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Abstract. The effect of pore-structure upon two-phase relative permeability and capillary pressure of
strongly-wetting systems at low capillary number is simulated. A pore-level model consisting of a
network of pore-bodies interconnected by pore-throats is used to calculate scanning loops of hysteresis
between primary drainage, imbibition and secondary drainage. The pore-body to pore-throat aspect
ratio strongly influences the pattern of hystevesis. Changes in the patterns of hysteresis often attributed
to consolidation can be understood in terms of changes in aspect ratio. Correlation between the sizes
of neighboring pore-throats affects the shape of the relative permeability curves, while the width and
shape of the pore-size distribution have only a minor influence.
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1. Nomenclature

C constant used in choke-off criterion

fol?) probability density function for pore-bodies

FACS) probability density function for pore-throats

g hydraulic conductance associated with a pore-throat

H mean curvature of the interface

k absolute permeability

knwPD relative permeability of nonwetting phase in primary drainage
-y relative permeability of nonwetting phase in imbibition

kowsD - relative permeability of nonwetting phase in secondary drainage
KerwPD relative permeability of wetting phase in primary drainage
KoM relative permeability of wetting phase in imbibition

ke msW relative permeability of wetting phase in secondary drainage

i length of pore-throat (idealized as a capillary)

N.a capillary number

D pressure in phase {

P, capillafy pressure )

q total fluid flow through a pore-throat

ry . pore-body radius

r pore-throat radius
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R, R, the.radii of Curvature along interface

Ss volume fraction of pore-bodies occupied by lonwetting phage

Saw saturation of nonwetting phase

S, volume . fraction of the pore-throats occupied by honwetting phase

S, saturation of wetting phase

w; velocity of phage

x fraction of the pore-space taken up by pore-throats

z Coordination number, i.e. number of pore-throats €manating from g
pore-body

Zow number of pore-throats filled with nonwetting phase adjoining pore-
body :

i viscosity of phase i

o interfacial tensjon

£2, random number assigned to pore-body used for assigning pore-body
radins

Q, random number assigned to pore-throat used for assigning pore-throat
radius

2. Introduction

Relative permeability and capillary pressure are used to predict the relative rateg

which fluids flow through porous media, and therefore, are essential ingredieq s
in the design of petroleum Tecovery processes and the Prediction of groundwater
flow. Complicated flow histories make knowledge of hysteresis behavior necessary
for accurate Process design. Design of processes which are stable witp, Tespect to

This paper examines the effect of pore-structure on patterns of relative perme-
ability and capillary pressure hysteresis which occur in two-phase, Jow capillary
number flow of strongly—watting fluids. Tt is intended to Provide physical explan-
ations of hysteresis along with a mechanistic mode] for predicting the effects of
rock structure, We begin with the basic concepts which delineate the subject and
scope of our study,
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2.1. PRELIMINARIES

The concepts of relative permeability and capillary pressure are well-defined for
the slow flow of immiscible fluids through a porous medium. The flow rate per
unit area of porous medijum of a phase i, u;, is related to the pressure gradient in
that phase, Vp;, through the generalized Darcy’s law:

kkn’
w=——Vpi,

i

where k is absolute permeability, u; is the viscosity of phase i, and k, is the
relative permeability of phase i. Relative permeability accounts for the reduction
of permeability to a phase created when it does not fully occupy the porous
medium. Hence, the relative permeability of a phase is usually taken to be unity
when the phase fully occupies the medium and is zero when the volume fraction
of the pore-space that a phase occupies, its saturation, is sufficiently low; this
saturation is called the irreducible or residual saturation. Sufficient conditions for
the concept of relative permeability to apply are that the flow is sufficiently slow
that capillary forces dominate viscous forces and that the saturation gradients are
small, i.e. saturation does not change appreciably over a distance of >20 pores
(e.g. >1mm in Berea sandstone). These conditions are typically applicable during
steady-state relative permeability measurements.

Capillary pressure is the equilibrium pressure difference between the nonwetting
and wetting phases (Adamson, 1982)

P.=Pow Pw

Differential movement of the fluids within a porous medium can result from
gradients in capillary pressure, relative permeability effects, and also density differ-
ences. ‘

The analysis below pertains to strongly-wetting fluids, i.e. ones in which the
contact angle between the wetting and nonwetting fluids on the solid comprising
the porous medium is less than 30° (for summary, see Anderson, 1986, 1987); for
simplicity we have assumed that the contact angle is strictly zero. Many interesting
systems do not satisfy these critetia (e.g. mixed-wet and intermediate-wet 3ystems).
While wettability effects can create their own set of hysteresis phenomena, they
are outside the scope of the work to be described here.

A criterion often wsed to judge whether flow of strongly-wetting fluids is capil-
larity dominated (Moore and Slobod, 1956; Tabor, 1969; Melrose and Bradner,
"1976) is that the capillary number

Nea= klliqu <1073,
o
where o is the interfacial tension and Vp is the gradient in the pressure field
(maximum of that in the wetting and nonwetting phases). Many people have shown
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experimentally that relative permeability and capillary pressure are independent of
flow rate when the flow is sufficiently slow to satisfy this criterion (c.f. Osoba et
al., 1951; Richardson e al., 1952; Sandberg et al., 1958; Labastiec er al., 1980).
The work presented here is applicable only to cases of capillarity dominated flow.

Relative permeability depends primarily upon the microscopic distribution of
the Auids within the pore space. Under low capillary number conditions, the distri-
bution of fluids at the pore scale is determined by capillary forces and depends
upon the level of saturation, the saturation history and direction of saturation
change. The dependence of flow upon the sequence in which phases are intro-
duced, or saturation history, and the direction of saturation change is called
hysteresis, the major topic of this paper. We consider here, a sequence of fuid
displacements in which the wetting fluid initially resides in the porous medium.
The processes which follow are:

(1) primary drainage in which nonwetting fluid first displaces the wetting fluid,
thus decreasing the wetting phase saturation,

(2) imbibition (secondary) in which wetting fluid is added to increase the wetting
phase saturation, and

(3) secondary drainage in which nonwetting fluid again displaces wetting fluid
from the medium.

Scanning loops are formed by varying the saturation achieved during drainage
before imbibition.

A number of researchers have measured hysteresis in relative permeability and
capillary pressure and have determined that the patterns of hysteresis can be
related to pore-structure. Much of the previous effort has been devoted to under-
standing differences between consolidated and unconsolidated media, especially
between sand and sandstone. Because of the variety of pore-structures which occur
naturally and difficulties inherent in measuring relative permeability, it is difficult
to infer anything but an over-simplified picture of how relative permeability curves
change with pore-structure from experimental data. We therefore developed the
pore-level model so that a more direct cause and effect relationship could be
derived between pore structure and relative permeability. A pattern of relative
permeability behavior distilled from the literature is as follows.

2.2. EXPERIMENTALLY OBSERVED PATTERNS OF HYSTERESIS BEHAVIOR

Examples of the variety of experimentally observed hysteresis patterns appear in
Figure 1. In almost all capillary-dominated flows of strongly-wetting phases, the
nonwetting phase relative permeability shows much more hysteresis than the
wetting phase. In consolidated media, like sandstone, the nonwetting phase rela-
tive permeability in primary drainage (k,..rPD) is greater than that in imbibition
(frawim), while &, .M is roughly the same as that in secondary drainage {krowsD).
In unconsolidated media, like sand or beadpacks, the nonwetting phase relative
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Representative data showing the difference between the drainage and imbibition
relative permeability in media of different degrees of consolidation is given in
Figure 1 (Naar et al., 1962). A partial list of trends reported in the literature for
consolidated and unconsolidated media appears in Table 1.

Colonna et al. (1971) report patterns of hysteresis in nonwetting phase relative
permeability which are in marked contrast to those presented by Naar ef al. (1962)
(Figure 1 shows a comparison). They measured relative permeability of gas,
including hysteresis loops, in two different sandstones and found that k.M was
greater than k.,.Pp at low wetting phase saturations, then crossed over and was
less than k.nwPD at high wetting phase saturations. k,,.sp was smaller than k..M
and £.,#D at high wetting phase saturations and eventually rejoined the primary
drainage relative permeability curve at sufficiently high wetting phase saturations.

Table I. Summary of relative permeability hysteresis patterns for strongly-wetting systems reported

in the literature.

Porous media Nonwetting phase Wetting phase Reference
Consolidated kg™ < J PO Renw™ = kPO (small) Osoba et al.
sandstone (1951)
Consolidated KoM < ko PD kewtM = kPO (small) Osoba er al.
limestone (1951)
Consolidated Krnwi™ < kW PD koM =k, PD (small) Gefien et al.
sandstone (1951)
Consolidated KeqwIM < fopp o PD KoM = ko PD (small} Naar et al.
sandstone (1962)
Poorly consolidated k.M =k, PD koM << ki D (small) Naar er al.
sandstone {1962)

Berea sandstone

Berea sandstone
Berea sandstone

krnwlM = kranD

RopwM < ko PD
krnw‘M = kranD

ko™ = [ PO (small)
forgIM = Jp PO (smaall)

Ramondi and
Torcaso (1964)

Talash {1976)

Fulcher er af.

(1985)
Berea sandstone KoenwtM = o0 SD < K PD K 1M == K, SD < Ky, PD this work
Glass beads KenwlM > ko PD KoM << ko FD Naar et al.
{1962)
Sandpacks KppoM > R SD =, KoM < ko PD < [, PD Batycky and
(small) McCaffery
(1978)
Glass beads KrnutM > [0 PD KoM S k8D < k. ,PD Hopkins and Ng
(1986)
Sandpack KrelM < k., SD Poulovassilis
1970y

Glass beads

~ Glass beads

kM < k5D

KoM == [ SD

Topp and Miiler
{1966)
Talsma (1970)
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3. Foundations of Qur Madel

The exact flow field in a porous rock and the relative permeability of a phase can
be calculated if the details of the pore structure are known and a large enough
and Fast enough computer exists. The laws that determine the flow are the
traditional laws of fluid mechanics and capillarity. Such a calculation is, of course,
prohibitively expensive and, in fact, unnecessary. The essential features of relative
permeability can be understood and simulated by a network model. The general
idea behind network models is to approximate the description of the pore-space
and movement of fluids therein by a small set of parameters and simple rules
governing the movement of fluids. Our work most closely builds upon the work
of Mohanty and Salter (1982) and incorporates a number of new features.

In the next five sections we present the essence of our model, motivating our
description of the pore-space and fluid flow within it. The assumptions which
underlie the model are discussed thoroughly, with an attempt to explain the
physical rationale behind each one. To understand our model, the reader first
must understand the reduction of 2 porous medium to its network approximatiorn.
Second, one needs a description of the factors which determine the distribution
of fluids within a porous medium. Flow within the medium occurs on two widely
different timescales. One timescale is characteristic of the rapid progression
between quasi-equilibrium configurations of the menisci {these pore-level events,
which are the third element of our model, determine the microscopic fluid
distribution). The procedure for calculating the fluid saturations determined by
these pore-level events is the fourth element. The other timescale characterizes
the fiow of fluids through a given microscopic fluid distribution. And, thus the
fifth element is the procedure for calculating relative permeability. Let us begin
with a description of pore-space morphology. '

3.i. PORE-SPACE MORPHOLOGY

Three major features characterize the morphology of the pore-space in our model:
a network, pore-throat and pore-body size distributions. We have endeavored to
use realistic parameters in the calculations presented below, but have neither
attempted to measure these quantities ourselves, nor have we varied the
parameters extensively to obtain a quantitative ‘fit’ of experimental data.

We approximate the porous medium as a network of spherical pore-bodies
connected by cylindrical tubes. This network description is perhaps the simplest
model that includes all the features necessary to understand the hysteresis behavior

. of relative permeability. Although the idea of a network dates back to a least Fatt
(1956), methods of efficiently approximating the pore-space of a porous medium
with a network are still under development. General schemes of reducing a pore-
space to networks have been proposed by Chatzis and Dullien (1977), Chatzis
(1980), Mohanty (1981), Cohen and Lin (1981), and Koplik (1982). These schemes
have been further developed and augmented in attempts to use information from
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serial sectioning and digitization to calculate pore-size distributions and transport
properties (Koplik et al., 1984; Yanuka er al., 1984: Yanuka e al., 1986;
MacDonald ef al., 1986; Ruzyla, 1986).

Network structure entails a number of different features: scale, dimensionality,
coordination number and distribution of coordination. In addition, distributions of
pore-throat and pore-body sizes are required. In the following paragraphs we
discuss the basis on which we have selected the values used in our calculations.

The scale of the network determines the distance between pore-bodies or,
equivalently, the length of pore-throats. We have chosen this scale 0 that coupled
with the pore-body and pore-throat radii, the porosity of the porous medium is
correct. The scale of the network is also consistent with the approximate size of
grains of sand in a sandstone or beads in a beadpack.

Although two-dimensional (2D) networks are less expensive and easier to work
with, we believe it is important to use three-dimensional (3D) networks in
modeling 3D flow behavior because there are more interconnections in 3D
systems. The effects of interconnections are most pronousnced in systems where
the wetting phase is disconnected or trapped such as the invasion percolation
model of displacement (Chandler er al., 1982; Wilkinson and Willemson, 1983;
Koplik et al., 1983). When the invasion percolation model is formulated in 2D,
only one phase can percolate across the system at a time; while in 3D, there is a
range of saturations in which two-phases can flow (breakthrough of one phase
corresponds to a residual of the other in 2D!). In addition, the residual to the
nonwetting phase is much higher in a 2D system than in a 3D system. For a
uniform distribution of pore-sizes, the residual to nonwetting phase may be over-
estimated by as much as 1/3 by using a 2D network relative to a 3D network of
the same coordination (Chatzis and Dullien, 1982). The exponents governing
critical behavior in percolation theory are different in 2D and 3D indicating
differences in scaling between 2D and 3D systems {Wilkinson, 1986). Because the
wetting phase is not disconnected in our model, the wetting phase does not stop
flowing but, instead, the relative permeability of the wetting phase decreases
markedly when there is no longer an interconnected set (backbone)} of pores
completely filled of wetting fluid spanning the network. Hence, the differences
between two and three dimensional systems will still be present in our mode! but
will be less severe. :

Measurements of coordination number (i.e. number of pore-throats emanating
from a pore-body) reported in the literature vary depending upon the technique
and the properties of the medium. For regular packings of spheres Yuan (1981)
found that average coordination number of the pore-space, Z, was in the range
4=<7=8, and inferred that sandstones tend to have lower coordination than
sphere-packs; Berea sandstone would have an average ccordination number of
roughly 5 according to his estimates. Chatzis er al. (1983) studied the structure of
the residual oil (nonweting phase) in Berea sandstone and found coordination
numbers in the center of large blobs in the range of 3 to 8. Yanuka et al. (1985)
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used serial sectioning and reported a coordination distribution for Berea sandstone
which is sharply peaked around z =3 with Z=2.8, and for glass bead packs =
4.3. Their technique gave low estimates of the average coordination number for
regular packings of known coordination. In addition, their reported distributions
include large fractions of pores with coordination numbers of z = 1 and z = 2 which
we do not consider as distinct pores — when these pores are taken out of their
distributions, the average increases to 4.9 for Berea and 5.3 for a random bead
pack. Lin and Cohen (1982) used serial sectioning techniques and measured z=
2.9 for Berea sandstone as did Koplik ef al. (1984) who also used serial sectioning
and estimate 7 = 3.49 for Massilon sandstone. These [atter estimates also include
some dead-end pores and pores of coordination 2. Based on all these reported
data and model results, we conclude that coordination numbers between 4 and 8
are realistic.

In many of our studies we have used networks which have an average
coordination number of six. We have studied both regular cubic networks and
random Voronoi networks (Voronoi, 1908; Meijering, 1953; Winterfeld, 1981;
Jerauld et al., 1984). These Voronoi networks are generated by using the Voronoi
construction to form space-filling polyhedra, replacing the polyhedra with pore-
bodies centered at the polyhedra centroids, and substituting pore-throats
connecting pore-bodies for each face of the polyhedra. The network formed has
an average coordination number of approximately 15.54 which s large compared
to that of the pore-space of natural media. We, therefore, reduce the average
coordination of the network to 6 by discarding the pore-throats connecting pore-
bodies which are furthest away from each other. The resulting networks have a
distribution of coordination varying from 3 to 12.

In general, we find that results (relative permeability) for regular and random
systems are nearly identical. Jerauld et al. (1984) found that the percolation
properties {e.g. effective conductivity) were the same for Voronoi and regular
networks, in both 2D and 3D, consistent with the results reported here for relative
permeability. The magnitude of the coordination number does affect the results.
For example, decreasing the coordination number increases the residual saturation
and the capillary pressure at breakthrough for a given pore-size distribution (c.f.
Chatzis and Dullien, 1982, 1984).

Pore-size distributions of rocks have been measured by many people using a
variety of methods (Dullien and Dhawan, 1974, 1975; Chatzis and Dullien, 1982;
Chatzis et al., 1983; Yanuka et al., 1986). Most methods require a model of the
pore-space and simplifying assumptions. Because of these difficulties and the
simplified model we use, we have not attempted to precisely determine pore-size
distributions but use simple functional forms and sizes that roughly approximate
those given in the literature. We have used two different distributions in the work
presented below, one designed to mimic the properties of sandstone {Berea, Figure
2) and the other a monodisperse beadpack (Figure 3). The pore-size distribution
we use for Berea is similar to that used by Chatzis and Dullien (1982) and has the
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Fig. 2. Pore-size distribution representative of a consolidated porous medium (Berea sandstone).
Pore-throats are somewhat smaller than pore-bodies; 7=11 pm, 7 =38 um, average body-body
distance = 160 wm, average length of throat = 83 pmm.
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al. (1980) and is
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- The distance between the centers of pore-bodies is 150 pm.
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Fig. 3. Pore-size distribution representative of an unconsolidated porous medium (sphere-pack); F, =
28 pum, F» = 56 pm, average body-body distance = 152 um, average length of throat = 40 um.

3.2. FLUID DISTRIBUTION WITHIN THE PORE-SPACE

To effectively model the transport of the phases one must first know their
microscopic distribution. The configuration of the wetting phase affects both the
relative permeability and the amount of wetting phase present when the relative
permeability is negligible, the apparent irreducible wetting phase saturation
practically achievable in the laboratory. A number of researchers have provided
evidence that in porous media with rough surfaces, the wetting phase exists as a
connected network on the surface of the pore-space consisting of thin films and
pendular structures. The irreducible wetting phase saturation is usually sufficiently
large in natural porous media that it cannot be accounted for simply as adsorbed
films, but exists as bulk phases in the surface grooves, ncoks and crannies of the
pore-walls (Morrow, 1970). Adsorbed films probably account for less than one
saturation percent. Dullien ef al. (1986) found that there seems to be no lower
bound to the irreducible saturations of wetting phase in Berea cores (upon
application of increasing amounts of pressure) and present SEM evidence that
“the wetting phase present in the pore corners or edges forms a continuum. . .,
a network of conduits throughout which trapped wetting phase can leak out and
be produced”. Russell et al. (1947), working with sandstone after displacement
with oil (nonwetting phase}, and Brown (1957), working in sandpacks, found that
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all the water left after displacement with oil was recovered upon subsequent
imbibition. Salter and Mohanty (1982) found no isolated wetting phase during
two-phase steady-state flow over a wide range of saturations in fired and acidized
Berea sandstone. Meyers and Salter (1983) found that all the ion exchange sites
(and hence the entirety of the pore-walls) are accessible through the wetting phase
in Berea sandstone partially saturated with oil. Bacri ef al. (1985) measured the
saturation profile formed when wetting fluid is injected at low rates into sandstone.
They showed that if the sandstone was pre-wet with wetting fluid, the saturation
will increase throughout the sample without forming a distinct front, indicating
transport of wetting phase through thin films. However, if the solid was not pre-
wet by the wetting phase, its saturation increases only at the saturation front that
forms. A number of researchers have also found that even on relatively smooth
surfaces, such as glass micromodels, the wetting phase remains hydraulically
connected through microscopic grooves in the solid surface and the corners of
pores with angular cross-section (Mattax and Kyte, 1961; Lenormand er al., 1983:
Lenormand and Zarcone, 1984; Mathers and Dawe, 1985; Dullien et al., 1986).
The relative permeability to the nonwetting phase at irreducible wetting phase
saturation is often nearly unity (e.g. Leverett, 1938; Ramondi and Terasco, 1964;
Morgan and Gordon, 1970; Muskat et al., 1937), hence these surface grooves,
nooks and crannies do not contribute much to the total permeability of the
medium. Based on these observations, we assume that the wetting phase does not
become disconnected and that the hydraulic conductance of a throat occupied with
nonwetting phase is the same as in single phase flow.

3.3. PORE-LEVEL EVENTS

In flows at low capillary number, saturation fronts move through the porous
medium via a sequence of interfacial jumps. These jumps occur over a much
smaller timescale than typifies the bulk fluid movement. Such flows can be
modelled as pseudostatic, in which the flow occurs as a sequence of essentially
equilibrium configurations. The rules, or pore-level events, governing movement
from one configuration to the next have been derived by a number of researchers
and are based upon calculations of stability of interfaces in simple geometries and
upon micromodel studies (Mattax and Kyte, 1961; Pickell et al., 1966; Roof, 1970:
Lenormand er al., 1983; Chatzis et al., 1983; Lenormand and Zarcone, 1984; Chen
and Koplik, 1985; Li and Wardlaw, 1985; Mohanty er al., 1987). The type of
events which occur depends upon whether the process is drainage or imbibition,
and the geometry of the pore-space. We describe all flows in terms of three pore-
level events, which we characterize from the point of view of the nonwetting
phase: (1) invasion, (2) choke-off, and (3) retraction.

For simplicity, we explain concepts in terms of a network of cylinders with
‘throat radii’, r,, connected at spheres (or pore-bodies) of radius r,. These radij
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should be interpreted as the effective radii of curvature of the interfaces that fit
inside the pore-bodies and pore-throats within the porous medium of interest.

In drainage, the capillary pressure begins at a low value and increases. The
nonwetting phase saturation increases as nonwetting fluid invades successively
smaller pores, and becomes connected to regions which were separated from this
phase by small throats. A pore-throat is invaded if the applied capillary pressure
is greater than that which can be withstood by an interface sitting in the pore-

throat, i.e. if

po<atto= (L4 1) 20
Rl RZ

Here H represents the mean curvature of the interface, and R, and R, are the
radii of curvature along the two principle axes. The last equality holds only for
cylindrical pore-throats and may be regarded as the definition of an effective
radius of curvature, with the added idea that it represents the smallest radius of
curvature along the length of the pore-throat. Pore-bodies are assumed to be larger
than pore-throats. Hence, after going through a pore-throat, an interface spon-
tapeously invades the adjoining pore-body via a Haines jump as is depicted in
Figure 4. '

If the throat just passed is sufficiently small, the narrow neck meniscus left
behind in the pore-throat may not be stable, and can collapse if the ratio of
the pore-body radius to pore-throat radius is sufficiently large. As the drainage
displacement proceeds, the pore-throat will be subsequently invaded again (Chen
and Koplik, 1985). Because of this bubbling, these pore-throats allow transport
of the nonwetting phase but may be closed to the nonwetting phase in the relative
permeability calculation. The effect of this mechanism upon the relative perme-
ability is however negligible and may be ignored. In primary drainage, the fluid
begins along the exterior of the network and invades the largest pore-throat along
the interface. At every step in the primary drainage process, nonwetting fluid
resides in the pore-throats and bodies accessible through throats with a radius
larger than that corresponding to the current capillary pressure. In secondary
drainage, nonwetting phase can be present as that trapped in imbibition or that
accessible to the exterior of the network.

Near the end of drainage processes, when the capillary pressure is high, the
centers of virtually all of the pore-bodies and pore-throats are filled with nonwet-
ting fluid. The remaining wetting phase is left in the form of thin films along
the pore-walls, and pendular structures in the nooks and crannies. At capillary
equilibrium, these films ‘and pendular structures are thinner at higher capillary
pressures, which reduces the wetting phase saturation at which flow stops. Because
of its very low hydraulic conductance, the wetting phase may not reach its equili-
brivm saturation within the timescale of many experiments. This resistance to flow
leads to the observation that irreducible water saturation depends upon how long
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a) INVASION OF NONWETTING PHASE THROUGH LARGEST THROAT

Fig. 4. Pore-level events in drainage. (a) Invasion of nonwetting phase (oif) through largest pore-
throat, followed by (b) coalescence of nonwetting phase (if neighboring pore-body is filled with
nonwetting phase) and possibly reverse, snap-off or (c) Haines jurmp through adjoining pore-bady (if
neighboring pore-body is filled with wetting phase).

the experimentalist is willing to wait. Proper consideration of these phenomena
involves both an elaborate treatment of the surface forces, and a more accurate
description of the geometry of the surface of the porous medium, and is beyond
the scope of our current study.

In imbibition, the capillary pressure decreases from the value attained at the
end of the primary drainage cycle. Nonwetting phase, which is accessible from the
exterior of the network, is either displaced from small throats via choke-off (or
snap-off, Figure 5) or displaced from small pore-bodies in an event called retraction
(Figure 5). In choke-off, a solenoidal, or saddle-shaped, interface in a pore-throat
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a) CHOKE-OFF

Fig. 5. Pore-level events in imbibition. Choke-off in pore-throat (a} or retraction of nonwetting phase
from pore-body (b), (c). Capillary pressure at which each event takes place depends upon size of body
or throat and configuration of interface (e.g. number of nearest neighbors containing nonwetting
phase).

collapses if

P.<2Ho= (i—i) g=2

Ri R,

Here R, represents the radius of curvature in a direction roughly tangent to the
centerline of the throat. For simplicity we have assumed that 2H = C/r,, where C
is a constant of order unity which is estimated from the pore-structure and may
be regarded as a parameter characterizing the porous medium (Li and Wardlaw,
1985). In the simulations presented below, C =1 for consolidated medium, C =2/3

i
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for the medium of intermediate consolidation and C = 0.6 for the unconsolidated
medium.

In retraction (Figure 5), as the capillary pressure is decreased the head meniscus
within a pore-body retracts spontaneously through the adjoining pore-throats,
ending in head menisci in adjoining pore-bodies. The capillary pressure at which
retraction takes place in a given pore depends on the number of throats filled wi th
nonwetting phase which are connected to that pore. If only one throat connected
to the pore-body is filled with nonwetting phase, retraction takes place if

P.<2Hg= -2—2.
Ty
This event defines r,, for that circumstance. If more than one adjoining pore-throat
contains nonwetting phase, the interface can take-on configurations which have
lower curvature and, hence, retraction will occur at smaller capillary pressures,
The dependence of the capillary pressure necessary for retraction depends upon
the geometry of the pores and interface within the pores (Lenormand and Zarcone,
1984; Li and Wardlaw, 1985). Because the geometry in a real system is quite
complex, we have assumed that

2

Folnw

2H=

where z,,, is the number of adjoining pore-throats filled with nonwetting phase.
Because curvature, P.20, controls most of the phenomena, we correlate our
results below to this parameter rather than capillary pressure.

3.4. SATURATION DETERMINATION

Within our model, the saturation of the phases is calculated by summing the
contributions of pore-throats and pore-bodies separately and assuming wetting
phase coats the interior of the pore-space. Pore-bodies have the volume of a
sphere of radius r,. Pore-throats have the volume of cylinders of radius roand a
length determined by subtracting the body radii at either end of the throat from
the distance between pore-body centers, The saturation of wetting fluid in the
nooks and crannies of the pore-space is determined from the irreducible wetting
phase saturation, §,,,. Here we have assumed 0.18 for Berea (Salter and Mohanty,
1982), although we have recently come to believe that this number is somewhat
too high, and 0.075 for sphere-pack (Dombrowski and Brownell, 1954). Micro-
model studies indicate that, even excluding the nooks and crannies, the nonwetting
fluid does not occupy whole pore-bodies. In addition, the partitioning of pore-
space between pore-body and throat is somewhat arbitrary. For these reasons, we
introduce a parameter x which is a measure of the relative contributions of the
pore-throats and pore-bodies to the saturation. Hence, the saturation of nonwet-
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ting fluid is
Saw = (1 = Su)[xS, + (1 — x)S5]

where S, is the volume fraction of the pore-throats occupied by nonwetting phase
and S, is the volume fraction of pore-bodies occupied by nonwetting phase. The
parameter, x, can be estimated by assuming that entire pore throats are occupied
by nonwetting phase, in which case, x is the fraction of the pore-space taken up
by pore-throats. Otherwise, x can be determined from the residual to the nonwet-
ting phase for a flood started from irreducible wetting phase. In the simulations
below, x was found to bé 0.3 for the beadpack (consistent with entire pores being
invaded by nonwetting phase as well as matching the largest residual) and 0.75
for sandstone (to match the largest residual).

3.5. RELATIVE PERMEABILITY CALCULATION

The permeability and average flow through each pore-throat or body is calculated
by assigning conductances to the pore-throats and solving the system of equations
generated by applying continuity at each pore-body. Koplik (1982) has laid out
the methods of transcribing such a ‘ball and stick” model of a porous medium into
a network of hydraulic conductances. The hydraulic conductance associated with
a pore-throat can be broken into three parts; an entrance contribution generated
in going from pore-bodies to pore-throats, an exit contribution generated in going
from throats back to pore-bodies, and a contribution for the pore-throat itself
(Dagan et al., 1982). The pore-throat itself can be envisioned as a capillary of
radius, r,, and length | bounded by fluid regions much wider than the capillary,
The hydraulic conductance of the combination is then

7

(3+ﬂ),
T,

where g = (g/p) Ap.

Here, g is the total fluid flow through a pore-throat and Ap is the pressure drop
between-the pore-bodies at the ends of the pore-throat. In single phase flow, we
calculate the flux of fluid through the network by applying continuity at each pore-
" body and solving the resulting equations for the pressure at each pore-body using
a computer. The permeability is calculated from its definition using the flux and
the pressure drop across the network.

Relative permeability is calculated by regarding each phase as a separate sub-
network of the network used in single phase flow and comparing the flux calculated
through each sub-network to that in single-phase flow. The nonwetting phase sub-
network consists of all the interconnected pore-bodies and pore-throats occupied
with nonwetting phase. The wetting phase sub-network consists of all the pore-
bodiés and throats filled with wetting phase as well as nooks and crannies associ-

X
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.':':'i"thf‘i_th:éii'pore-bodies and throats occupied "’f’ith nonwetting ph‘ase. As de
¢ 'ibé'fd: af)o‘,-e’- the pore-scale distribution of fluid in two-phase flow is calculatec

mulatmg ‘the pseudo-static invasion of each phase as the applied capillary
sstire changes. The fluid distribution calculation proceeds in increments of one

Lp e-*Ie'v'elr event. At each step, a search is made over the entire interface tc
- determine which pore-level event will occur with the smallest change in capillary

pressure. After completing a number of steps, the fluid distribution and associated
capillary pressure is saved. Relative permeability curves are generated assigning
hydraulic conductances to the subnetworks associated with each phase and calcu-
lating fluid flax. Capillary forces are assumed to prevent flow normal to interfaces;
hydrodynamic interactions between the phases are assumed negligible.

Despite the high level of contact between the wetting and nonwetting phases,
there is little evidence that hydrodynamic interaction between the two phases is
important. If hydrodynamic interaction between the two phases were important,
it would manifest itself in the effect of viscosity ratio upon relative permeability
and the effect of pressure gradients in one phase upon the flow rate of the other.
A number of people have shown theoretically that if the nonwetting phase is much
more viscous than the wetting phase there may be a lubrication effect in which
the nonwetting phase relative permeability is larger at low wetting phase satura-
tions than it would be for a unit viscosity ratio system (Yuster, 1951; Ehrlich and
Crane, 1969; Larson, 1981; Danis and J acquin, 1983; Levine and Cuthiell, 1986).
However, when capillary forces dominate viscous forces, much of the evidence in
the literature suggests that relative permeability is not affected appreciably by
viscosity ratio or the direction of fluid motion (Dullien, 1979). A large number of
researchers report no dependence of relative permeability on viscosity ratio (Mu-
skat et al., 1937; Leverett, 1938; Sandberg ef al., 1958; Osoba et al., 1951; Donald-
son et al., 1966; Owens and Archer, 1971). In addition, Osoba ef a/. (1951) found
that gas-oil relative permeability was the same in cocurrent and countercurrent
flow and that the primary-drainage gas relative permeability was the same whether
or not the liquid was flowing. Finally, some of the best evidence that phases do
not interact very strongly are the experiments of Yadav er al. (1987). They showed
that the relative permeability of both the wetting and nonwetting phases in drain-
age measured when the opposite phase was solidified i siru was the same as that
typically measured for Berea. :

Despite this evidence, it is clear that one cannot show that no situations exist
in which interactions between the phases are important. In the work presented
here, we have assumed that these hydrodynamic interactions are negligible. Thus,
our model is limited to cases where this assumption is valid.

The hydraulic conductance of each throat is impacted by the fluids which occupy
each of the three sections of that pore-throat. Each of the segments is either
completely filled by wetting-phase, or primarily filled by nonwetting phase. The
hydraulic conductance of a section filled with wetting phase is equal to that of
single-phase flow. The nonwetting phase conductance of a throat-section primarily
filled with nonwetting phase is assumed to be the same as single-phase flow,
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consistent with the observation that low connate water saturations do not reduce
the permeability to oil substantially. The hydraulic conductance of the wetting
phase in a section primarily filled by nonwetting phase is reduced to a very
small, but finite, value by the presence of nonwetting phase. We approximate the
conductance of such a section by reducing its total hydraulic conductance by a
factor equal to the square of the ratio of the area fraction taken up by wetting
phase in thin films and nooks and crannies to the total area (i.e. flow rate is
proportional to the square of the area available for flow). The total hydraulic
conductance of each throat is then made up of the three contributions, and the
total network conductance for each phase is calculated as before.

In the simulations presented below we have used networks of 20 X 20 X 20 =
8000 pore-bodies with periodic boundary conditions applied in the two directions
transverse to the flow direction. We believe that these are large enough to discern
trends in capillary pressure and relative permeability. Because of the time and
expense required however, we have not checked each set of curves to see if they
would change with network size. Spot checks comparing results on cubic networks
with 16 X 16 X 16 and 32 % 32 x 32 showed few differences. Results also changed
little between different sets of random numbers, hence a single realization was
used. The calculated relative permeability of a phase is least accurate when its
saturation is low. Chatzis and Dullien (1982), Diaz et al. (1987), and Li ef al.
(1986) have discussed the effects of network size. They, respectively, report that
networks of 18 X 18 x 12, 15 % 15 x 15, and 20 X 20 X 20 pore-bodies are reguired
to give satisfactory results. Wilkinson (1986) has discussed the impact of small
network size upon relative permeability and capillary pressure in some detail. The
major impact of using small networks is to increase the relative permeability of
both phases and to shift the residual nonwetting phase to lower values.

The matrix of linear equations which must be solved to calculate the flow rate
through the network is large, sparse and somewhat ill-conditioned. The periodic
boundary conditions make the bandwidth very large. The nonwetting phase calcu-
lations were greatly facilitated by first stripping away the deadends and isolated
structures before setting up the matrix solution. The matrix equations were solved
using a preconditioned conjugate-residual method called the ‘truncated Petrov—
Galerkin—Krylov method’ with modified incomplete LU factorization as a precon-
ditioner (available in the Yale iterative sparse matrix package, Elman er al., 1983;
Schultz et al., 1983). Constant-pressure boundary conditions were applied along
the inlet and outlet faces. Roughly two-thirds of the computation time was spent
solving for the relative permeability, most of the remainder was spent doing the
searches involved in the pseudo-static invasions.

4. Results

Results are presented here which demonstrate the impact of various pore-morpho-
logical descriptors on capillary pressure and relative permeability. Although results
have been generated for both regular and random lattices of different coordination
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numbers, only results for the regular, cubic lattice will be shown. As stated above,
the impact of coordination number and lattice randomness has been found to be
secondary. The impact of three major descriptors will be emphasized: aspect ratio,
pore correlation, and pore-size distribution. _
All pore-level model results presented are typified by Figure 6. Results, capillary
pressure and relative permeability, are presented for primary drainage, imbibition,
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Fig. 6. Pore-level model predictions of hysteresis in relative permeability and capillary pressure for
high-aspect-ratio porous medium, typical of consclidated sandstone, e.g. Berea sandstone.
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and secondary drainage. Typically, three scanning loops are shown, where the
primary drainage cycle is stopped at different nonwetting phase saturations. Since
the permeability to nonwetting phase at irreducible wetting phase saturation is
assumed to equal the total medium permeability, normalization of the relative
permeabilities by either extreme is equivalent. In order to keep the capillary
pressure curves on the same scale we have plotted the curvature, P./2¢, in units
of pum™1 _

The results to be presented may be understood within a general context. Relative
permeability and capillary pressure are determined by the geometric structure of
the phases. For the nonwetting phase, continuous flowing pathways must exist
which span the network in order to generate permeability. The number and
effectiveness of these pathways determines its magnitude, The wetting phase
always spans the network (is continuous). The magnitude of the wetting phase
relative permeability is determined by the number of segments along the various
flowpaths which are filled primarily by nonwetting phase. The geometric structure
is, in turn, determined by the pore structure (through its impact on the different
pore-level events) and the saturation history. The relative importance of choke-
off and retraction during imbibition is shown to be a major factor causing the
differences in the geometric structure of the phases which result in hysteresis.

4.1, SINGLE PHASE PERMEABILITY

The single phase permeability predicted using this network model agrees within
an order of magnitude with that of actual porous media. Simulated permeabilities
are usually larger. The single phase permeability of random Voronoi networks
was found to be roughly 20% lower than that of regular networks (for z =6, 8),
hence the random topology and increased variance of conductance distribution
lead to a small change in absolute permeability but no substantial change in
relative permeability.

4.2. EFFECT OF ASPECT RATIO ON HYSTERESIS

The single most important feature determining the pattern of hysteresis is the
pore-body to pore-throat aspect ratio. Other features of the pore-structure must
be changed, however, to reproduce all the details of relative permeability of a
particular porous medium; we describe these other effects in the following sections.
Aspect ratio is important because it determines the relative importance of the
choke-off and retraction mechanisms. In high aspect ratio media, those in which
pore-bodies are much larger than pore-throats, the choke-off mechanism predomi-
nates the retraction mechanism.

Berea sandstone is an example of a medium with a high aspect ratio. Figure 6
shows pore-level modeling results based on the ‘sandstone’ pore-size distribution
described above. The hysteresis behavior is typical of that exhibited by consoli-
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dated media: The primary drainage relative permeability to the nonwetting phase
is greater than that of imbibition which, in turn, is the same as secondary drainage
(c.f. Figure 1). Less hysteresis occurs in the wetting phase; primary drainage is
slightly greater than imbibition which in turn is the same as secondary drainage.
We have measured steady-state relative permeability of strongly-wetting fluids in
Berea sandstone and hysteresis behavior (particularly wetting phase) which is
qualitatively similar to that predicted by the model (Figure 7). Scanning loops in
nonwetting phase relative permeability predicted by the pore-level model resemble
those measured by Geffen ¢f al. (1951). The absence of hysteresis between imbibi-
tion and secondary drainage occurs because the invasion of nonwetting phase in
drainage, and choke-off in imbibition, both depend only upon throat size. Hence,
the nonwetting phase occupies the same pore-throats in both cycles, resulting
in approximately the same relative permeability. The nonwetting phase relative
permeability in primary drainage is greater than that in secondary drainage because
nonwetting phase becomes disconnected during imbibition, hence a larger fraction
of the nonwetting phase is active in transport during primary drainage. The wetting
phase relative permeability in primary drainage is greater than that in secondary
drainage because disconnected nonwetting phase interrupts the channels filled with
wetting phase more effectively than connected nonwetting phase. This distribution
of the nonwetting phase is corroborated through analysis of its geometric structure.
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Fig. 7. Steady-state measurements of relative permeability of strongly wetting fluids in fired and
acidized Berea sandstone.



EFFECT OF PORE-STRUCTURE ON HYSTERESIS 125

The geometric structure of a phase within a porous medium can be described
in terms of its flowing, dendritic and isolated fractions. The flowing fraction (also
called the backbone, or effective fraction) is the fraction of the saturation
contained in regions which are connected to both the inlet and outlet by at least
one nonintersecting path, and consequently contains flowing fluid. The dendritic
fraction of a phase is connected to the flowing fraction of that phase but does not
exhibit flow itself. The fluid in these pores can be recovered in a miscible displace-
ment within a phase by diffusion into the flowing fraction. The flowing and
dendritic fractions together constitute the recoverable fraction; the remainder is
isolated. The isolated fraction of a phase is completely surrounded by the other
phase, through which no diffusion is assumed to occur. This material is therefore
not recoverable. All fluid particles contained within the flowing fraction must be
accessible to the medium surface by at least two independent paths, one to the
outlet and one to the inlet, over which a pressure drop must occur. The fluid
particles contained in the dendritic fraction must be connected to the surface by
continuous pathways filled by the fluid in question, but some portion of this
pathway must be redundant, thereby eliminating the possibility that a pressure
drop can exist within this fraction.

The relative permeability of the nonwetting phase can be understood in terms of
the geometric structure of that phase. The saturation dependence of the dendritic,
flowing and isolated fractions of the nonwetting phase predicted by the pore-level
model (Figure 8) are in qualitative agreement with those measured by Saiter and
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Fig. 8. Flowing and dendritic fractions of nonwetting phase for consolidated porous medium predicted
by pore-level model are in qualitative agreement with those of Salter and Mohanty (1982).
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Fig. 9. Flowing and dendritic fractions of nonwetting phase measured for fired and acidized Berea
sandstone after Salter and Mohanty (1982).

Mohanty (1982, Figure 9). All the phase fractions in secondary drainage are
essentially the same as in imbibition. In primary drainage, however, little or no
isolated fraction and a somewhat larger dendritic fraction exist at low saturation.
These differences between primary drainage and the later cycles can be understood
in terms of the relative importance of choke-off in the various cycles. Since
capillary pressure is always increasing in primary drainage, choke-off plays a very
minor role. Thus, few isolates are created. During imbibition, however, choke-
off is very important (n.b., at residual, all of the nonwetting phase is isolated). -
During secondary drainage, much of this nonwetting phase remains isolated untii
the saturation becomes fairly high. Thus, the differences, between the phase frac-
tions in the cycles arc greatest at low saturation. There is a minor difference
between the predictions of the pore-level model and experimental data reported
by Salter and Mohanty (1982). At low saturations, the dendritic and flowing
fractions found experimentally become independent of saturation whereas they
decrease in the pore-level model. We have not fully understood why this difference
exists but note that, in this region, sample size effects will cause the pore-level
model to be less accurate and that flow in this regime may include a mixture of
drainage and imbibition mechanisms independent of the process.

Figure 10 shows the saturation in the backbone and dendritic fractions plotted
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Fig. 10. Relative permeability, backbone saturation and dendritic fraction of nonwetting phase for

high-aspect-ratio porous medium predicted by pore-level model. The hysteresis pattern in backbone
fraction and relative permeability are the same.

along with the relative permeability of the nonwetting phase. The dendritic fraction
is larger in primary drainage at low saturations and nearly the same as in imbibition
and secondary drainage at high saturations. Because relative permeability and
backbone saturation have the same general form, it is apparent that the backbone
structure of the nonwetting phase, and not the size of the pores it occupies, is the
major determinant of the relative permeability to the nonwetting phase. Clearly,
stagnant saturation (the sum of the isolated and dendritic fractions) cannot contrib-
ute to permeability. Thus, the sum of the isolated and dendritic saturations can
be viewed either as increasing the saturation required to yield a given permeability,
or decreasing the permeability which occurs at a given saturation. If relative
permeability is plotted vs. backbone saturation, as it is in Figure 11, hysteresis
disappears. This observation is similar to those of Goddard et al. (1962) who
explained, based on experiments that “electrical conductivity and diffusivity de-
pend upon the total volume of conducting phase and the nature of its interconnec-
tions but are not affected directly by the pore-size distribution” and who found
that electrical conductance curves have the same hysteresis behavior as relative
permeability. Salter and Mohanty (1982) also found experimentally (see Figure
12) and through pore-level modeling (Mohanty and Salter, 1982) that the relative
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Fig. 11. Pore-level model predictions of the dependence of relative permeability of the nonwetting
phase upon saturation of nonwetting phase in the backbone fraction for high- (consolidated) and low-
(unconsolidated) aspect ratio media. The lack of hysteresis shows that relative permeability depends
primarily upon the saturation in the backbone fraction.

permeability depends primarily on the backbone saturation. This observation is
consistent with the conceptual picture provided by percolation theory (Kirkpatrick,
1972; Larson et al., 1981; Heiba et al., 1982; Wilkinson, 1986; Katz and Thompson,
1987) that a large part of relative permeability behavior can be understood as
near-critical behavior, in which the long range structure is important but the
particular sizes of pores and values of hydraulic conductances are not. These same
ideas hold for systems with low aspect ratios but details in the geometrical structure
of the phases change. The changes that do occur are examined briefly below.

A pack of monodisperse beads is an example of a low-aspect-ratio medium.
Figure 13 shows pore-level modeling results for the ‘beadpack’ pore-size distribu-
tion described above. The hysteresis behavior is typical of that exhibited by
unconsolidated media (e.g. Naar et al., 1962). The imbibition relative permeability
to the nonwetting phase is greater than that in primary drainage which is similar
to secondary drainage. Almost no hysteresis is present in the wetting phase. The
residual nonwetting phase is significantly smaller than that in consolidated media.
The nonwetting phase relative permeability in imbibition is greater than that in
drainage because there is little dendritic fraction. Hence, for a given saturation,
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Fig. 12. Dependence of relative permeability of the nonwetting phase upon saturation of nonwetting o
phase in the backbone fraction for Berea sandstone. Data are taken from work of Salter and Mohanty
(1982).

more nonwetting phase is active in transport. The wetting phase relative perme-
ability in primary drainage is only slightly larger than that in secondary drainage
because very little nonwetting phase is trapped during imbibition. Scanning loops
predicted by the pore-level model are shown in Figure 13. These loops have
regions where the imbibition nonwetting phase relative permeability is néarly
horizontal and should probably be regarded as an extreme limiting case or an
idealization resulting from the crude approximations used for the retraction cri-
teria. We have seen no data in the hiterature which support or refute this resnlt.
Dominance of the retraction mechanism in low aspect ratio media leads to the
differences in behavior compared with media with high aspect ratio. Retraction
tends to occur at the lowest coordinated pore-bodies first preventing the formation
of dendritic structure in the nonwetting phase. Pore-level model predictions of the
dendritic and backbone saturations and relative permeability of the nonwetting
phase (Figure 14) support this view of the hysteresis behavior and show that the
backbone saturations and relative permeability have similar hysteresis behavior.
Although we have made po attempt to find the magnitude of the effect, the
reduction. in the amount of nonwetting phase dendritic fraction which exists during
imbibition compared to that in primary drainage at the same overall saturation,
should result in less capacitance within the nonwetting phase (asymmetry in tracer
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Fig. 13. Pore-level model predictions of hysteresis in relative permeability and capillary pressure for
tow-aspect-ratio porous medium, typical of sand or bead pack. )

concentration profiles due to mass transfer with stagnant regions), during a mis-
cible displacement in imbibition. It is also worth noting that the pattern of hyster-
esis predicted for unconsolidated media is of the same general form as that used
by Gladfelter and Gupta (1978) in their explanation of ‘humps’ i saturation
profiles, although the origin of the hysteresis in the relative permeability they
measured is probably different.

Pore-level predictions of the hysteresis behavior of a medium of intermediate
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Fig. 14. Pore-level model predictions of relative permeability, backbone saturation and dendritic
fraction of nonwetting phase for low-aspect-ratio porous medium. Low aspect ratio media have few
deadends in imbibition because of the retraction mechanism. Relative permeability and backbone
saturation have the same hysteresis pattern.

aspect ratio are shown in Figure 15. These simulations were generated by keeping
the pore-body and pore-throat distributions for a consolidated medium (sandstone)
and changing the constant C from 1 to 2/3. Essentially no hysteresis is observed
for the wetting phase. For the nonwetting phase, these predictions have the
same general form observed by Colonna er ol. (1972). Primary drainage relative
permeability is smaller than imbibition relative permeability; secondary drainage
relative permeability is less than that in primary drainage. Scanning loop behavior
is very complex, with a small region in which imbibition relative permeability is
independent of saturation followed by a region where relative permeability de-
creases with saturation (Figure 1). Unlike consolidated and unconsolidated media,
where relative permeabilities measured during scanning loops stay within ‘bound-
ing curves’ (generated from an experiment run to irreducible wetting phase satur-
ation, back to residual and back to irreducible again), successive scanning loops
for intermediate aspect ratio media cross each other. Figure 16 shows the dendritic
fraction, backbone saturation and relative permeability within an intermediate
hysteresis loop. The nonwetting phase relative permeability and backbone satur-
ation have the same hysteresis behavior, as observed for the media with more

e EREE
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Fig. 15. Pore-level model predictions of hysteresis in relative permeability and capillary pressure for
porous medium with intermediate aspect ratio; similar curves have been measured by Colonna et al.
(1972).

extreme aspect ratios discussed previously. This result gives strong evidence that
once the fluid distribution is determined, the relative permeability is set. The
aspect ratio controls the mechanisms which generate the fluid distributions. The
dependence of the dendritic and backbone fractions upon saturation during imbibi-
tion shows that the flat region in the relative permeability curve results from the
retraction process consuming the dendritic fraction; the region of decreasing rela-
tive permeability corresponds to choke-off consuming the backbone, thereby in-
creasing the dendritic fraction.
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Fig. 16. Pore-level model predictions of relative permeability, backbone saturation and dendritic
fraction of nonwetting phase for intermediate-aspect-ratio porous medium for an intermediate hyster-
esis loop.

4.3. EFFECTS OF CORRELATION IN PORE-STRUCTURE

Correlation in pore structure can be divided into at least two types: correlation
between the sizes of pore-bodies and their neighboring pore-throats (throat-body
correlation), and correlation between neighboring pore-throats (throat-throat cor-
relation) or neighboring pore-bodies (body-body correlation). Correlations of
these types can be formulated in a variety of different ways. Different types of
correlations may also be mixed. We have attempted to determine the impacts such

H

k]
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correlations have on relative permeability and capillary pressure, rather than to
determine their cause or measure their magnitude. It is difficult to implement
correlation without impacting some other part of the pore morphological descrip-
tion. For example, if throat-body correlation is implemented (while keeping the
pore-body and -throat size distributions constant), changes in aspect ratio generally
occur. Thus, it is difficult to determine which input is causing the observed change
in the transport coefficient of interest. We have not attempted to make an exhaus-
tive study of different formulas for correlation. Thus, it is somewhat difficult to
make all-encompassing generalizations. We present here, instead, what appear
to be general findings, at least for the types of correlation we have studied.

The simplest case independently assigns pore-throats and pore-bodies from their
respective distributions by using a random number generator to assign numbers
(from a uniform distribution) to each pore-body or pore-throat. To assign a radius
to each pore-throat (pore-body), we find the radius such that the cumulative
probability is equal to the random number assigned to that throat (body}, i.e. if
() is the random number, we find r such that Q= [} dof(p), where f(p) is the
probability density function. In building-in correlation, we have assigned these
random numbers to throats (€},) and bodies (£},) using several different schemes.
To normalize so that the distribution of pore-sizes does not change from scheme
to scheme, we order the random numbers and reassign them so that they form a
uniformly distributed set, i.e. set Q; =i/(n + 1) where 1 is the number of random
numbers (number of bodies or throats) and i refers to the position in the ordering
(= b or £). This normalization is similar to that used by Li et al. (1986).

We have generated correlation in a number of different ways to verify that the
results are not highly dependent upon the details of the generation scheme, only
the extent of correlation. Spatial correlation was generated by first assigning
random numbers to each pore-body. Next numbers, {},, were assigned to each
pore-throat using the random numbers assigned to the pore-bodies at each end of
the pore-throat, Q,; and £2,,, according to the following prescriptions,

(1) base case, {},= w a random uniformly distributed number,
(2) Q,=Qy; or Q, = O, with equal probability,

(3) Q= wQy + (1 — w)ys,

4) &= (25102), .

(5) Q= ((Qo1962)"2 + 1. — (1 — Q)(1 — Qa)V/2,

6) Q,=(Qp + Q)12

These are in order of increasing degree of correlation as judged from variograms
measured for samples which are periodic in all (three) directions (Figure 17). The
variogram shows that the range of influence of these schemes is, as one might
expect from the prescription, only to nearest neighbors. The above correlations
were used on both Voronoi and cubic networks with similar results. Another type
of correlation was developed only on the cubic network by thinking of the network
as a 3D checkerboard and assigning
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Fig. 17. Variograms of pore-throat radii for different correlation schemes on cubic networks. y(r,) is
the average of {r{x;)—rfx;+r))%/2 over all the centers of throats, x;, for a cubic network of
20 % 20 x 20 pore-bodies. o is the variance of the pore-throat radius distribution. The data points
correspond to the different distances between pore-throass, the smatlest is the lattice spacing divided

by \6, there are two types of neighbors one lattice unit away {(one type of neighbor which shares a
common pore-bedy, the other type whose centerline is parallel to the reference throat} and so forth.,
Correlation between pore-throats is only significant in nearest neighbors which share a pore-body
except type 7 which has slightly more extensive correlation and type | which has none.

(7) Q(red) = Q, (black) neighbor with equal probability and Q, = (Q,; + sz) 2

This scheme creates a larger degree of correlation than I) through 6).

We have deduced from simulations that the effect of correlation npon abs lute
permeability is to increase the permeability. For example, using the consolidatg
medium pore-size distribution, the increase in absolute permeability ranged fro
between 10 and 60% depending upon the degree of correlation. The larges
increase occurred when pore-bodies and pore-throats were correlated. The in-
crease in permeability was partially due to an increase in the average conductance
associated with pore-throats but cannot be attributed to this alone; the perme-
ability divided by the average conductance increased by between 10-40%. These
observations are consistent with those of Katz and Thompson (1987) who have
demonstrated that the majority of the hydraulic conductance of a medium is
contributed by relatively few paths of high hydraulic conductance; correlation has
the effect of increasing the probability and/or hydraulic conductance of such paths.

In high-aspect-ratio media, spatial correlation ameng throats tends to decrease
the breakthrough and residual nonwetting phase saturations, as well as to decrease
the curvature of the relative permeability curves during primary drainage and
increase it in secondary drainage (Figure 18). Moreover, throat-throat correlation
generally increases the nonwetting phase relative permeability and drops the wet-
ting phase relative permeability slightly. The effect of correlation upon waterflood
behavior is to increase the oil recovery at water breakthrough. The wetting phase
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Fig. 18. [Effect of throat-throat correlation (type 6} upon relative permeability and capillary pressure
for high-aspect-ratio medium. Relative permeability of the nonwetting phase increases and relative
permeability of wetting phase decreases with increasing amount of correlation.

saturation at which the two relative permeabilities are equal is higher and relative
permeability there is larger. These observations are consistent with the results of
Kirkpatrick (1973) who found that the effective conductivity (analogous to relative
permeability) was higher in correlated systems and the percolation threshold (anal-
ogous to residual) was lower.

Some evidence, although circumstantial, indicates that correlation between
pore-throats may occur to a greater degree in consolidated media than in unconso-
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lidated media. Inasmuch as the pore-throats control fluid flow, the magnitude of
the dispersivity during single phase flow measures the correlation in pore-structure
(Hulin et al., 1986). The ratio of the dispersivity to the grain size in consolidated
media is roughly an order of magnitude higher in consolidated media (of the order
of 10 for Berea sandstone, Salter and Mohanty 1982) than in unconsolidated media
(of the order of 1, Hulin et al., 1986). The relative permeability predictions of our
pore-level model better approximate the behavior of consolidated media when
correlation is included. These considerations led us to use type 6 correlation in
the results presented for consolidated media in the previous section; no correlation
between throats or bodiés was used for the unconsolidated media predictions.

In our ‘checkerboard’ model, each pore-throat connects one black and one
red pore-body. Another type of throat-throat correlation is generated by assigning
to all the pore-throats the random number associated with their neighboring black

pore-body.
(8) €, =, (black)

This step has the effect of keeping some pore-bodies unoccupied by nonwetting
phase even at high nonwetting phase saturations (in primary drainage) and accen-
tuates the dependence of the residual nonwetting phase saturation on the
maximum nonwetting phase saturation previously achieved, even at high nonwei-
ting phase saturations (Figure 19). This type of nonwetting phase relative perme-
ability hysteresis pattern has been observed by Heaviside et af. (1983) in alumina.

We find only minor effects due to throat-body correlation. These effects were
tested by comparing cases in which we assigned new random numbers, {),, after
choosing (1, with cases in which the set of {}, used to generate (), was used to
generate pore-body radii. Such correlation shifts k., and k.,.S> up and to the
right, towards k,..»p (Figure 20). Thus, throat-body correlation leads to less
hysteresis. . .

In media of low aspect ratio, correlation has the same impact on primary drainage
and imbibition relative permeabilities as in high aspect ratio media (Figure 21).
Correlation between neighboring pore-throats increases the nonwetting phase and
slightly decreases the wetting phase relative permeabilities, while decreasing the
difference between imbibition and drainage relative permeability. Throat-body
correlation has little effect upon relative permeability. Some types of correlation
lead to hysteresis behavior which is different than that described above. One
example is type 4 correlation in which the wetting phase relative permeability.is
slightly higher in imbibition than in drainage (Figure 22). The checkerboard-type
correlation also leads to somewhat more complex behavior (Figure 23). Nonwet-
ting phase relative permeability is greater in imbibition than in primary drainage
for hysteresis loops which reach moderate nonwetting phase saturations, while
imbibition is less than primary drainage when the hysteresis loops cycle back at
low saturations (secondary drainage relative permeability is always below primary
drainage). In addition, more trapping occurs at low nonwetting phase saturations

e
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Fig. 19. Pore-level model predictions of hysteresis in relative permeability and capiilary pressure for
high-aspect-ratio medium with type 8 correlation, i.e. throats around ‘black’ pore-bodies of 3D checker
board have the same size (bodies and throats are not correlated).

when this type of correlation is present. Hence, correlation in pore-structure can
lead to a variety of hysteresis behaviors.

4.4. EFFECT OF PORE-SIZE DISTRIBUTION

In general, small changes in pore-size distribution do not change the resulting
relative permeability predictions significantly. To demonstrate the effect of pore-
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Fig. 20, Pore-level model predictions of the effect of throat-body correlation upon hysteresis in
relative permeability for high-aspect-ratio medium with type 7 correlation. Nonwetting phase relative
permeability in imbibition is higher when throats and bodies are correlated.

size distribution, we have run a limited number of cases in which the width of the
pore-throat and/or pore-body size distributions was narrowed to one micron.
A comparison of relative permeability and capillary pressure predictions for a
consolidated media (Type 6 correlation with bodies and throats correlated and the
pore-size distribution given in Figure 4), with those for a similar medium but a
narrow pore-throat size distribution appears in Figure 24. As expected, the capil-
lary pressure curve is much flatter with the narrow pore-size distribution. The
wetting phase relative permeability is similar for both cases while differences occur
in the nonwetting phase relative permeability. Whereas k., for the narrow
pore-size distribution medium is convex upward over the whole saturation, becom-
ing linear only at high nonwetting phase saturations, the base case has an s-shape.
The convex upward shape is due to overall connectivity or percolation effects:
these are more apparent in primary drainage because of the higher dendritic
fraction. The pore-size distribution creates the s-shape because the progressively
smaller pore-throats contribute disproportionately less to the permeability (g ~r?)
than to saturation (S,~r2). The failure of effective medium theory of relative
permeability, as proposed by Levine and Cuthiell (1986), to show the concave
upward behavior can be understood in terms of near-critical percolation behavior.

SN
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Fig. 21. Effect of throat-throat correlation (type 6} upon relative permeability for low-aspect-ratio
medium. Relative permeability of the nonwetting phase increases and relative permeability of wetting
phase decreases with increasing amount of correlation.

Effective medium theory does not include any provision for the long-range strue-
ture and, hence, leads to linear dependence of relative permeability upon satur-
ation. However, the effect of nonwetting phase entering progressively smaller
pores (at high nonwetting phase saturations) is modelled well by effective medium
theory.

To evaluate the effect of correlation in pore structure on these conclusions
we conducted studies with no correlation. Figure 25 shows relative permeability
predictions for three cases with no correlation: one with the pore-size distribution
for consolidated medium and one each with narrow pore-throat and pore-body
size distributions (with the same average value). As one might expect, because
the permeability is primarily controlled by the throat-size (as is the distribution of
fluids on the pore-scale in a high aspect ratio medium), changing throat-size
distribution has a larger effect on relative permeability. In fact, a case with a
narrow pore-throat size distribution and a case with both narrow throat and body
size distributions are nearly identical (for this reason the latter is not shown). As
was the case in Figure 24, the predictions with a narrow throat-size distribution
show a concave-upward rather than s-shape k,..pp The wetting phase relative
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Fig. 22. Pore-level model predictions of hysteresis in relative permeability for low-aspect-ratio
medium with type 4 correlation, note that wetting phase relative permeability is slightly larger in
imbibition than in drainage.

permeability is smaller in cases where either the pore-body, or pore-throat, size
distributions were narrowed.

It is apparent from both Figures 24 and 25 that in imbibition the nonwetting
phase is trapped in the largest pores, because the trapped saturation is significantly
larger for the base cases than it is in the cases with either narrow pore-body, or
pore-throat size distribution. Narrowing the body-size is seen in Figure 25 to have
a greater effect upon the residual saturation.

Figure 26 shows the effect of narrowing the pore-size distributions for the
unconsolidated medium. The imbibition relative permeability of the nonwetting
phase was slightly smaller in the case of a narrow pore-size distribution and
significantly smaller in the case of narrow pore-throat size distribution. The other
relative permeabilities were essentially unaffected. As in the consolidated media,
the major impact on the relative permeability resulted from narrowing the pore-
throat size distribution.

Consideration of the effects of pore-size distribution independent from all other
effects is difficult. This problem can perhaps most easily be seen if the results for
the uncorrelated consolidated medium are considered. Because this medium is
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Fig. 23. Pore-level model predictions of hysteresis in relative permeability for low-aspect-ratio
medium with type 8 correlation. Dashed line shows intermediate hysteresis loop.

uncorrelated, it is possible to characterize each of the four cases investigated
(normal throat and body distributions, narrow throat distribution, narrow body
distribution, and narrow throat and body distributions) with respect to the number
of throats which are more likely to undergo retraction than choke-off, or vice
versa. Since the throat and body sizes are independent {(uncorrelated), calculation
of an aspect ratio distribution is straightforward (see Appendix). The porous
medium can then be characterized by the calculation of the fraction of throats
which would undergo retraction before choke-off. It is important to recognize that
this characterization describes the entire medium and does not equate to the
likelihood of retraction versus choke-off, which is also impacted by the accessibility
of the throats to nonwetting phase. The results of this calculation for the base-
case distributions (consolidated medium) indicate that 17.1% of the throats would
undergo retraction before choke-off. When the body-size distribution is narrowed,
this percentage reduces to 11.5% . With normal body-sizes and a narrow throat-size
distribution, the percentage reduces further to 4.2%. And with both distributions
narrowed, all the throats will undergo choke-off before retraction. It should not
be surprising, therefore that the results shown in Figure 24 follow the same
ordering. Cases in which the distributions have been varied, while keeping the
likelihood of choke-off versus retraction constant, have not been conducted.
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Fig. 24. Comparison of pore-level model predictions of hysteresis in relative permeability and capillary
pressure of high aspect ratio porous media with very narrow and base case pore-throat distribution
(type 6 correfation, throats correlated with bodies).

5. Conclusions

. Pore-level modeling is an effective tool for understanding the impact of pore
structure in causing hysteresis behavior in steady-state relative permeability and
capillary pressure in strongly-wetting systems at low capillary number.

. Pore-body to pore-throat aspect ratio is the most important structural determinant
of the hysteresis behavior,

. The concept of bounding curves for relative permeability is invalid for porous
media with intermediate aspect ratio.

. The structure of the backbone of the nonwetting phase is the primary determinant

peves
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Fig. 25. Comparison of pore-level model predictions of hysteresis in relative permeability and capillary
pressure of high-aspect-ratio porous media with very narrow and base case pore-size distributions (no
correlation).

of its relative permeability. During imbibition this structure is, to a large extent,
determined by the relative importance of choke-off and retraction, which is highly
influenced by the aspect ratio of the medium. (Choke-off dominates in high
aspect ratio media). The pore-size distribution is of secondary importance.

- In high-aspect-ratio media, typical of consolidated media, imbibition capillary
pressure curves of strongly-wetting fluids do not give direct information about
pore-body size because the primary mechanism in imbibition is choke-off which
depends primarily upon pore-throat size.

- Spatial correlation between pore-throat sizes also impacts the nonwetting phase
structure and, thereby, the shape of relative permeability curves. Increasing the
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Fig. 26. Comparison of pore-level model predictions of hysteresis in relative permeability and eapillary
pressure of low-aspect-ratio porous media with very narrow and base case pore-size distributions (no
correlation). Relative permeabilities for the cases in which both pore-throat and body sizes are
narrowed is indistinguishable from those in which only throat size is narrowed.

extent of correlation between pore-throats increases the nonwetting phase relative
permeability and slightly decreases the wetting phase relative permeability.

- Whereas we have explored many of the impacts of pore-structure upon relative
permeability and capillary pressure, there are others which remain. Additionally,
seldom is there enough experimental information describing the pore structure
of any specific porous medium (particularly correlation between pore-sizes) to

allow a priori calculation of relative permeability and capillary pressure with a
high degree of certainty.
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Appendix: Retraction Versus Choke-Off
In the section entitled PORE LEVEL EVENTS, the criteria for choke-off

2m =€

ry
and retraction

2

Folnw

2H=

were given. If body-throat combinations are considered, the likelihood of retrac-
tion relative to choke-off is determined by

2r,

< retraction preferred,

Zow

2 .
r d = L choke-off and retraction equally likely,

Lnw

2r
> r

Zpw

choke-off preferred.

AN

For uncorrelated systems, the probability that a throat has radius 7, and that a
body has radius r, is, simply, the product of the two individual probabilities

fi(r)fo (s).

If the individual body and throat-size distributions are normalized, such that
fdr,f,(r,) J drbfb(rb) =1
0 0

then the fraction of throat-body pairs in which retraction is of equal, or greater,
likelihood to occur relative to choke-off is given by

2 2r i Cx

[arn | " AL -fo(ra)
0 : 0

For the throat- and body-size distributions of interest, these integrals were com-
puted numerically.
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