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Effects of Wettability on Three-Phase Flow in Porous Media
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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 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.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?). 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
of order 1 in most parts of the reservoir, and the overall recovery - N
. . . . measurements. As an example, in Prudhoe Bay, where signifi-
is controlled, to a first approximation, by the well placement . ; -

cant oil recovery comes from three-phase gravity drainage and

and the geological structure. Improved oil-recovery schemes in L . )
- S gas injection, experimental data on rock samples from the field
which three-phase flow occurs, such as gas injection, gas cap: X . ) i
. : in which all three phases are flowing simultaneously are quite
expansion, and thermal flooding, attempt to boost the hydro-

. ) 2. sparse. However, extensive two-phase measurements have been
carbon recovery into the 5880% range. In this case, the oil is P P

. . - . - made (for oil/water or gas/oil flow) that have been used to
flowing at _much lower saturation, meaning that the oil relative develop a detailed three-phase maotfelThe predicted three-
permeability can be very low and may vary by orders of

; . . ; L phase relative permeabilities are then used in a numerical
magnitude with small changes in saturation. For these Sltuatlons’simulator to predict recovery in the field for different possible
accurate predictions of the relative permeabilities are critical P Y P

; ) . ; development strategies. Although this is a convenient approach
for making sound judgments of the project economics. The . - ) - . . ;
for numerical simulation studies, predictions of the oil relative
movement of non-aqueous-phase pollutants above the water . X .
permeability from different three-phase models in the low
T Part of the special issue “Harvey Scher Festschrift”. satu;a(stlon range of interest typically vary py orders qf magni-
* Corresponding author. Fax: 44 171 594 7444. E-mail: m.blunt@ic.ac.uk. tUde>®As aresult, accurate assessment of improved oil recovery
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The simultaneous flow of three phasesl, water, and gas
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% which means that the oil is flowing at a relatively
high saturation. In these cases, the oil relative permeability is
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Physically based modeling of flow at the pore scale offers will be used in a bundle-of-capillary-tubes model to predict
an appealing alternative to empirical models for predicting three- trends in three-phase relative permeability as the wettability of
phase relative permeability. Micromodel experiments and the system is modified.
theoretical analyses have elucidated the microscopic three-phase
displacement mechanisms in uniformly water-wet and oil-wet Theoretical Approach
media’~12 These studies have been the basis of pore network . )
models that predict macroscopic parameters from the pore Representing the Pore SpaceAn exact representation of
structure and the displacement physis7 This work assumed ~ the complex geometry of the pore space for a mineralogically
that the medium was strongly water-wet. In reality, oil reservoirs COMPlex reservoir rock, combined with a model of possible
are rarely water-wet. One reason for this is that polar compo- crude; oil/solid interactions, is a dauntlng.task. However, it is
nents of the crude oil adhere to rock surfaces and alter the rockPOSSible to make progress by representing the void space of
wettability. This leads to variations in wettability at the pore e rock as a lattice of interconnected pores. As a first step in

scale and makes possible any gas/oil, oiliwater, and gas/watef’€Work modeling, it is necessary to compute fluid configura-
contact anglé8-20 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-
anglec.. Later, we will consider one specific case: pores whose
cross sections are equilateral triangles where 30°. To place

this approach in context, @ren and co-workéf8have 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! 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
behavior with wettability will be studied using a bundle-of- changes as a result of the direct contact of crude oil with the
tubes model. solid surface. High-molecular-weight, polar compounds in the

The purpose of this work is twofold. The description of fluid  ¢j|, called asphaltenes, can sorb to the solid, rendering the
configurations, displacement capillary pressures, and conduc-syrface weakly water-wet or oil-wet. When oil is moving over
tances for three-phase mixed-wet pores is a necessary first steghe solid surface, the receding oil/water contact angle is close
in the development of a predictive three-phase network model tg zero. If, however, the system is then left to rest for several
that will combine these displacement mechanisms with a realistic hours to dayS, the advancing oil/lwater contact ang|e, when water
description of the pore space in a three-dimensional network. gisplaces oil, is much larger. The exact degree of wettabilty
Second, the analySiS of relative permeabilities, albeit from an alteration depends on the minera|ogy of the surface and the
idealized model, illustrates some general features that will be chemical composition of the oil. Heavy oils with a high
present in more sophisticated treatments. As such, they serveasphaltene content (such as California crudes) give oil/water
as a guide for the development of improved three-phase relativecontact angles close to 18@hereas lighter oils with a lower
permeability predictions and as a means of interpreting experi- asphaltene content, such as North Sea oils, may give contact
mental results. angles of less than 90 meaning that the surface is water-

First, the different possible pore-scale configurations will be wet20:3233 |n |aboratory studies, the wettability change is
described, and the capillary pressures for displacement fromcomplete after around 1000 h, which is much faster than the
one configuration to another will be given. Then, the fluid time scale for oil migration and production from the reservoir.
saturations and conductances will be found. Finally, these resultsRegions of the pore space that contain water, or regions where

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 networké1—24 Kovscek et af® 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 angté’ He computed relative
permeabilites and capillary pressures for a three-dimensional
network containing pores with a square cross section. @ren et
al2® 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 Jing® 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*26

This paper is one step in the three-phase extension of the
two-phase work described above. The model of Kovscek?t al.
and Blun®® 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 &l.the general trends in
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scopic consequences that cover the full range of experimentally
observed behavigf 2’ The essential features of the model are
that (1) different wettabilities can be present in a single pore,
as shown by electron microscopyy2) 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'®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 anglé,, = O 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 surface is covered by a thick (several nanometers acrossine nossible values of contact angles for three-phase flow.
wetting film o.f.water, remain water-wet. . o Possible Values of the Contact Angl€kere is one constraint

The wettability change for a pore that contains oil is initiated 5 the interfacial tensions and contact angles. Consider the oil/
by the collapse of a thick wetting film of water that covers the 4ter/solid contact on a flat surface that is illustrated in Figure
solid surfaces. This collapse occurs when the capillary pressureg a horizontal force balance gives the following relationship:
is sufficiently high to overcome the disjoining pressure of the

2

film. We will model this process of wettability alteration in a
whereoys is the water/solid interfacial tensiongs is the oil/

single pore for a typical sequence of saturation changes in the

reservoir, following the work of Kovscek et #.and Blunt?6

However, rather than consider disjoining pressure, which surface interfacial tension, aifid, is the oil/water contact angle.
requires knowledge of molecular properties, we will simply Contact angles are always measured through the denser phase
assume that all surfaces in contact with oil will undergo a (water for oil/water and gas/water systems and oil for gas/oil
wettability change. We then allow any value to be assigned to systems). We can consider equivalent situations with water/
the resultant advancing oil/water contact angle. If the surface gas/solid and oil/gas/solid contacts to obtain

is still coated by a thick wetting film, the oil/water contact angle

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.

Oos = Oys 1 0, COSO,,

will be close to zero. Ogs = Oys T Og,, COSOy, 3)
Initially, all the pores are full of water, and the system is . i cosO @
strongly water-wet. This condition represents the native state Ogs ™ Oos T Tgo go

of the reservoir before primary oil migration. First, primary whereaogs is the gas/solid interfacial tensioog, is the gas/oil
drainage, in which oil invades into the pore space, is simulated. . 9gs 9 9 9

Oil will displace water from a pore when the pressure difference interfacial tension, andg, IS the gas/on contact angle. Addmg
between oil and water (the oil/water capillary pressBggy) €as Zsfnd 4 and comparing with eq 3 leads to the following
reaches a critical value. The displacement capillary pressuresresu“'
for this process and for water flooding are given in the (5)
Appendix. Primary drainage continues with the water pressure

increasing_and the_ oil invading progressively sma_lller pores until Equation 5 assumes that all three phases are stationary and in
some maximum oil/water capillary pressitg™is reached.  {hermodynamic equilibrium and that the interfacial tensions
The cqnﬂguratpn of oil and water in a triangular pore at this jnclude the effects of any wetting and spreading films that may
stage is shown in Figure 1. It is assumed that, during primary pe present. It is not known how applicable this expression is
drainage, surfaces of the pore that are in direct contact with oil \;nen the contacts are moving over a rough and chemically

alter their wettability. Small pores that are water-filled remain heterogeneous surface. However, we will use it as a constraint
water-wet, as do the corners of the pores that still contain water. 5, our values of contact angles when oil is receding and gas

Ogy COSOy, = 04, COSOy, t 0y, COSO,,,

The oil/water contact angle for primary drainageéis It is
assumed thaf; + a < 7/2 and, thus, that water is always

and water are advancing.
Contact Angles for a Water-Wet Mediuifi.the system is

present in the corners. (Remember, this is the receding contackyyongly water-wet, the solid surfaces are coated by a thick film

angle, where oil is moving over a water-coated surface.)
Experimentally,d; is always smalf°32 The distanceb of the
water-wet surface in Figure 1 is given by

Oow .
(cota cosf, — sin6,)
max

cow

b= (1)

whereoyy 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 settitgf,

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

of water, makingogs = ogw andoes = oow, Which leads to the
following expression foify, from eq 48°

O,y — O, C
Cosego = _gw  Tow =1+ o (6)
Ogo Ogo
whereCy, is the oil spreading coefficient, defined by
Cseo= Ogw ~ Oow — Ogo (7)

In thermodynamic equilibrium, where the gas/water interface
may include a molecular spreading film of ofg, < 0.36

Contact Angles for an Oil-Wet Mediur@onsider an oil-wet
system in which the solid surfaces are coated by a thick oil
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1
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 contirsially varie

with capillary pressure. Light gray indicates water, dark gray indicates oil, and white indicates gas.
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Water il
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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.

film. Then, in eq 5,04s = 0go and ows = dow, Which leads to
the following result:
-0,

Og0 ow

costy, =

8)

O, gw

For most fluid systemsparticularly those at reservoir condi-
tions for which oy, may be very low for near miscible gas
injection—oow > 0go, Meaning thaby, > 90°. Gas is wetting
to water in strongly oil-wet media. Measurements of contact
angles on oil-wet surfaces have fouéigly in the range 106
120, consistent with predictions based on e#f 8

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 o just above 90).

Wettability TypesThere are three different generic wettability
types. The first is a water-wet system, for which gas is
nonwetting to both water and oibg, < 90°, 64 < 90°, and
Ogw < 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 0il §ow > 90°, Ogo < 90°, and gy > 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 wat&y(

> 90°, Ogo < 90°, andfyy < 90°). QOil 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,f0w, may be larger tha;. As the oil/water
capillary pressure decreases, the oil/water/solid contact is pinned
with a hinging contact anglé;, that increases from; to .
When 6, = 0o, 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 Blurf€ 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 gy andfy,, respectively, for gas injection on the surfaces
of altered wettability. During gas injection, the gas/water and
gas/oil capillary pressures increase. We assumeéPtat= Pcow
+ Pcgo, WherePgyy is the gas/water capillary pressure digo
is the gas/oil capillary pressure. We also assume that the gas
pressure is never high enough to displace water from water-
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filled pores that have never had oil in them, represented by Oil-layer stability depends on the ratio of oil/water to gas/oil

configuration A in Figure 2.
Gas lrvasion into Waterlf 6q < 7/2 — a, 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 MayerPrincen-Stowe theor$?~42 and
comes from Ma et & (see the Appendix).

P

cgw

= ﬂv[cose Wt

R
e

For ogw = 72 — a, 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 By

— 20y, — 2a.+m)| (9)

20,,,€0s0,,
=R (10)
Gas Irvasion into Oil.The displacement capillary pressures
are similar to those for gas injection into waterfl, < n/2 —
o, 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

Pey 9%m9+ @&mw-ﬂ%ﬁm+m
(11)
For 64 = m/2 — a, 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

204,080,
R

cgo

12)

Layer Formation and Stability-or 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 |, we

must have

7
Op T <3

: (13)

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

JT

0,,+ o < (14)

ow

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

ogu(Cota cosd,, — siné

C()N: b

ow)

(15)

interfacial curvatures.
Oowpcgo

ogoP

R,= = 16)

go cow

Oil layers are stable in configuration H f& < Rg until the
oil/water/solid and gas/oil/solid contact points meet, and the
system goes from configuration H to configuratiod*F’?

B Cos@go + )

= 17

°  cos@,, + ) (7

if Ogo = Oow. FOrfgo < Oow, 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

Cosfy, — sina

0™ cos6,, (18)

—sina

If the oil/water/solid interface is pinned, as in configuration |
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

0,=cos " Pewb N0 _ a
h GOW

(19)

If 640 = O, we use eq 17 witl, substituted fof,,, to determine
whether oil layers are stable.df, > 6y, we use eq 18 witlt,
substituted fordoy.

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 A1l 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:

JT
Ogw T 0 < 5 (20)
Oon > 5+ (21)
Then, by defining
rOW OOWPCgW
=—= (22)
RN gw OQWPCOW
we see that water layers are stable Ry < Ry, where
cos@,, + o)
WS oo (23)
cos@,,, + o)
for Ogw = 7 — Oow. FOr Ogw < T — Oow,
cosé,, — sina
= (24)

W cosf,, + sina

Fluid Saturation and Conductance.We will compute the
three-phase relative permeabilities as a function of saturation
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for a bundle of parallel pores. The saturation of each phase isthe results from computations of the Navie€3tokes equation
the sum of the cross-sectional areas of each phase in each porén a corner'>46

divided by the total areas of all the pores. The relative  Forf + o > 7/2, the fluid/fluid interface bulges out into the
permeability is the sum of the conductances in each pore, center of the pore, and eq 29 is no longer valid. To find an
divided by the sum of conductances that would exist if only a approximate expression for the conductance in this case, we

single phase fills all the pores. write eq 29 in terms of the corner area amdvhenf = 0, as
The total area of a pore of inscribed radiRss given by follows:
A =nR cota (25) AZtano(l — sina)’py 33

9= 12n, sin’ o1 — ¢o)(1 + fpo)?

wheren. is the number of corners in each pore.
Each pore has a fixed length and has a fixed pressure

differenceAP imposed across each phase. The conductgnce We use this expression whéht o > /2, using eq 28 with

the appropriatenon-zero value of6 to find A..

is defined by Zhou et al*® also derived an expression for the conductance
g AP of an oil layer sandwiched between water and gas, as in
Q= u L (26) configuration H of Figure 2. In this case, it is assumed that

=60 < z/2 — a and thatd,, = 0. The conductance is given by
whereQ is the volume of fluid flowing per unit time and is

the viscosity. 9= 5 o, s s
For a pore totally full of a single fluid, we use the following AS(1 — sina) ¢, cosO — ¢, — coto(l — ¢3RT¢s
approximation forg, based on Poiseuille’s law for flow in a 12n, sir® a1 — ) (¢, c0SO — ), + f1p1 — cota(l — fFp9)R ]
circular cylinder# (34)
(Al + R)4 wherefy is the boundary condition at the gas/oil interface and
= 18 (27) f, is the boundary condition at the oil/water interfaRgis given

by eq 16. The corner area is the area of both the oil layer

For a phase that occupies the center of the pore space, we uséh_e water in the corners. The corner area is found from eq 28
the same expression, but wiq substituted by the area of the ~ With 6 = g0 andr = rgo = 0go/Pcgo

phase. For cases with a non-zero oil/water contact angle, or for
The area occupied by fluid occupying the corners of a pore interfaces that bulge into the centers of the pore space, we use
with an interfacial radius of curvatureis given by a modified version of eq 34 to find the oil-layer conductance.

First, we rewrite eq 34 assuming zero contact angles, as follows:

2 .
= nrfcosf(cota cosO — sinB) + 6 + o. — /2] (28
Ao = nurleost( ) 1 @8 A1 — sino)® tanag,’

where# is the contact angle. Equation 28 is valid for all values 9= A, 2
of 6. 12nA, sinf ol — ¢)| 1+ fips — (L — Fop) a [~
If a nonwetting phase occupies the center of the pore and a Ac

wetting phase occupies the corners witht a < /2, the
wetting-phase conductance can be found from an approximate (35)

expression due to Zhou et 4l ) .
whereA,, is the area of water in the corners, as computed from

201 2 _ 2 eq 28 with@ = 0o andr = roy = Tow/Pcow- Ao is the area of
_ A (1 — sina) (¢, cosO — ¢,)p, (29) oil in the corners and is computed from the relatiy= Ac —
12n, sir? (1 — po) (e, + Tpy)? A, WhereA. is given by eq 28 withh = Oy andr = rgo =
0gd/Pcge Equation 35 is then used to find the oil-layer
where conductance. With a suitable substitution of subscripts, the same
approach can be used for oil layers sandwiched between water,
b, = T a—0 (30) or for water layers, as described below.
12 These equations will form the basis of the analysis to follow.
¢, = coto. cos6 — sin (31) The conductance equations are approximate; for first-principles

predictive modeling, it may be appropriate to use expressions
4 based on solutions of the NavieBtokes equation for each
¢ = (E - O.) tana (32) p0r8.28'46
Primary Drainage.For a pore completely full of water, eq
The quantityf is used to indicate the boundary condition at 25 is used to find the water area in each pore, and eq 27 is used
the fluid/fluid interface. A value of = 1 represents a no-flow  to compute the water conductance. For a pore with oil in the
boundary, while a value df= 0 is a free boundary. We will center and water in the corners, the water area is found from
assumd = 1 for all oil/water interfaces anfl= 0 for all gas/ eq 28 with® = 6; andr = row = oow/Pcow, and the water
water and gas/oil interfaces. These assumptions are in agreemergonductance is found from eq 29 with= 6, andf = 1. The
with the results of two- and three-phase flow experiments in oil areaA, is A: — A.. The oil conductance is found from eq
single capillary tubeg’4> 27, but with A, substituted forA,.
Although eq 29 is an algebraically complex expression, it  Water Floodinglf oil or water occupies the center of a pore,
can easily be used in network modeling studies to compute theeq 27 is used to find the conductance, wihsubstituted by
conductance of the wetting fluid. It gives predictions close to the oil or water area in the center of the pore. The area of fluid
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in the pore center is the total area of the pore minus the area of TABLE 1: Parameters Used for the Distribution of the
water in the corners and minus the area of oil layers, if present. Inscribed Pore Radius,R, Eq 36

To find the water areas in the corners, the hinging contact parameter meaning value
angle is first calculated from eq 19. 6 < 6ow, then the oil/ Ruin minimum pore radius am
water/solid interface is pinned, and eq 28 is used to find the Rmax maximum pore radius 184m
water area withd = 6, andr = row = gow/Peow. If 6nh = Oow, 0 exponent 0.8
then eq 28 is used with = Ooy. For 0 + o < 7/2, eq 29 is 4 exponent 16

used to find the water conductance witkr 1. If 6 + oo > 71/2,

then eq 33 is used, again with= 1. layer isAy, then the area of all the water and the oil laygr

- ] i . o + Auc + Aw is found from eq 28 withd = Oy, andr = rgy =

If oil layers are present,. as in configuration E in Elgure 2, OgulPegw. EQuation 35 withfy = 0 andf, = 1 is used to find the
we use eq 3_5 to find the 0|I-Iaye_r conductance. In this chse, water-layer conductance by substitutig with A, Ay with

= f, = 1. A; is the area of the oil layer plus the area of water A+ Ane, andAc = A, + Aye + Ay The total water conductance

in the corners and is.found from eq 28 with= 7 — o and_ is the sum of the conductances of the water in the corners and
I = r'ow = Oow/Pcow- Aw iS the water area in the corners. Equation i water layer. The total water aréa = Awc + Aul.

19 is used to find the hinging contact angle of the pinned contact,  Network Model. We consider displacement in a parallel

and thenAw is fpund from eq _28 with) = 6 andr = row = bundle of horizontally aligned pores. Each pore has the same
O°W/F_)°°W' .The oil-layer areah is Ac — Aw. length and has an equilateral triangular cross section {/6),

With oil layers present, the water conductance and the water bt the pores have different inscribed radii. We use a truncated
area have two components, one from water in the corners andyyejpull distribution with 50 pores, similar to that used by
the other from water in the pore center. The total areas and thepenwick and Bluni4 The inscribed pore radii are found from
conductances are the sums of these two contributions. the equation

Gas Injection.Gas always occupies the center of the pore
space. Thus, eq 27 is used for the gas-phase conductance withR= (R .. — R. }{—0 In[x(1 — e 10y + g Vot 4 Ruin
the area of gagy substituted forA. Ay is the total area of the
pore minus the area of water in the corners and minus the area (36)
of any water and oil layers.

For configuration F in Figure 2, for whicblgy + o < /2,
the water area in the corners is found from eq 28 With Ogw

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
andr = rqw = gu/Pegw. The water conductance is found from jyiection and coFr)nputeyrelativegpermeabilities ar?d capill%ry
eq 29 W'th_f = O.and9_= 9_9""' o pressures as a function of saturation. We assume that the
_ For configuration G in Figure 2, the gas/water/solid interface capjllary pressures alone control the displacement sequence, an
is plnneq. First, the hlngl.ng contact angle is computed usiNg assumption that is applicable for low flow rates. We fill one
eq 19 withPegw/ogw substituted forPeow/oow. Equation 28 is  hore at a time. During primary drainag@.ow increases, and at
used to find the water area with= 6 andr = rgw = ogw/ each step, oil occupies pores with the lowest valuBgf, for

Pegw. FOr 6h + o < 7/2, eq 29 is used to find the water gisplacement. Primary drainage ends wRgs), reache®con™
conductance withi = 0. If 6 + a. > 7/2, then eq 33 is used, 4t which point the water occupies only a small number of the

again withf = 0. smallest pores and the corners of the larger, oil-filled pores.
For configuration H in Figure 2, we hav, + a < 7/2 The water saturation at the end of primary drainage is 2% for
andfgo + o < 71/2. Equation 28 is used to find the water area || of the cases presented. This value was chosen arbitrarily,
Ay With 0 = Oow andr = row = gow/Peow. Equation 29 withf = although none of the trends in behavior are affected by this
1is used to find the water conductance wif= A,. The area  choice of water saturation. The important features are that some
of water and oil in the corner&c is found from eq 28 with9 pores remain water-filled and that water remains in the corners
= Ogo andr = rgo = 0gd/Pego The oil areads = Ac — Ay. Then,  of all of the pores. During water floodin@.ow decreases, and
eq 35 withfy = 0 andf; = 1 is used to find the oil-layer  at each step water invades the pore with the highest value of
conductance. P.ow for displacement. Because we consider only a bundle of

In configuration I in Figure 2, the oil/water/solid contact is tubes, all of which are accessible for displacement, we need
pinned, andfg + o < x/2. The hinging contact angle is  only consider piston-like advance. Snap-off will occur in
computed using eq 19. Equation 28 is used to calcéateith multidimensional networks only when piston-like advance is
0 = O andr = row = ow/Peow- Equation 33 witlf = 1isused  topologically impossibl@® Water flooding ceases at an oil
for the water conductance withe = Ay. Ac is found from eq  saturation value of,. During gas flooding, the gas pressure

28 with 6 = Ogo andr = rgo = 0gd/Pego The 0il areal, = A, increases. We fill pores in sequence, with the pore that will be
— Ay. The oil-layer conductance is then found from eq 35 with invaded at the lowest gas pressure filled next. This may involve
fi = 0 andf, = 1. gas displacing oil, controlled bjego = Pg — Po = Pg — Py, —

In configuration J in Figure 2, we have water both in the P, Or gas displacing water, controlled g = Py — Pu.
corners and in a layer, as well as oil in a layer. The oil/water/ We assume that, during gas injectid?y is fixed, andPcow
solid contact is pinned, arti},y + a. < /2. The hinging contact ~ remains constant at its value at the end of water flooding. The
angle is computed using eq 19. Equation 28 is used to calculatesimulations continue until there is no further displacement of

Auc, the area of water in the corners, with= 6, andr = roy oil by gas.

= 0ow/Pcow- Equation 34 withA; = Ay andf = 1 is used for We compute the relative permeability and saturation of each

the water conductance. The oil-layer conductance is computedphase after each pore is filled. We use the layer stability

as for configuration E. The area of oil plus watey + Ay is equations to check whether layers of oil and/or water are present.
found from eq 28 withh = & — Oy andr = row = Gow/Pcow- We study two fluid systems: one based on air/water/hexane

Equation 35 is used to find the oil-layer conductance with and the other based on air/water/dodecane. The interfacial
= Ao + Awc, Aw = Ay, andf; = f, = 1. If the area of the water ~ tensions used are shown in Table 2. Simulations are performed
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TABLE 2: Interfacial Tensions for the Two Fluid Systems

Studied? 10
system Ogw (MN/m) 0go(MN/M) Oow(MN/m)
hexane 67 19 48
dodecane 71 23 51 - O Dodecane (Case 3)
@ Data from Firincioglu et af” Sq0"f + Hexane(Casel) .
©
[
TABLE 3: Contact Angles and Initial Oil Saturations, S, at E
the Beginning of Gas Injection for the Different Simulations 2
Run? ) 9_
case system  Oow(deg) 6Ogo(deg) Ogw(deg) S % 2 n +
1 hexane 20 0 17 0.90 =107 + 1
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 1072 .
8 hexane 95 0 77 0.90 10 10" 10°
9 hexane 95 0 77 0.35

Qil saturation

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

a|n all casesp; = 20°.

1

= 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
09 the oil saturation is less than 1%.
0.8 . . . S
particular, the nonwetting-phase relative permeability is over-
807 estimated. Using a three-dimensional network model would
% 06 lower the predicted relative permeabilities to give curves that
s match experimental measuremet#3’ but would not affect the
%o_s. 0o Water-wet + + . trends in behavior that we describe for two- and three-phase
o e (Case 1) ++ flow. The same pore-level physics, used in a three-dimensional
2045 o o \Jr + ) network, has shown complex hysteresis and a nonmonotonic
%03_ o) | trend in residual oil saturation with contact angle, which is
e © Oo +7 oOilwet consistent with experimental eviderie’
0.2p ++’%OO (Case®) 4 4 Oil-Layer Drainage. Figure 5 shows the oil relative perme-
01l o +++++++ ability QUring gas injection for water-wet mediq, cases 1 and 3
" =+ The difference between these two cases is the spreading
0 L : . coefficient of the oil, which manifests itself in different values
0 02 v(\)/;ersaturation of the gas/oil contact angle (Table 3). Oil layers collapse at a

higher gas/oil capillary pressure for hexam@,(= 1.35 in eq

18) than for dodecand&{, = 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

3. We use eq 6 to assi%o, even if the System is not water- netWOfk, the oil phase is ||ke|y to become disconnected when
wet. We study the behavior for different valuestgf,. Equation ~ the layers are no longer present, and oil is likely to become
5is used to findy,. This range of contact angles and interfacial trapped-**°
tensions was used to cover the different types of generic Before the oil layers collapse, the dodecane relative perme-
behavior. 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

Two-Phase Relative Permeability Figure 4 shows the oil make a greater contribution to the overall conductance. How-
and water relative permeabilities for water injection for case 1 €ver, there is also more oil in these layers. If we compare relative
(Bow = 20°) and case 66y, = 18C°). For case 1, the water ~ permeabilities at the same oil saturation, this second effect
preferentially invades the smallest pores first. In contrast, for dominates: hexane occupies fewer pores than dodecane, with
case 6, the water preferentially invades the largest pores,the extra saturation coming from the layers. The extra conduc-
resulting in a higher water relative permeability and a lower tance from these layers fails to compensate for the effect of
oil relative permeability. The primary drainage relative perme- having fewer oil-filled pores, making the hexane relative
abilities for all cases are the same as those for water injection permeability slightly lower than that of dodecane. This coun-
for case 1. terintuitive effect, in which the possibility of layer flow

A bundle-of-capillary-tubes model does not show any hys- decreases the oil relative permeability at moderate to low
teresis, unless a wettability change occurs during the displace-saturations, is apparent in three-phase core data.
ment sequence. Furthermore, no trapping of oil can be observed. At low oil saturation, for case 1, we see thai ~ S2 This
Thus, the two-phase behavior of this model is rather simple. In quadratic form of the relative permeability is a consequence of

Figure 4. Two-phase relative permeabilities for water injection. The
crosses are for a water-wet system, casé,l. € 20°), and the circles
are for an oil-wet system, case @.{ = 180°).

for different combinations of contact angles and for different
values ofS,;.. The different properties used are listed in Table

Results
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Figure 6. OIl relative permeability during gas injection showing the Gas saturation

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-
the expression used for oil-layer conductance, eq 35. Once gaspilities do not depend o, whereas the oil relative permeability
has invaded most of the oil-filled pores, the oil saturation is does. This result can be explained by considering the sizes of the pores
approximately proportional to the oil are®. The oil-layer occupied by each phase. See Figure 8.
conductance (eq 35), and hence the relative permeability, is
approximately, although not exactly, proportional Ag?, as- The oil remains connected in layers during gas injection with
suming thatA,, is smaller than or roughly the same sizefgs a characteristic layer drainage regime. For three-dimensional
The effect of the spreading coefficient on oil recovery in water- systems, this will allow oil to drain to very low saturations,
wet media, as well as the quadratic behavior of the oil relative giving potentially high oil recoveries for gas injection. The two
permeability, has already received extensive theoretical discus-exceptions to this are nonspreading oils in water-wet media (case
sion:1545and has been confirmed experimentahy’-3847 3), or situations in which oil layers can never form, which we

Figure 6 shows the oil relative permeability for intermediate- have not studied, so that eq 13 is not obeyed; instégdt o
wet and oil-wet media, cases-&. We see oil-layer drainage > 7/2.
to low saturation with an approximately quadratic form for the ~ The full consequences of oil-layer connectivity and stability
relative permeability for all of these cases, including the can only be explored using a three-dimensional network. The
dodecane system. The oil/water/solid contacts are pinned,gas pressure at which layers collapse depends on the capillary
meaning that the oil/water interface cannot move to meet the pressure reached during primary drainage, through its effect on
gas/oil interface, which initiates layer collapse. Oil-layer collapse b, and the oil/water capillary pressure during water flooding.
only occurs at a high gas/oil capillary pressure after gas hasHence, the oil relative permeability during gas injection may
invaded all of the oil-filled pores and has pushed almost all of be sensitive to the entire previous displacement sequence.
the oil out of the corners. An approximately quadratic oil relative ~ Three-Phase Relative PermeabilitiesWhile the relative
permeability, consistent with the predictions described here, haspermeability at low saturation may be dominated by layer
been observed in mixed-wet sandpatda these experiments,  drainage, the high-saturation behavior is controlled by the size
an initially water-wet and water-filled pack was invaded by a of pores occupied by each phase. In the results that follow, we
heavy crude oil. After aging, the crude was rinsed out, and three-will see only three generic types of relative permeability. The
phase gravity drainage using an octane/brine/air system wasfirst is for the wetting phase that occupies the smallest pores.
performed. The pattern of wettability at the pore scale is The second is for the most nonwetting phase that occupies the
presumed to be similar to the model used here. largest pores. In both of these cases, the relative permeability

The oil relative permeability is sensitive to both the gas/oil is insensitive t¢&;. The relative permeability of the intermediate-
and the oil/water contact angles. This fact is due to the equationswet phase lies between the wetting and nonwetting extremes
used for oil-layer conductance and area. As before, the dodecan&nd is function of both its own saturation a&gl.
system has a slightly higher relative permeability, for the same  Oil Intermediate-Wet. Figure 7 shows the water, oil, and
reason as in Figure 5. The oil-wet hexane system has the lowesigas relative permeabilities for cases 1 and 2. Water is the wetting
oil relative permeability. This is because the oil/water capillary phase, gas is nonwetting, and oil is intermediate-wet. The gas
pressure is negative, and so, the oil/water interface bulges outrelative permeability is a function of the gas saturation only
toward the gas/oil interface (configuration | of Figure 2). This and does not depend &. For water, because gas preferentially
leads to a lower oil-layer conductance compared with that of invades oil before water, we see only isolated values of the
weakly water-wet systems, in which the oil/water interface relative permeability. However, the points lie on the two-phase
bulges toward the corner becauRg, > 0. Notice the subtle curve for a water-wet system (see Figure 4). The water relative
competition between oil-layer area and conductance: in somepermeability depends only on the water saturation.
cases, a large layer area tends to decrease relative permeability To understand the oil relative permeability, consider the
when comparing configurations with the same overall oil schematic pore occupancies shown in Figure &lfs large,
saturation, whereas in other cases, the greater conductance ofil occupies almost all of the pores at the beginning of gas
these layers increases the relative permeability. injection. Gas then invades the large oil-filled pores. Hence,
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Figure 8. Schematic pore occupancies for a water-wet system. For Figure 10. Schematic pore occupancies for an oil-wet system. For

two-phase flow, water resides in the small pores and oil in the large two-phase flow, oil resides in the small pores and water in the large

pores. During gas injection, the gas displaces oil from the largest pores.pores. Gas is intermediate-wet. During gas injection, gas displaces both

As the diagram shows, for the same oil saturation, oil will be in larger oil and water, starting by displacing pores with radii closé&{g, the

pores for lowS, than for highS;, resulting in a higher oil relative radius of the largest water-filled pore after water injection. For large

permeability. Si andR,y, gas occupies larger pores than for sngll resulting in a
larger gas relative permeability.

=y
=y

3 £ This result has been seen experiment#lifhe water relative

$08 F08 + P : _ T

2 S + permeability is also independent &f and is similar to the gas

g 06 gos + relative permeability in Figure 7, although the values are not

2 04 o) 304 ++ identical because water continues to reside in the corners of

3 OO E ) the pores. Because gas is intermediate-wet, it is now the gas

502} O Zo2 relative permeability that depends on b&hand S,. This is

2 ﬁ9 o an important observation, because many empirical models of
ob’ 0.5 1 0.5 1 three-phase relative permeability assume that the gas relative

Water saturation Oil saturation permeability is a function of gas saturation ofi

At the beginning of gas injection, we can compare the gas

=y

2z pressure necessary to enter a water-filled pore to that needed to
go.s O LowS. (Case 7 enter an oil-filled pore. For gas to displace water, we use eq
E o ow S, (Case 7) 10, as follows:
& +  High S, (Case 6)
50 p—p +p, —p, 42w
g = = —
3 02 g w cgw w ng
fud
O
1 whereRyy is the inscribed radius of the pore to be filled by

Gas saturation gas. For a gas/oil displacement,
Figure 9. Three-phase relative permeabilities for a strongly oil-wet

system. Gas is the intermediate-wet phase. The oil and water relatlvep =P, + P, + P ~P + 200y COStoy, + 2090 COSGQO
permeabilities do not depend &, whereas the gas relative perme- w Row Rgo
ability does.

38
oil is left filling the smaller pores. In contrast, &, is small, 38)

oil occupies only the larger pores initially. While gas will whereR, is the inscribed radius of the pore last filled by water
preferentially invade the largest of these, at the same oil andRy, is the inscribed radius of the pore to be filled by gas.
saturation, oil will occupy larger pores than those it occupies We have used approximate forms for the oil/water and gas/oil
for a case with highS,, resulting in a higher oil relative  capillary pressures. Because the medium is oil-WRgaf; will
permeability. The oil relative permeability for gas injection is, represent the smallest water-filled pore. Gas is wetting to water
thus, a function of botlg and S, as shown in Figure 7. For  and so will want to fill this smallest pore. Hend&y, = Row.
modeling gas injection processes, this meansdhat a function Gas is nonwetting to oil and so fills the largest oil-filled pores
of two independent saturations, wher&gsandk,, are functions first. Hence,Ryo ~ Row. We now compare eqgs 37 and 38 with
of their own saturations only. This observation is already eq 5, to see that the gas pressures for displacing oil and water
well-known theoreticall§>6 and has been confirmed experi- are about the same. This means that gas will displace both water
mentally2:48-52 and oil, starting with pores with a radiuB,,, which is

Gas Intermediate-Wet. Figure 9 shows the three-phase determined by the capillary pressure at the end of water
relative permeabilities for cases 6 and 7, in which the system injection. This is shown schematically in Figure 10.Rd,, is
is strongly oil-wet. In these cases, oil is the most wetting phase, large (largeS;), then the gas relative permeability is higher than
water is nonwetting, and gas is intermediate-wet. Using argu- if Roy is small (smallS;), as seen in Figure 9. Notice that, for
ments similar to those used before, we see from Figure 9 thatlow S;;, the points tend to come in bunches in Figure 9, with
the oil relative permeability is similar to the water relative closely spaced points followed by larger gaps. A point is plotted
permeability for a water-wet system and is independerg,of each time a pore is filled. Gas is displacing both oil from small
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wettability types, the relative permeabilites of all three phases

>
3 g could be functions of two independent saturations. This
508 508 . ! ) )
£ 0 3 + observation has been confirmed from network modeling studies
g 06 o Eos + using pores of uniform wettabilit#. Empirical models of three-
504 OO 304 ++ phase relative permeability must be able to allow all three
3 @ § ’ F relative permeabilities to depend on two saturatirts.
§02f + Lo2
2 o Conclusions

05 1 05 1 We have found 10 fluid configurations in a single pore for

Water saturation Oil saturation

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

nd

g 08 capillary pressures for all possible displacements and analyzed

,,E, 0.6 O LowdS, (Case9) oil- and water-layer formation and stability. We gave ap-

§ 04 High S, (Case 8) proxi_mate ex_pressions for the fluid condu_ct_ances. This analysis

kS is a first step in the deyelopment ofa prgdlctlve pore-scale model

502 of three-phase flow in mixed-wet media.

) To illustrate the effects of wettability in three-phase flow,
0o 05 1 we computed relative permeabilites for a bundle of capillary

Gas saturation tubes. The results for water-wet media, the quadratic oil-layer

Figure 11. Three-phase relative permeabilities for a weakly oil-wet drainage regime and the effect of spreading coefficient, agree
system. The gas and oil relative permeabilities do not deperflion  with previous theoretical and experimental wépie 47
whereas the water relative permeability does. il 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 medfaThe 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 &dwhereas
Pore size Pore size the relative permeabilities of the other phases are functions of
their own saturation only. In water-wet media, oil is intermedi-
A 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
oil as and .
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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 These mechanisms have already been described for mixed-
combination of contact angles: an oil-wet system, in which gas wet pores by Blunt® Here, we will use more accurate
is nonwetting to both water and oil. Gas always fills the largest expressions for the capillary pressures for piston-like advance
pores, while oil resides in the smallest pores. Water is based on @ren et &.
intermediate-wet, and its relative permeability is sensitive to ~ Primary Drainage. A pore of inscribed radiug fills with
Si, whereas the gas and oil relative permeabilities are functions il during primary drainage at a capillary pressure given by
of only their own saturations. The schematic pore occupancy

Appendix: Two-Phase Displacement Processes

is shown in Figure 12 and illustrates why the water relative =Oﬂv[cost9 + tana sin 2. — 20. — 20+
permeability is higher for larg&,, because, at the same water cow R ! 2 ( 1 1 200+ 7)
saturation, the water is in larger pores. (A1)

Fractionally Wet Media. Many porous media are fractionally
wet, meaning that different regions of the pore space have Spontaneous Snap-OffDuring water flooding, spontaneous
different wettabilities. We could model this by allowing different snap-off only occurs wheflow + o < /2, which means that
pores to have different contact angles. For simplicity, we did the water layer in the corner can swell at a positive oil/water
not consider these cases. However, it is possible that with capillary pressure (see configuration B in Figure 2). When the
combinations of pores that fall into all three of the generic water layers lose contact with the solid surface, the pore
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spontaneously fills with water to give configuration D. This
occurs at an oil/water capillary pressure given by

Ogu(C0SB,,, — sin b, tana)
B R

cow

P (A2)

Forced Snap-Off.Forced snap-off occurs fét.ow < 0, when
Oow + o0 = 7/2. Here the oil/water/solid contact point remains

Hui and Blunt

20,, COS6
cow — M (Ag)
Oil-Layer Formation and Stability. After piston-like ad-
vance withf,, > 7/2 + a, 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 Al for

pinned (see configuration C in Figure 2), and the hinging contact yrimary drainage, as follows:

angle varies continually with capillary pressure until the oil/
water contact angle reach@s,, at which point the oil/water

o
interface bulges out into the center of the pore. When the hinging Peow = %V

contact angle i8o, 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

ogufcota cos,, — sinb,,)
cow = b

P form—a=6_, >

ow —

al2 — a

GOW

B bsinafora

ow~ T Q& (A3)
Piston-Like Advance.The displacement capillary pressures
for piston-like advance during water flooding are found from

the Mayer-Stowe—-Princen (MSP) theor§®-42 There are three

\/ BN _sin 20, + 26,, — 20 — 71)| (AL0)

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

o | cosasina(2 sina + cosé,,) + sir’ a x

Oowj
B 4 cod o — 3~ cod 6, — 4 sina cosb,,,

b(3 sirf o + 4 sino cosh,, + cos 6,,)
ow OoW. (All)

cow
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