Then, by defining

we see that water layers are stable forRw e Rcw, where

for θgw g π - θow. For θgw < π - θow,

Fluid Saturation and Conductance.We will compute the
three-phase relative permeabilities as a function of saturation

Ro )
row

rgo
)

σowPcgo

σgoPcow
(16)

Rco )
cos(θgo + R)

cos(θow + R)
(17)

Rco )
cosθgo - sin R
cosθow - sin R

(18)

θh ) cos-1(Pcowb sin R
σow

) - R (19)

θgw + R < π
2

(20)

θow > π
2

+ R (21)

Rw )
row

rgw
)

σowPcgw

σgwPcow
(22)

Rcw )
cos(θgw + R)

cos(θow + R)
(23)

Rcw )
cosθgw - sin R
cosθow + sin R

(24)

Pcgw )
σgw

R [cosθgw +

xtanR
2

(sin 2θgw - 2θgw - 2R + π)] (9)

Pcgw )
2σgw cosθgw

R
(10)

Pcgo )
σgo

R [cosθgo + xtanR
2

(sin 2θgo - 2θgo - 2R + π)]
(11)

Pcgo )
2σgo cosθgo

R
(12)

θgo + R < π
2

(13)

θow + R < π
2

(14)

Pcow )
σow(cot R cosθow - sin θow)

b
(15)
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for a bundle of parallel pores. The saturation of each phase is
the sum of the cross-sectional areas of each phase in each pore,
divided by the total areas of all the pores. The relative
permeability is the sum of the conductances in each pore,
divided by the sum of conductances that would exist if only a
single phase fills all the pores.

The total area of a pore of inscribed radiusR is given by

wherenc is the number of corners in each pore.
Each pore has a fixed lengthL and has a fixed pressure

difference∆P imposed across each phase. The conductanceg
is defined by

whereQ is the volume of fluid flowing per unit time andµ is
the viscosity.

For a pore totally full of a single fluid, we use the following
approximation forg, based on Poiseuille’s law for flow in a
circular cylinder:44

For a phase that occupies the center of the pore space, we use
the same expression, but withAt substituted by the area of the
phase.

The area occupied by fluid occupying the corners of a pore
with an interfacial radius of curvaturer is given by

whereθ is the contact angle. Equation 28 is valid for all values
of θ.

If a nonwetting phase occupies the center of the pore and a
wetting phase occupies the corners withθ + R < π/2, the
wetting-phase conductance can be found from an approximate
expression due to Zhou et al.45

where

The quantityf is used to indicate the boundary condition at
the fluid/fluid interface. A value off ) 1 represents a no-flow
boundary, while a value off ) 0 is a free boundary. We will
assumef ) 1 for all oil/water interfaces andf ) 0 for all gas/
water and gas/oil interfaces. These assumptions are in agreement
with the results of two- and three-phase flow experiments in
single capillary tubes.37,45

Although eq 29 is an algebraically complex expression, it
can easily be used in network modeling studies to compute the
conductance of the wetting fluid. It gives predictions close to

the results from computations of the Navier-Stokes equation
in a corner.45,46

For θ + R > π/2, the fluid/fluid interface bulges out into the
center of the pore, and eq 29 is no longer valid. To find an
approximate expression for the conductance in this case, we
write eq 29 in terms of the corner area andR whenθ ) 0, as
follows:

We use this expression whenθ + R > π/2, using eq 28 with
the appropriatenon-zero value ofθ to find Ac.

Zhou et al.45 also derived an expression for the conductance
of an oil layer sandwiched between water and gas, as in
configuration H of Figure 2. In this case, it is assumed thatθgo

) θ < π/2 - R and thatθow ) 0. The conductance is given by

wheref1 is the boundary condition at the gas/oil interface and
f2 is the boundary condition at the oil/water interface.Ro is given
by eq 16. The corner area is the area of both the oil layerand
the water in the corners. The corner area is found from eq 28
with θ ) θgo andr ) rgo ) σgo/Pcgo.

For cases with a non-zero oil/water contact angle, or for
interfaces that bulge into the centers of the pore space, we use
a modified version of eq 34 to find the oil-layer conductance.
First, we rewrite eq 34 assuming zero contact angles, as follows:

whereAw is the area of water in the corners, as computed from
eq 28 withθ ) θow andr ) row ) σow/Pcow. Ao is the area of
oil in the corners and is computed from the relationAo ) Ac -
Aw, whereAc is given by eq 28 withθ ) θgo and r ) rgo )
σgo/Pcgo. Equation 35 is then used to find the oil-layer
conductance. With a suitable substitution of subscripts, the same
approach can be used for oil layers sandwiched between water,
or for water layers, as described below.

These equations will form the basis of the analysis to follow.
The conductance equations are approximate; for first-principles
predictive modeling, it may be appropriate to use expressions
based on solutions of the Navier-Stokes equation for each
pore.28,46

Primary Drainage.For a pore completely full of water, eq
25 is used to find the water area in each pore, and eq 27 is used
to compute the water conductance. For a pore with oil in the
center and water in the corners, the water area is found from
eq 28 with θ ) θ1 and r ) row ) σow/Pcow, and the water
conductance is found from eq 29 withθ ) θ1 and f ) 1. The
oil areaAo is At - Ac. The oil conductance is found from eq
27, but withAo substituted forAt.

Water Flooding.If oil or water occupies the center of a pore,
eq 27 is used to find the conductance, withAt substituted by
the oil or water area in the center of the pore. The area of fluid

At ) ncR
2 cot R (25)

Q ) g
µ

∆P
L

(26)

g )
π(xAt/π + R)4

128
(27)

Ac ) ncr
2[cosθ(cot R cosθ - sin θ) + θ + R - π/2] (28)

g )
Ac

2(1 - sin R)2(φ2 cosθ - φ1)φ3
2

12nc sin2 R(1 - φ3)
2(φ2 + fφ1)

2
(29)

φ1 ) π
2

- R - θ (30)

φ2 ) cot R cosθ - sin θ (31)

φ3 ) (π2 - R) tanR (32)

g )
Ac

2 tanR(1 - sin R)2
φ3

2

12nc sin2 R(1 - φ3)(1 + fφ3)
2

(33)

g )

Ac
2(1 - sin R)2[φ2 cosθ - φ1 - cot R(1 - φ3)Ro

2]3
φ3

2

12nc sin2 R(1 - φ3)
2(φ2 cosθ - φ1)

2[φ2 + f1φ1 - cot R(1 - f2φ3)Ro]
2

(34)

g )
Ao

3(1 - sin R)2 tanRφ3
2

12ncAc sin2 R(1 - φ3)[1 + f1φ3 - (1 - f2φ3)xAw

Ac
]2

(35)
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in the pore center is the total area of the pore minus the area of
water in the corners and minus the area of oil layers, if present.

To find the water areas in the corners, the hinging contact
angle is first calculated from eq 19. Ifθh < θow, then the oil/
water/solid interface is pinned, and eq 28 is used to find the
water area withθ ) θh and r ) row ) σow/Pcow. If θh g θow,
then eq 28 is used withθ ) θow. For θ + R < π/2, eq 29 is
used to find the water conductance withf ) 1. If θ + R > π/2,
then eq 33 is used, again withf ) 1.

If oil layers are present, as in configuration E in Figure 2,
we use eq 35 to find the oil-layer conductance. In this case,f1
) f2 ) 1. Ac is the area of the oil layer plus the area of water
in the corners and is found from eq 28 withθ ) π - θow and
r ) row ) σow/Pcow. Aw is the water area in the corners. Equation
19 is used to find the hinging contact angle of the pinned contact,
and thenAw is found from eq 28 withθ ) θh and r ) row )
σow/Pcow. The oil-layer areaAo is Ac - Aw.

With oil layers present, the water conductance and the water
area have two components, one from water in the corners and
the other from water in the pore center. The total areas and the
conductances are the sums of these two contributions.

Gas Injection.Gas always occupies the center of the pore
space. Thus, eq 27 is used for the gas-phase conductance with
the area of gasAg substituted forAt. Ag is the total area of the
pore minus the area of water in the corners and minus the area
of any water and oil layers.

For configuration F in Figure 2, for whichθgw + R < π/2,
the water area in the corners is found from eq 28 withθ ) θgw

andr ) rgw ) σgw/Pcgw. The water conductance is found from
eq 29 withf ) 0 andθ ) θgw.

For configuration G in Figure 2, the gas/water/solid interface
is pinned. First, the hinging contact angle is computed using
eq 19 withPcgw/σgw substituted forPcow/σow. Equation 28 is
used to find the water area withθ ) θh and r ) rgw ) σgw/
Pcgw. For θh + R < π/2, eq 29 is used to find the water
conductance withf ) 0. If θh + R g π/2, then eq 33 is used,
again withf ) 0.

For configuration H in Figure 2, we haveθow + R < π/2
andθgo + R < π/2. Equation 28 is used to find the water area
Aw with θ ) θow andr ) row ) σow/Pcow. Equation 29 withf )
1 is used to find the water conductance withAc ) Aw. The area
of water and oil in the cornersAc is found from eq 28 withθ
) θgo andr ) rgo ) σgo/Pcgo. The oil areaAo ) Ac - Aw. Then,
eq 35 with f1 ) 0 and f2 ) 1 is used to find the oil-layer
conductance.

In configuration I in Figure 2, the oil/water/solid contact is
pinned, andθgo + R < π/2. The hinging contact angle is
computed using eq 19. Equation 28 is used to calculateAw with
θ ) θh andr ) row ) σow/Pcow. Equation 33 withf ) 1 is used
for the water conductance withAc ) Aw. Ac is found from eq
28 with θ ) θgo andr ) rgo ) σgo/Pcgo. The oil areaAo ) Ac

- Aw. The oil-layer conductance is then found from eq 35 with
f1 ) 0 andf2 ) 1.

In configuration J in Figure 2, we have water both in the
corners and in a layer, as well as oil in a layer. The oil/water/
solid contact is pinned, andθgw + R < π/2. The hinging contact
angle is computed using eq 19. Equation 28 is used to calculate
Awc, the area of water in the corners, withθ ) θh andr ) row

) σow/Pcow. Equation 34 withAc ) Awc and f ) 1 is used for
the water conductance. The oil-layer conductance is computed
as for configuration E. The area of oil plus waterAo + Awc is
found from eq 28 withθ ) π - θow andr ) row ) σow/Pcow.
Equation 35 is used to find the oil-layer conductance withAc

) Ao + Awc, Aw ) Awc, andf1 ) f2 ) 1. If the area of the water

layer isAwl, then the area of all the water and the oil layerAo

+ Awc + Awl is found from eq 28 withθ ) θgw andr ) rgw )
σgw/Pcgw. Equation 35 withf1 ) 0 andf2 ) 1 is used to find the
water-layer conductance by substitutingAo with Awl, Aw with
Ao + Awc, andAc ) Ao + Awc + Awl. The total water conductance
is the sum of the conductances of the water in the corners and
the water layer. The total water areaAw ) Awc + Awl.

Network Model. We consider displacement in a parallel
bundle of horizontally aligned pores. Each pore has the same
length and has an equilateral triangular cross section (R ) π/6),
but the pores have different inscribed radii. We use a truncated
Weibull distribution with 50 pores, similar to that used by
Fenwick and Blunt.14 The inscribed pore radii are found from
the equation

wherex is a random number between 0 and 1. The parameters
used in the distribution are shown in Table 1.

We simulate primary drainage, water flooding, and gas
injection and compute relative permeabilities and capillary
pressures as a function of saturation. We assume that the
capillary pressures alone control the displacement sequence, an
assumption that is applicable for low flow rates. We fill one
pore at a time. During primary drainage,Pcow increases, and at
each step, oil occupies pores with the lowest value ofPcow for
displacement. Primary drainage ends whenPcow reachesPcow

max,
at which point the water occupies only a small number of the
smallest pores and the corners of the larger, oil-filled pores.
The water saturation at the end of primary drainage is 2% for
all of the cases presented. This value was chosen arbitrarily,
although none of the trends in behavior are affected by this
choice of water saturation. The important features are that some
pores remain water-filled and that water remains in the corners
of all of the pores. During water flooding,Pcow decreases, and
at each step water invades the pore with the highest value of
Pcow for displacement. Because we consider only a bundle of
tubes, all of which are accessible for displacement, we need
only consider piston-like advance. Snap-off will occur in
multidimensional networks only when piston-like advance is
topologically impossible.26 Water flooding ceases at an oil
saturation value ofSoi. During gas flooding, the gas pressure
increases. We fill pores in sequence, with the pore that will be
invaded at the lowest gas pressure filled next. This may involve
gas displacing oil, controlled byPcgo ) Pg - Po ) Pg - Pw -
Pcow, or gas displacing water, controlled byPcgw ) Pg - Pw.
We assume that, during gas injection,Pw is fixed, andPcow

remains constant at its value at the end of water flooding. The
simulations continue until there is no further displacement of
oil by gas.

We compute the relative permeability and saturation of each
phase after each pore is filled. We use the layer stability
equations to check whether layers of oil and/or water are present.

We study two fluid systems: one based on air/water/hexane
and the other based on air/water/dodecane. The interfacial
tensions used are shown in Table 2. Simulations are performed

TABLE 1: Parameters Used for the Distribution of the
Inscribed Pore Radius,R, Eq 36

parameter meaning value

Rmin minimum pore radius 1µm
Rmax maximum pore radius 18.5µm
δ exponent 0.8
γ exponent 1.6

R ) (Rmax - Rmin){-δ ln[x(1 - e-1/δ) + e-1/δ]}1/γ + Rmin

(36)
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for different combinations of contact angles and for different
values ofSoi. The different properties used are listed in Table
3. We use eq 6 to assignθgo, even if the system is not water-
wet. We study the behavior for different values ofθow. Equation
5 is used to findθgw. This range of contact angles and interfacial
tensions was used to cover the different types of generic
behavior.

Results

Two-Phase Relative Permeability.Figure 4 shows the oil
and water relative permeabilities for water injection for case 1
(θow ) 20°) and case 6 (θow ) 180°). For case 1, the water
preferentially invades the smallest pores first. In contrast, for
case 6, the water preferentially invades the largest pores,
resulting in a higher water relative permeability and a lower
oil relative permeability. The primary drainage relative perme-
abilities for all cases are the same as those for water injection
for case 1.

A bundle-of-capillary-tubes model does not show any hys-
teresis, unless a wettability change occurs during the displace-
ment sequence. Furthermore, no trapping of oil can be observed.
Thus, the two-phase behavior of this model is rather simple. In

particular, the nonwetting-phase relative permeability is over-
estimated. Using a three-dimensional network model would
lower the predicted relative permeabilities to give curves that
match experimental measurements,26,27but would not affect the
trends in behavior that we describe for two- and three-phase
flow. The same pore-level physics, used in a three-dimensional
network, has shown complex hysteresis and a nonmonotonic
trend in residual oil saturation with contact angle, which is
consistent with experimental evidence.26,27

Oil-Layer Drainage. Figure 5 shows the oil relative perme-
ability during gas injection for water-wet media, cases 1 and 3.
The difference between these two cases is the spreading
coefficient of the oil, which manifests itself in different values
of the gas/oil contact angle (Table 3). Oil layers collapse at a
higher gas/oil capillary pressure for hexane (Rco ) 1.35 in eq
18) than for dodecane (Rco ) 0.78 in eq 17). This finding means
that for hexane, oil layers remain until all of the oil-filled pores
have been invaded by gas and very low oil saturations (less
than 1%) are reached, whereas for dodecane, the oil saturation
is around 8% when the layers collapse. In a three-dimensional
network, the oil phase is likely to become disconnected when
the layers are no longer present, and oil is likely to become
trapped.14,15

Before the oil layers collapse, the dodecane relative perme-
ability is slightly higher than that of hexane. For the same
number of pores filled with gas, the hexane relative permeability
is higher than that of dodecane, because the hexane oil layers
make a greater contribution to the overall conductance. How-
ever, there is also more oil in these layers. If we compare relative
permeabilities at the same oil saturation, this second effect
dominates: hexane occupies fewer pores than dodecane, with
the extra saturation coming from the layers. The extra conduc-
tance from these layers fails to compensate for the effect of
having fewer oil-filled pores, making the hexane relative
permeability slightly lower than that of dodecane. This coun-
terintuitive effect, in which the possibility of layer flow
decreases the oil relative permeability at moderate to low
saturations, is apparent in three-phase core data.6

At low oil saturation, for case 1, we see thatkro ∼ So
2. This

quadratic form of the relative permeability is a consequence of

TABLE 2: Interfacial Tensions for the Two Fluid Systems
Studieda

system σgw (mN/m) σgo(mN/m) σow (mN/m)

hexane 67 19 48
dodecane 71 23 51

a Data from Firincioglu et al.37

TABLE 3: Contact Angles and Initial Oil Saturations, Soi, at
the Beginning of Gas Injection for the Different Simulations
Runa

case system θow (deg) θgo(deg) θgw(deg) Soi

1 hexane 20 0 17 0.90
2 hexane 20 0 17 0.35
3 dodecane 20 30 17 0.90
4 hexane 70 0 58 0.90
5 dodecane 70 30 58 0.90
6 hexane 180 0 116 0.90
7 hexane 180 0 116 0.35
8 hexane 95 0 77 0.90
9 hexane 95 0 77 0.35

a In all cases,θ1 ) 20°.

Figure 4. Two-phase relative permeabilities for water injection. The
crosses are for a water-wet system, case 1 (θow ) 20°), and the circles
are for an oil-wet system, case 6 (θow ) 180°).

Figure 5. Oil relative permeability during gas injection in water-wet
media. The curve for case 3 is stopped at an oil saturation value ofSo

) 0.08, at which point oil layers collapse. For case 1, oil layers are
present until a high gas/oil capillary pressure is reached, at which point
the oil saturation is less than 1%.
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the expression used for oil-layer conductance, eq 35. Once gas
has invaded most of the oil-filled pores, the oil saturation is
approximately proportional to the oil areaAo. The oil-layer
conductance (eq 35), and hence the relative permeability, is
approximately, although not exactly, proportional toAo

2, as-
suming thatAw is smaller than or roughly the same size asAo.
The effect of the spreading coefficient on oil recovery in water-
wet media, as well as the quadratic behavior of the oil relative
permeability, has already received extensive theoretical discus-
sion11,15,45and has been confirmed experimentally.11,37,38,47

Figure 6 shows the oil relative permeability for intermediate-
wet and oil-wet media, cases 4-6. We see oil-layer drainage
to low saturation with an approximately quadratic form for the
relative permeability for all of these cases, including the
dodecane system. The oil/water/solid contacts are pinned,
meaning that the oil/water interface cannot move to meet the
gas/oil interface, which initiates layer collapse. Oil-layer collapse
only occurs at a high gas/oil capillary pressure after gas has
invaded all of the oil-filled pores and has pushed almost all of
the oil out of the corners. An approximately quadratic oil relative
permeability, consistent with the predictions described here, has
been observed in mixed-wet sandpacks.38 In these experiments,
an initially water-wet and water-filled pack was invaded by a
heavy crude oil. After aging, the crude was rinsed out, and three-
phase gravity drainage using an octane/brine/air system was
performed. The pattern of wettability at the pore scale is
presumed to be similar to the model used here.

The oil relative permeability is sensitive to both the gas/oil
and the oil/water contact angles. This fact is due to the equations
used for oil-layer conductance and area. As before, the dodecane
system has a slightly higher relative permeability, for the same
reason as in Figure 5. The oil-wet hexane system has the lowest
oil relative permeability. This is because the oil/water capillary
pressure is negative, and so, the oil/water interface bulges out
toward the gas/oil interface (configuration I of Figure 2). This
leads to a lower oil-layer conductance compared with that of
weakly water-wet systems, in which the oil/water interface
bulges toward the corner becausePcow > 0. Notice the subtle
competition between oil-layer area and conductance: in some
cases, a large layer area tends to decrease relative permeability
when comparing configurations with the same overall oil
saturation, whereas in other cases, the greater conductance of
these layers increases the relative permeability.

The oil remains connected in layers during gas injection with
a characteristic layer drainage regime. For three-dimensional
systems, this will allow oil to drain to very low saturations,
giving potentially high oil recoveries for gas injection. The two
exceptions to this are nonspreading oils in water-wet media (case
3), or situations in which oil layers can never form, which we
have not studied, so that eq 13 is not obeyed; instead,θgo + R
> π/2.

The full consequences of oil-layer connectivity and stability
can only be explored using a three-dimensional network. The
gas pressure at which layers collapse depends on the capillary
pressure reached during primary drainage, through its effect on
b, and the oil/water capillary pressure during water flooding.
Hence, the oil relative permeability during gas injection may
be sensitive to the entire previous displacement sequence.

Three-Phase Relative Permeabilities.While the relative
permeability at low saturation may be dominated by layer
drainage, the high-saturation behavior is controlled by the size
of pores occupied by each phase. In the results that follow, we
will see only three generic types of relative permeability. The
first is for the wetting phase that occupies the smallest pores.
The second is for the most nonwetting phase that occupies the
largest pores. In both of these cases, the relative permeability
is insensitive toSoi. The relative permeability of the intermediate-
wet phase lies between the wetting and nonwetting extremes
and is function of both its own saturation andSoi.

Oil Intermediate-Wet. Figure 7 shows the water, oil, and
gas relative permeabilities for cases 1 and 2. Water is the wetting
phase, gas is nonwetting, and oil is intermediate-wet. The gas
relative permeability is a function of the gas saturation only
and does not depend onSoi. For water, because gas preferentially
invades oil before water, we see only isolated values of the
relative permeability. However, the points lie on the two-phase
curve for a water-wet system (see Figure 4). The water relative
permeability depends only on the water saturation.

To understand the oil relative permeability, consider the
schematic pore occupancies shown in Figure 8. IfSoi is large,
oil occupies almost all of the pores at the beginning of gas
injection. Gas then invades the large oil-filled pores. Hence,

Figure 6. Oil relative permeability during gas injection showing the
effect of oil/water contact angle. All three cases show a layer drainage
regime to low oil saturation. Figure 7. Three-phase relative permeabilities for a water-wet system.

Oil is the intermediate-wet phase. The gas and water relative perme-
abilities do not depend onSoi, whereas the oil relative permeability
does. This result can be explained by considering the sizes of the pores
occupied by each phase. See Figure 8.
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oil is left filling the smaller pores. In contrast, ifSoi is small,
oil occupies only the larger pores initially. While gas will
preferentially invade the largest of these, at the same oil
saturation, oil will occupy larger pores than those it occupies
for a case with highSoi, resulting in a higher oil relative
permeability. The oil relative permeability for gas injection is,
thus, a function of bothSo andSoi, as shown in Figure 7. For
modeling gas injection processes, this means thatkro is a function
of two independent saturations, whereaskrg andkrw are functions
of their own saturations only. This observation is already
well-known theoretically2,5,6 and has been confirmed experi-
mentally.2,48-52

Gas Intermediate-Wet. Figure 9 shows the three-phase
relative permeabilities for cases 6 and 7, in which the system
is strongly oil-wet. In these cases, oil is the most wetting phase,
water is nonwetting, and gas is intermediate-wet. Using argu-
ments similar to those used before, we see from Figure 9 that
the oil relative permeability is similar to the water relative
permeability for a water-wet system and is independent ofSoi.

This result has been seen experimentally.36 The water relative
permeability is also independent ofSoi and is similar to the gas
relative permeability in Figure 7, although the values are not
identical because water continues to reside in the corners of
the pores. Because gas is intermediate-wet, it is now the gas
relative permeability that depends on bothSg and Soi. This is
an important observation, because many empirical models of
three-phase relative permeability assume that the gas relative
permeability is a function of gas saturation only.3-5,53

At the beginning of gas injection, we can compare the gas
pressure necessary to enter a water-filled pore to that needed to
enter an oil-filled pore. For gas to displace water, we use eq
10, as follows:

whereRgw is the inscribed radius of the pore to be filled by
gas. For a gas/oil displacement,

whereRow is the inscribed radius of the pore last filled by water
andRgo is the inscribed radius of the pore to be filled by gas.
We have used approximate forms for the oil/water and gas/oil
capillary pressures. Because the medium is oil-wet,Row will
represent the smallest water-filled pore. Gas is wetting to water
and so will want to fill this smallest pore. Hence,Rgw ) Row.
Gas is nonwetting to oil and so fills the largest oil-filled pores
first. Hence,Rgo ≈ Row. We now compare eqs 37 and 38 with
eq 5, to see that the gas pressures for displacing oil and water
are about the same. This means that gas will displace both water
and oil, starting with pores with a radiusRow, which is
determined by the capillary pressure at the end of water
injection. This is shown schematically in Figure 10. IfRow is
large (largeSoi), then the gas relative permeability is higher than
if Row is small (smallSoi), as seen in Figure 9. Notice that, for
low Soi, the points tend to come in bunches in Figure 9, with
closely spaced points followed by larger gaps. A point is plotted
each time a pore is filled. Gas is displacing both oil from small

Figure 8. Schematic pore occupancies for a water-wet system. For
two-phase flow, water resides in the small pores and oil in the large
pores. During gas injection, the gas displaces oil from the largest pores.
As the diagram shows, for the same oil saturation, oil will be in larger
pores for lowSoi than for highSoi, resulting in a higher oil relative
permeability.

Figure 9. Three-phase relative permeabilities for a strongly oil-wet
system. Gas is the intermediate-wet phase. The oil and water relative
permeabilities do not depend onSoi, whereas the gas relative perme-
ability does.

Figure 10. Schematic pore occupancies for an oil-wet system. For
two-phase flow, oil resides in the small pores and water in the large
pores. Gas is intermediate-wet. During gas injection, gas displaces both
oil and water, starting by displacing pores with radii close toRow, the
radius of the largest water-filled pore after water injection. For large
Soi andRow, gas occupies larger pores than for smallSoi, resulting in a
larger gas relative permeability.

Pg ) Pw + Pcgw ) Pw +
2σgw cosθgw

Rgw
(37)

Pg ) Pw + Pcow + Pcgo ≈ Pw +
2σow cosθow

Row
+

2σgo cosθgo

Rgo

(38)
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pores and water from large pores. The points close together
represent the filling of the small pores, while the gaps represent
the filling of the large pores.

Water Intermediate-Wet. Figure 11 shows the third generic
combination of contact angles: an oil-wet system, in which gas
is nonwetting to both water and oil. Gas always fills the largest
pores, while oil resides in the smallest pores. Water is
intermediate-wet, and its relative permeability is sensitive to
Soi, whereas the gas and oil relative permeabilities are functions
of only their own saturations. The schematic pore occupancy
is shown in Figure 12 and illustrates why the water relative
permeability is higher for largeSoi, because, at the same water
saturation, the water is in larger pores.

Fractionally Wet Media. Many porous media are fractionally
wet, meaning that different regions of the pore space have
different wettabilities. We could model this by allowing different
pores to have different contact angles. For simplicity, we did
not consider these cases. However, it is possible that with
combinations of pores that fall into all three of the generic

wettability types, the relative permeabilites of all three phases
could be functions of two independent saturations. This
observation has been confirmed from network modeling studies
using pores of uniform wettability.54 Empirical models of three-
phase relative permeability must be able to allow all three
relative permeabilities to depend on two saturations.6,55

Conclusions

We have found 10 fluid configurations in a single pore for
three-phase flow in mixed-wet systems. The displacement
sequence was primary drainage with wettability alteration
followed by water flooding and gas injection. We found the
capillary pressures for all possible displacements and analyzed
oil- and water-layer formation and stability. We gave ap-
proximate expressions for the fluid conductances. This analysis
is a first step in the development of a predictive pore-scale model
of three-phase flow in mixed-wet media.

To illustrate the effects of wettability in three-phase flow,
we computed relative permeabilites for a bundle of capillary
tubes. The results for water-wet media, the quadratic oil-layer
drainage regime and the effect of spreading coefficient, agree
with previous theoretical and experimental work.15,38,47

Oil forms wetting layers in gas-occupied pores that persist
down to low oil saturation with a characteristic layer drainage
regime for the oil relative permeability. This observation has
recently been confirmed for mixed-wet media.38 The only
exceptions are for nonspreading oils in water-wet media or for
large gas/oil contact angles.

The relative permeability of the phase of intermediate
wettability depends on both its own saturation andSoi, whereas
the relative permeabilities of the other phases are functions of
their own saturation only. In water-wet media, oil is intermedi-
ate-wet. In weakly oil-wet media, water is intermediate-wet. In
the most strongly oil-wet media, gas is intermediate-wet. For
media that contain regions of different wettabilities, all three
relative permeabilities may depend on both their own saturation
andSoi.
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Appendix: Two-Phase Displacement Processes

These mechanisms have already been described for mixed-
wet pores by Blunt.26 Here, we will use more accurate
expressions for the capillary pressures for piston-like advance
based on Øren et al.28

Primary Drainage. A pore of inscribed radiusR fills with
oil during primary drainage at a capillary pressure given by

Spontaneous Snap-Off.During water flooding, spontaneous
snap-off only occurs whenθow + R < π/2, which means that
the water layer in the corner can swell at a positive oil/water
capillary pressure (see configuration B in Figure 2). When the
water layers lose contact with the solid surface, the pore

Figure 11. Three-phase relative permeabilities for a weakly oil-wet
system. The gas and oil relative permeabilities do not depend onSoi,
whereas the water relative permeability does.

Figure 12. Schematic pore occupancies for a weakly oil-wet system.
For two-phase flow, oil resides in the small pores and water in the
large pores. Gas is nonwetting to oil and water. Gas invades the largest
water-filled pores first. Water is intermediate-wet. For largeSoi water
occupies larger pores than for smallSoi, at the same water saturation,
resulting in a larger water relative permeability.

Pcow )
σow

R [cosθ1 + xtanR
2

(sin 2θ1 - 2θ1 - 2R + π)]
(A1)
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spontaneously fills with water to give configuration D. This
occurs at an oil/water capillary pressure given by

Forced Snap-Off.Forced snap-off occurs forPcow < 0, when
θow + R g π/2. Here the oil/water/solid contact point remains
pinned (see configuration C in Figure 2), and the hinging contact
angle varies continually with capillary pressure until the oil/
water contact angle reachesθow, at which point the oil/water
interface bulges out into the center of the pore. When the hinging
contact angle isθow, the oil/water/solid contact begins to move,
and the pore spontaneously fills with water to reach configu-
ration D. The capillary pressure for this displacement is given
by

Piston-Like Advance.The displacement capillary pressures
for piston-like advance during water flooding are found from
the Mayer-Stowe-Princen (MSP) theory.39-42 There are three
different expressions for these pressures, depending on the
contact angle. For contact angles less than a critical valueθcrit,
water spontaneously imbibes into the pore with a positive
capillary pressure. After invasion, the pore is completely filled
with water; the displacement goes from configuration B or C
to configuration D in Figure 2. The value ofθcrit may be greater
than π/2, as water advances into pores containing both water
in the corners, where the effective contact angle is zero, and
bare surfaces along the sides, where the contact angle isθow.
The critical angle for spontaneous imbibition,θcrit, is given by

To obtain the capillary pressure for the displacement, the
following equations are solved:

wherer is the effective mean radius of curvature,

To solve these equations,Pcow is first computed assuming
that r ) R. Then, eqs A6 and A7 are used to find a new value
of r from eq A5. Converged values ofr and Pcow to three
significant figures are normally found in just three iterations.

For θow > θcrit, water injection is forced, with a negative
capillary pressure. Forπ/2 + R g θow > θcrit, the displacement
is from configuration C to configuration D in Figure 2, at a
capillary pressure given by

Oil-Layer Formation and Stability. After piston-like ad-
vance withθow > π/2 + R, there is water in the center of the
pore and water in the corners, with a layer of oil sandwiched
between them (see configuration E in Figure 2). The capillary
pressure for displacement in this case is similar to eq A1 for
primary drainage, as follows:

The oil layers are stable until the two arcs touch each other,
when it is assumed that the layers spontaneously collapse. We
go from configuration E to configuration D. This occurs at a
capillary pressure given by
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