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Abstract

The objective of the current paper is to extend the theoretical approach and an
analytical solution, which was proposed by Babchin and Faybishenko (2014), for the
evaluation of a capillary pressure (P.) curve in porous media based on the

apparent specific surface area, using an explicit combination of the relative permeability
functions for the wetting and nonwetting phases. Specifically, in the current paper, the
authors extended this approach by the application of two types of capillary bundle
models with different formulations of effective capillary radius formulae. The application
of the new models allowed the authors to improve the results of calculations of the
effective average contact angle given in the paper by Babchin and Faybishenko (2014).
The validation of the new models for calculations of the P, curve is also given in this
paper using the results of a specifically designed core experiment, which was originally
conducted by Ayub and Bentsen (2001).

Graphical abstract

* Enpmrimeenial
— ol

Fi [Faj
§

I i e e e e [ i - e i el

1. Download high-res image (53KB)
2. Download full-size image



https://www.sciencedirect.com/science/article/pii/S0001868615000937?via%3Dihub#!
https://ars.els-cdn.com/content/image/1-s2.0-S0001868615000937-fx1.jpg
https://ars.els-cdn.com/content/image/1-s2.0-S0001868615000937-fx1_lrg.jpg
https://www.sciencedirect.com/topics/chemistry/specific-surface-area
https://www.sciencedirect.com/topics/chemistry/porous-media
https://s100.copyright.com/AppDispatchServlet?publisherName=ELS&contentID=S0001868615000937&orderBeanReset=true
https://doi.org/10.1016/j.cis.2015.07.001
https://www.sciencedirect.com/science/article/pii/S0001868615000937?via%3Dihub#!
https://www.sciencedirect.com/science/article/pii/S0001868615000937?via%3Dihub#!
https://www.sciencedirect.com/science/article/pii/S0001868615000937?via%3Dihub#!

Keywords

Capillary pressure curve
Relative permeability functions
Wetting and nonwetting phases
Capillary bundle models

1. Introduction

Despite many decades of investigations of two-phase (wetting and nonwetting)
transport phenomena in porous media, there are fundamental problems with the
application of differential equations for modeling because of the nature and choice of
appropriate relationships for the two relative permeabilities and capillary pressure as
functions of saturation. Moreover, it is not clear how these functions should be
determined using experiments [1], [2].

In their recent paper, Babchin and Faybishenko [3] proposed to determine first an
apparent specific surface area of porous media, using an explicit combination of the
relative permeability functions for the wetting and nonwetting phases, and then used the
combination to determine the capillary pressure-saturation function. The application of
this approach was demonstrated for the drainage and imbibitioncapillary pressure
curves using published experimental data from [4], [5], [6]. The results of calculations
in [3] confirmed that the use of a single effective average contact angle, ©, is not a
physically correct approach for systems where there is a distribution of contact angles,
especially in the event of fractional wettability, nonwetting-phase entrapment, and
redistribution of the nonwetting phase between different types of pores [7], [8], [9], [10].
In the current paper, the authors extended the theoretical background of the idea of the
evaluation of the capillary pressure function based on the apparent specific surface area
of porous media, revised the results of the calculations presented in [3], as well as
presented a set of new calculations based on the experimental data coauthored by one
of the coauthors of this paper [11], [12].

2. Basic capillary models
2.1. Effective hydraulic radius models

Modeling of flow through the interparticle interstices of real porous media is often based
on the concept of presenting porous media as a bundle of capillary columns/tubes. This
concept has proved to be very useful for studies of flow and transport in hydrological
and technological studies [13], [14]. Because irregular-shaped interstitial pores are not
straight cylinders, the porous space has to be modeled using an
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effective hydraulic radius. Several approaches have been proposed for the assessment
of the effective hydraulic radius [15], [16], [17]. In this paper, we will consider the
following three approaches:

1.
The hydraulic radius
2.
The radius of an equivalent capillary
3.
The real internal or intrinsic scale, that is, the pore size or radius of the capillary
1.

The hydraulic radius. The hydraulic radius is defined as the radius of a straight
capillary of constant cross section, and it can be calculated using its volume, V,
and surface area, S, as follows:

(1)rH=2VS=2Sv

where the specific surface is determined as the surface area per unit volume:
(2)Sv=sVv

The definition of hydraulic radius given by Eq. (1) can be applied to the entire
porous medium, which will be discussed below in this paper.

2.

The radius of an equivalent capillary. The radius of an equivalent capillary, r, is
calculated based on the following formula for the flow rate [16]:
(3)Q=-mr48ugradP

where u is the viscosity. From Eq. (3), for a unit area, the total flow through the
equivalent capillaries is given by

(4)g=Qmr2=-r28ugradP

For the same unit area, Darcy flow is expressed as follows:

(5)g=—KugradP

where K is the absolute permeability.

By equating q, given by Eqgs. (4), (5), one can obtain the following expression for
the equivalent cylindrical capillary in terms of the absolute permeability, K, of the
porous medium:

(6)r=8K

The expression given by Eq. (6) can be called the “radius of an equivalent
capillary” for a porous medium with permeability K. Note that Eq. (6)includes only
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1.
2.

the dependence of the equivalent radius of porous media on permeability, which

is different from Leverett's expression for the dependence of r on K and porosity,

as well as other expressions of the dependence of r on the pore size distribution.
3.

The real internal or intrinsic scale. This is a real scale in a porous medium such

as the pore size or the radius of the capillary (see Fig. 1, Fig. 2), which is a

bottleneck in transport in porous media theory.

Radius of

capillary = a
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Fig. 1. Schematic of a porous medium model as a bundle of parallel
capillaries.
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Fig. 2. Schematic of a model of porous medium as two perpendicular
intersecting bundles of parallel capillaries.

2.2. Model of a porous medium as a bundle of parallel capillaries

The capillary tube models are often used to describe both the permeability and the
capillary pressure function, which are primary characteristic parameters of porous
media. Despite the long history of using capillary tube models, starting from the
classical Kozeny—Carman equation that was derived for a medium represented by pipe
conduits, several alternative formulations have been proposed recently to improve the
use of these models (e.g., [34], [35], [36], [37], [38], [39]). In their recent review of the
conceptual models of porous media, Hunt et al. [40] indicated the capillary tube bundle
model “represents the medium as a collection of right circular cylinders, all of the same
length, and occurring with a frequency that gives the same volume pdf as the medium.”
The same authors stated that “[a]ditional physics may be added in the form of
misalignment of tubes to create tortuosity, variable tube radii to generate the inkbottle
effect, etc.”



https://www.sciencedirect.com/science/article/pii/S0001868615000937?via%3Dihub#bb0205
https://www.sciencedirect.com/science/article/pii/S0001868615000937?via%3Dihub#bb0200
https://www.sciencedirect.com/science/article/pii/S0001868615000937?via%3Dihub#bb0195
https://www.sciencedirect.com/science/article/pii/S0001868615000937?via%3Dihub#bb0190
https://www.sciencedirect.com/science/article/pii/S0001868615000937?via%3Dihub#bb0185
https://www.sciencedirect.com/science/article/pii/S0001868615000937?via%3Dihub#bb0180
https://www.sciencedirect.com/science/article/pii/S0001868615000937?via%3Dihub#bb0175
https://www.sciencedirect.com/topics/chemistry/capillary-tube
https://www.sciencedirect.com/topics/chemistry/porous-media
https://ars.els-cdn.com/content/image/1-s2.0-S0001868615000937-gr2.jpg
https://ars.els-cdn.com/content/image/1-s2.0-S0001868615000937-gr2_lrg.jpg

Fig. 1 depicts a schematic of a porous medium model consisting of a bundle of
cylindrical capillaries, as assumed by Leverett in his modeling of porous media. In this
model, the porosity is given by the following expression:

(7)p=mta2b2

where a is the radius of the cylindrical capillaries and b is the spacing between them
(see Fig. 1). The specific surface for this model is given by

(8)Sv=2mab2

The permeability of the model of parallel capillaries is expressed as follows:
(9)K=mta48hb2

By using Egs. (7), (8), we can eliminate the geometric parameters from the equation for
permeability (9). As a result, we obtain for the permeability:

(10)K=¢32Sv2

Expression (10) resembles the well-known Carman—Kozeny formula, which relates the
permeability and the specific surface (e.g., [14]).

Substitution of Eqg. (10) into Eq. (6) gives rise to the following relationship between the
equivalent capillary radius, porosity, and specific surface:

(11)r=8K=2¢3/2Sv

whereas the hydraulic radius defined by Eq. (1) is determined, after using Eq. (10),
through the porosity and permeability as follows:

(12)rH=2Sv=2¢3/2K

By using the equation for porosity (Eq. (7)), we can eliminate the spacing

parameter b from Eq. (9) for permeability, while keeping the radius of the capillary a. As
a result, we obtain an expression for the radius of the capillary, which is defined in terms
of the macroscopic characteristics of the porous medium—porosity and permeability:
(13)a=8K¢d

The term (K/$)* in Eq. (13) is called the characteristic length of the porous medium or
the “radius of an equivalent capillary” [4], [16]. Following Barenblatt et al. [14], we will
call it the “internal or intrinsic length.”

2.3. Model of a bundle of orthogonal capillaries

Now let’s consider a more complicated model of a porous medium, consisting of a set of
orthogonal intersecting bundles of parallel capillaries (Fig. 2). Using the aforementioned
approach for the model of a single bundle of parallel capillaries, we obtain the equations
for the porosity:

(14)p=3ma2b2

the specific surface:
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(15)Sv=6mab2

and the permeability:

(16)K=mra48b2

Again, using Egs. (14), (15), we can eliminate the geometric parameters a and bfrom
the equation for permeability (16), and, as a result, we obtain for the permeability of the
model of a set of orthogonal bundles of parallel capillaries:

(17)K=¢36Sv2

The structure of Eq. (17) is similar to that of the Carman—Kozeny formula, but with a
different numerical coefficient as compared to Eq. (10) obtained for the permeability in
the model of a single bundle of parallel capillaries.

For the equivalent capillary radius, we obtain from Egs. (6), (17):

(18)r=8K=23-¢3/2Sv

The expressions for the equivalent capillary radius and the hydraulic radius differ from
those for the previous model (see Eqgs. (11), (12)) only in the numerical coefficients:
(19)rH=2Sv=2¢3/23K

According to Eq. (6), the radius of an equivalent capillary, r, is expressed through the
macroscopic characteristic permeability. The radius of an equivalent capillary, r, relates
to the radius of the capillary, a, for the models of single and orthogonal bundles of
capillaries, through Egs. (6), (7), (9), (14), (16):
(20)r=8K=a¢-1;forasinglebundleofcapillaries13;fororthogonalbundlesofcapillaries

Let’s also express the hydraulic radius through the macroscopic characteristics of the
porous medium, the permeability, and the porosity. Using Eq. (1) for hydraulic radius
and the equations for permeability (Egs. (10), (19)), we arrive at the following
expression:
(21)rH=K$3-22;forasinglebundleofcapillaries26;fororthogonalbundlesofcapillaries

Finally, let's express the internal scale, that is, the real radius of the capillary via porosity
and permeability, not only for the model of a single bundle of capillaries as given by
Eq. (13) but also for the model of capillary bundles:
(22)a=K¢-22forasinglebundleofcapillaries26fororthogonalbundlesofcapillaries

As can be seen from Eqs. (20), (21), (22), all three basic lengths of porous media,
defined above, are proportional to the square root of permeability, which is obvious
from dimensional analysis. However, these three characteristic lengths depend
differently on porosity.

It should be noted that both of the specific capillary models described above lead to
Carman—Kozeny-type of expressions for permeability K ~ $°/S,>. The Carman—Kozeny
expression, being probably the most widely used and recognized, is not the only one
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possible among various permeability models (see, e.g., Dullien, 1992). We could
hypothesize that for those models (which do not exhibit Carman—Kozeny behavior), a
characteristic scale of the porous medium, /, is determined as follows:

(23)I=fpK

where f(¢) is a dimensionless, model-dependent function of porosity.

3. Calculations of the capillary pressure function

Numerical simulations of transport phenomena of two immiscible fluids, such as NAPL
and water, in porous media are usually based on Darcy’s law given for each phase by
gn=—-KKrnungradPn

gw=—KKrwpwgradPw

where g, and g. are the volumetric flow rates of the nonwetting and wetting phases,
respectively, through a unit area, normal to the flow; K is the porousmedium absolute
permeability; K., and K, are the relative permeabilities of the nonwetting and wetting
phases, respectively; u, and u, are the viscosities of the nonwetting and wetting phases,
respectively; P, and P, are the pressures of the nonwetting and wetting phases,
respectively; and the capillary pressure is given by P. = P, — P..

For the purposes of the simulation of the flow of two immiscible fluids, P. is often
expressed by means of the Leverett J function [16]. Burdine [17] introduced a tortuosity
factor in his model describing the relationship between relative permeability and
capillary pressure, which for the case of two-phase flow is given by
(24)Krw=Aw2[0SwdSwPc2[01dSwPc2Krn=An2[Sw1dSnPc2[/01dSnPc2

where A, and A, are tortuosity factors, and where the symbols w and n denote the

wetting and nonwetting phases, respectively, and S, and S, are the saturations of the
wetting and nonwetting phases, respectively. However, the tortuosity factors are not
explicitly defined and cannot be measured; thus, they are just fitting parameters.
Rapoport and Leas [18] were probably the first to suggest that the capillary pressure
(P.) and relative permeability functions are dependent on interfacial area (although they
have been modeled typically as functions of fluid saturation). In the past 20-25 years,
various numerical models and modeling techniques have been developed to simulate
subsurface multiphase flow at the pore scale, including pore network models and
Lattice—Boltzmann models [19], [20], [21], [22]. An application of a thermodynamically
constrained macroscale description of flow in porous media, which explicitly takes into
account the presence of interfaces, was proposed in [23], [24]. However, despite the
wide interest in measuring and calculating specific interfacial area and capillary
pressure, there are surprisingly few works on this subject [25]. Using interfacial area
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requires conducting experiments at the microscopic scale, whereas using saturation
requires experiments at the macroscale.

Contrary to single-phase flow, where the specific surface area averaged over the total
volume of a core sample is a constant value, in the case of two-phase flow of immiscible
fluids, the total specific surface area is a function of the phase distributions, and the total
specific surface area is the sum of the phase specific surface areas. The wetting phase
tends to reside in the smaller pores, while the nonwetting fluid resides in the larger
pores. At residual wetting and nonwetting saturations, the specific surface values
asymptotically approach infinity. Indeed, the residual wetting phase is located in the
smallest capillaries, as tiny ganglia, or as pendular drops, bridging the solid grains. All of
these configurations have very small radii and, hence, high capillary pressure.
Consequently, they exhibit high capillary resistance to flow, which the pressure gradient,
imposed by displacement fluid flow, is incapable of overcoming. Complete
immobilization of the residual fluid is either equivalent to the apparent radii approaching
a value of zero, or to the magnitude of the specific surface approaching infinity. In other
words, capillarity effects should be taken into account in the evaluation of the specific
surface area for a two-phase flow system in porous media, as these effects induce
additional resistance to flow. Even in a simplified droplet train model, capillary forces are
capable of inducing additional resistance to flow [26].

Babchin and Nasr [27] derived a simplified analytical expression for the capillary
pressure gradient in homogeneous, porous two-fluid media, containing three bulk
phases (solid phase, wetting, and nonwetting fluids), with three possible interfaces
(solid—wetting, solid—nonwetting, and nonwetting—wetting). They assumed a finite value
of the three-phase contact angle among the two fluids and a solid phase of porous rock,
and that the contact surface area between two continuous fluid phases is small in
comparison with the contact surface areas between each fluid and the porous rock in a
unit volume of the rock. The surface energy of such a system is given by
(25)W=yn-s.Sv.Sn+yw-s.Sv.Sw+yn-waon-w,

where W is the density of the excess energy of the porous medium associated with the
interfaces. In other words, it is the additional density of the surface energy due to the
presence of two fluids within a porous rock. Also, S, is the specific surface area of the
porous medium; y.-s, Y.-s, and y,-. are the nonwetting phase—solid, wetting phase—solid,
and nonwetting—wetting phases specific surface energies, respectively; S, and S, are
the saturations of the nonwetting liquid and water, subjectto S, + S, = 1; and o,.. is the
area of the nonwetting—wetting phase interface within a unit volume of porous medium.
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According to [27], the area of direct contact between two immiscible fluids in a one-
Darcy permeability porous medium is five orders of magnitude smaller than the area of
contact between these fluids and the solid grains; therefore, the last term of

Eq. (25) can be neglected. (For solid—liquid and liquid—liquid contact areas to be of the
same order of magnitude, one fluid would have to be emulsified in the other, and the
droplet size would have to be of the same order of magnitude as the solid grain size.
Such a state is known as emulsion flow, where one of the fluids is in a discontinuous
state, and no three-phase contact angle exists. This kind of flow is rarely observed and
is outside the scope of this paper.)

Eq. (25) is then given by

(26)W=yn—s—yw-s.Sv.Sn+yw-s.Sv

By using the standard Young equation, y.-. = Yu-s = Y»-w COS O, Where O is the wetting-
phase contact angle, we can express W as

(27)W=yn-w.cos©.Sv.Sn+yw-s.Sv

When S, = 1, the second term in Eqg. (27) corresponds to the condition of full water
saturation of the pore space. The first term of Eq. (27) represents the energy arising
from the capillary pressure, which is developed in a system of two immiscible fluids in
porous media.

(28)Pc=yn-w.cos©.Sv.Sn

The value of S, in Eq. (28) can be expressed as an averaged value for a volume Vof
porous medium in the following integral form:

(29)Sv=1VJovS vdV

The value of Sv in Eq. (29) can be specified as the sum of two components—one for
the nonwetting phase, the other for the wetting phase, both being saturation dependent.
For the case of a single fluid residing in a porous medium, the averaged value of the
specific surface area Sv can be expressed using the Carmen—Kozeny formula, Eq. (10),
as

(30)Sv=03/2K0.5

In the case of the transport of two immiscible fluids in a porous medium, the
permeabilities of the nonwetting and wetting phases, subjectto S.. + S, = 1, can be
expressed in terms of their relative permeabilities, which are functions of the phase
saturations, given by

(31a)Knw=KKrnSnw

(31b)Kw=KKrwSw

By substituting Egs. (31a), (31b) into Eq. (30), one can define the specific surfaces
separately for the nonwetting and wetting phases as
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(32a)Svn=¢3/2KKrn0.5

(32b)Svw=¢$3/2KKrw0.5

The relative permeability of each phase is a carrier of information about the averaged
value of the specific surface of the porous medium, where this phase resides, so we can
express the averaged value of the specific surface (see Eq. (29)), as the sum of the
specific surfaces of both phases:

(33)Sv=¢3/2K0.51/Krn0.5+1/Krw0.5

For the case of the bundle of capillaries model, the specific surface equation differs from
Eq. (33) in the constant coefficient only, and the term including the relative
permeabilities remains the same. Thus,

(34)Svb=¢3/6K0.51/Krn0.5+1/Krw0.5

A comparison of both Egs. (33), (34) with available experimental data will be presented
in Section 5 of this paper.

Because, at the residual saturation points S,, and S.., for the nonwetting and wetting
phases, respectfully, K, = 0 and K.. = 0, Egs. (33), (34) become singular, i.e., the
function is neither finite nor differentiable. The singularity at K., = 0 (at s = s..)
corresponds to the well-known phenomenon of an infinite suction pressure at the
irreducible wetting-phase saturation [28]. The physical explanation of these phenomena
is as follows: at the residual saturation points, the fluid phase resides in tiny pores or in
the form of bridges matching the grains or tiny ganglia, all of which have a very small
radius, resulting in very high capillary pressures, which resist either the displacement or
the imbibition process beyond the residual saturation points. For example, the residual
oil saturation is defined, generally, as the oil content that remains in an oil reservoir at
depletion, when oil ceases to be recovered [29]. The residual oil saturation in the
reservoir can range from 2% to 50%, with an approximate average value ranging from
15% to 20% [30]. Note that the results of laboratory and field tests are often inconsistent
and lead to uncertainty in the values of the oil residual saturation [31].

To remove the infinite values from the calculations, we can employ a system of reduced
(normalized) saturations s, and s, for the nonwetting and wetting phases, respectively,
given by [11]

(35a)sn=Sn-Srn/1-Srn-Srw

(35b)sw=Sw-Srw/1-Srn-Srw

By expressing the nonwetting-phase saturation in a reduced (normalized) form, we
finally come to the following expression for the nonwetting phase—water—solids capillary
pressure:

(36)Pc=ynwcosb.Sv.sn+A
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where S, is given by either Eq. (33) or Eq.(34), s. is given by Eq. (35a), A is a constant
that corresponds to the initial displacement pressure, when the wetting phase is
displaced by the nonwetting phase, and A = 0 for imbibition [11]. Based on Eq. (36), the
intrinsic hysteresis of P. for drainage (water is displaced by nonwetting phase) and
imbibition (nonwetting phase is displaced by water) conditions is determined by the
constant A.

Thus, the functional dependence of P. is given in terms of the relative permeabilities of
wetting and nonwetting phases. The relative permeabilities implicitly take into account
the geometry (topology), as well as the roughness and crevices of the porous medium.
By using relative permeability functions, we automatically obtain singularities at the
residual points, which are universally accepted. It will be shown in Section 5 of the
paper that using corrected coefficients of the capillary pressure function leads to more
reasonable contact angle values. In Section 5 of the paper, we will provide corroboration
of computed and experimental results.

4. Experimental measurements

Experimental measurements of a capillary pressure function on sediment cores are
based on measurements of the difference in pressure between the nonwetting and
wetting phases, both of which are flowing through a porous medium. Experiments are
usually conducted under steady-state or transient conditions. Controlling the relative
injection rates of the two fluids can set the saturation at which the pressure difference
between the nonwetting and wetting phases is measured. Evaluation of the average
saturation of the core based on the material balance technique allows one to avoid the
use of sophisticated equipment to measure the saturation. In this paper, we present the
results of an experiment, which is described in more detail in [1]. Fig. 3 depicts a
schematic of the equipment used to measure the capillary pressure between a
nonwetting and a wetting fluid flowing through a porous medium. The schematic is a
cross-sectional view of the core holder taken orthogonal to the direction of flow. The
cross section is located midway along the length of the core. The width of the core
holder is 10 cm and the height is 4 cm, while the width of the porous medium is 5 cm
and the height is 1 cm. The wall thickness of the core holder depends primarily on the
pressures at which the experiment will be run. Note that the wall must be thick enough
to accommodate easily the barrel of the pressure transducers. Note also that there are
two pressure transducers, one to measure the pressure in the oil and one to measure
the pressure in the water. The difference in pressure can be determined using a
differential pressure transducer design.
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Fig. 3. Cross-sectional view of core holder and porous material. After Ayub and

Bentsen [11].

The capacitive differential pressure sensor utilized in this study uses the difference
between two pressure sources to estimate the pressure. The external pressure
(pressure being measured) acts downward on the top membrane (Fig. 4). The pressure
cavity (region above the bottom plate in Fig. 4) is filled with the reference pressure
(atmospheric), which is confined by the diaphragm (top) membrane. The sensor
measures the change in pressure, which comes about because of the downward
deflection of the membrane due to the pressure acting downward on the membrane.
The diaphragm and pressure cavity create a variable capacitor to detect

the strain caused by the applied pressure. As the distance between the diaphragm and
the bottom plate decreases, the effective capacitance increases, which can be related to
the magnitude of the downward acting pressure.
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Fig. 4. Schematic diagram of bossed diaphragm capacitive pressure sensor. After Ayub
and Bentsen [11].

To ensure that the oil transducer measures only the pressure in the oil, and the water
pressure transducer measures only the pressure in the water, the pressure in the oil is
sensed through a hydrophobic fritted disc, which supports a hydrophobic membrane,
and the pressure in the water is sensed through a hydrophilic fritted disc, which
supports a hydrophilic membrane. The membranes are placed between the fritted disc
and the porous medium so that they are flush with the inner wall of the core holder. The
advantage of using a membrane supported on a disc is that this approach enables the

design of a system, which not only responds rapidly to changes in pressure but also has
a high displacement pressure. This is of particular importance in the design of the
system used to measure the pressure in the water. In order to react rapidly to changes
in pressure, the hydrophilic fritted disc needs to have a high permeability (porosity).
Because, in a water-wet porous medium, the pressure in the oil is always higher than it
is in the water, it is highly unlikely that any water will pass through the fritted
hydrophobic disc to compromise the accuracy of the oil pressure measurement.

Consequently, it is usually not necessary to use a membrane in conjunction with the
hydrophobic fritted disc. Strongly hydrophobic Teflon discs (manufactured by KONTES
Scientific Glassware/Instrument) were mounted on the fluid intake ports of the pressure
transducers to sense the pressures in the oleic phase. No changes in the wetting
characteristics of the Teflon discs were observed during the course of a run, a problem
encountered when using locally manufactured fritted discs to sense the pressure in the
oil.
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The situation is more complicated for water pressure measurements because the
following two conditions must be met in the system design. First, in order to be able to
react rapidly to changes in pressure, the hydrophilic fritted disc must have a high
permeability (porosity). Second, in order to prevent oil from passing through the fritted
disc and, as a consequence, compromising the accuracy of the pressure measurement,
the hydrophilic fritted disc must have a low permeability (porosity), so that it has a high
displacement pressure. It is not possible to satisfy both requirements with one material.
As a way around this problem, it is suggested that the hydrophilic fritted disc be
composed of high permeability (porosity) material, enabling rapid transmission of
changes in pressure, while the hydrophilic membrane be composed of low permeability
(porosity) material, so that it has a high displacement pressure. Because the membrane
is so thin, its low permeability should not distract seriously from its ability to transmit
changes in pressure rapidly. After an extended search, it was discovered that the
membranes supplied by the Millipore Corporation with minimum protein binding and a
high bubble point pressure enabled the most accurate sensing of pressure in the
aqueous phase. To provide support for these membranes, fritted discs manufactured by
CORNING Corporation were used.

In order that the pressure measured in a given phase, say water, is representative of the
pressure across the entire cross-sectional area of the core located between the two
pressure transducers, the water flowing across the sensing element of the transducer
must be connected to the water flowing through the entire cross section. As the water
saturation in the core approaches its irreducible value, S.,, it becomes increasingly
unlikely that this requirement is met. Similar comments can be made about the accuracy
of the oil pressure measurements as the saturation to oil approaches its residual

value, S... Consequently, the capillary pressure measuring device described herein
cannot be used to measure the capillary pressure at the end-point values of

saturation, S, and S...

The central section of the core holder, where pressures are measured, should be at
least 10 cm in length. Moreover, in order to avoid end effects, the core holder should be
designed to have an additional length of 10 cm on the inlet end to avoid inlet end
effects, and an additional length of 10 cm on the production end to avoid outlet end
effects, for a total length of 30 cm. Inlet end effects arise because of local entry of the
injected fluids. This problem can be eliminated, or at least ameliorated, by injecting the
wetting phase through a hydrophilic fritted plate and by injecting the nonwetting phase
through a hydrophobic fritted plate, both of which can be built into the inlet end cap
(Eig. 5). The capillarity of the fritted plate causes the injected fluid to spread across the
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entire cross-sectional area of the fritted plate, reducing significantly the possibility that
local entry of the injected fluid will take place. Outlet end effects arise because of the
discontinuity in pressure at the outlet end of the core. Again, this problem can be
ameliorated by producing the water through a hydrophilic fritted plate, and by producing
the oil through a hydrophobic fritted plate, both of which can be located in the outlet end
cap (see Fig. 5). This approach has the added advantage that the material balance
calculations needed to estimate the average saturation in the core are simplified

because individual measurements of the quantity of each produced phase are available.
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Fig. 5. Schematic of the end cap for the core holder (not to scale). After Ayub and
Bentsen [11].
The results obtained from this core experiment are available in [11]. The porosityand the
permeability of the unconsolidated core used in the experiment are given in Table 1.
Water was used as the wetting phase and a kerosene-light mineral oilmixture having a
density of 0.83 g/ml and a viscosity of y = 15 mPas was used as the nonwetting fluid.
The capillary pressures at the end-point saturations S,, and S,, were not measured



https://www.sciencedirect.com/topics/materials-science/mineral-oils
https://www.sciencedirect.com/science/article/pii/S0001868615000937?via%3Dihub#t0005
https://www.sciencedirect.com/topics/chemistry/porosity
https://www.sciencedirect.com/science/article/pii/S0001868615000937?via%3Dihub#bb0055
https://www.sciencedirect.com/science/article/pii/S0001868615000937?via%3Dihub#bb0055
https://ars.els-cdn.com/content/image/1-s2.0-S0001868615000937-gr5.jpg
https://ars.els-cdn.com/content/image/1-s2.0-S0001868615000937-gr5_lrg.jpg
https://www.sciencedirect.com/science/article/pii/S0001868615000937?via%3Dihub#f0030

directly and were determined by extrapolation of a capillary pressure curve. To evaluate
the relative effect of viscous forces versus surface tension acting across an interface
between two immiscible liquids, we calculated the nondimensional capillary number
(Ca) from the following formula:

Ca=pV/yow
Table 1. Parameters used for calculations of P..
Parameters Das et al. Beckner et al. Collins (1961, Ayub and
(2004) (1988) (cited Figs. 6-13) Bentsen
in 32, Fig. 9) (2001)
Porosity, ¢ 0.4 0.25% 0.32 0.373
Permeability, K (m?) 5.00E - 12 2.90E - 12 1.97E - 13 1.905E - 13
Surface tension, y.. (N/m) 0.02 0.048 0.048 0.043
So 0.92 0.75 0.85 -
Se 0.098 0.346 0.092 -
A (bars) 0.0135 0.04 0.1 N/A
Calculated Using Eq. (11) in 87 80 84 89
apparent Babchin and
contact angle Faybishenko (2014)
O (deg) Single capillaries 79 11 62 82
(using Eq. (30))
Orthogonal 71 *k 37 77
capillaries (using
Eq. (30))
Nonwetting fluid PCE Oil Oil Kerosene—oil
mixture

@ = 0.225 was used in Babchin and Faybishenko (2014).

*k

Not applicable, because calculated cos (®©) > 1 (due to low porosity).
Using a viscosity of y = 15 mPss, y,,. = 0.043 N/m, and V = 1.86 x 10-¢ m/s (for the unity
gradient and based on the permeability of 1.905E-13 m?; see Table 1 of the manuscript),
we calculated Ca = 1.5 x 107, which is considerably less that the Ca number where
viscous forces affect the capillary pressure. This calculation proves theoretically that
static capillary pressure and dynamic relative permeability functions are compatible.

5. Results of calculations of the capillary pressure function using capillary

models
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The application of the capillary bundle models was applied (a) to revise the results of
calculations of the effective contact angles based on published P. and relative
permeability curves [4], [5], [6] and (b) to validate the application of the capillary bundle
models, using the results of the experiment given in Section 4.2. The input parameters
for calculations of relative permeability and P. curves are summarized

in Table 1. Table 1 also includes the calculated values of the apparent contact angles,
which are, in fact, the fitting parameters needed to match the experimental and
calculated P. curves. (For the graphical presentation of the match between the
experimental and calculated P. curves based on data presented in the

literature [4], [5], [6], the reader is referred to Fig. 1, Fig. 2, Fig. 3, Fig. 4 in the paper by
Babchin and Faybishenko [3].) Table 1 illustrates that the use of the single and bundle
of capillaries model (Egs. (30) and (31)) reduces the calculated contact angle, which
makes the values of the contact angle more realistic.

Fig. 6, Fig. 7, Fig. 8 depict the relative permeability curves, apparent specific areas vs.

saturation, and the resulting relationships P. vs. S..
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Fig. 6. Relative permeability curves for wetting (solid line) and nonwetting (dashed line)
phases in the sand sample used in the experiment by Ayub and Bentsen [11]. Vertical

dashed lines are residual wetting (left) and nonwetting (right) saturations.
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Fig. 7. Calculated specific surface area vs. normalized wetting-phase saturation
calculated from the experimental data in Ayub and Bentsen [11] for the single and dual

bundle capillaries models. Vertical dashed lines are residual wetting (left) and
nonwetting (right) saturations.
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Fig. 8. Experimental [11] and calculated P. curves from Egs. (33), (34), using the contact

angles given in Table 1.

Note that the calculated contact angles 0 < © < 90° are indicative of water-wet
conditions. The application of the models of the bundle of single capillaries and the
bundle of orthogonal capillaries reduce the calculated contact angles. In general, the
fact that the calculated contact angles © > 0 can be explained by the

fractional wettability of porous media [7], [33]. While for all cases, the model given

in [3] is applicable, the models of bundles of single capillaries and orthogonal capillaries
are not pertinent for some cases. Both models are not applicable for the data from
Collins [4], and the model of orthogonal capillaries is not applicable for the data from
Beckner et al. [6], as the calculated cos © > 1.

Based on the approach introduced in the paper by Babchin and Faybishenko [3], we
can present a general form of the Leverett J, function given by
(37)Imsw=PcPc-ASvsnKp

where a new term K, is expressed depending on the model of S,:Kp=K¢ for the model
given in Babchin and Faybishenko (2014)

Sv=1/Kp1l/Krnwl/2+1/Krwl1/2
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and Kp=nK¢31/2,where n = 2 and n = 6 for the models of bundles of singular (Eq. (33))
and orthogonal (Eq. (34)) capillaries.

For the imbibition curve, when A = 0, Eq. (37) can be simplified to

(38)Imsw=SvsnKp

Babchin and Faybishenko [3, Fig. 5] showed that despite a significant difference in
absolute and relative permeabilities and capillary pressure curves, the modified Leverett
function (J.) vs. the normalized wetting saturation (s.) describes experimental data well.
Thus, assuming the same permeability of porous media, the equations for K, are given

by

(a)
In the paper by Babchin and Faybishenko [3]: K, = (¢/k)°
(b)
In this paper, for a single bundle: K, = (¢*/2 k)°s

(©)

In this paper, for multiple bundles:

(39)Kp=¢3/6k0.5
Thus, S, is getting smaller from (a) to (b) to (c), which means that for a given P.,
cos © must get bigger, so ® must get smaller (Eg. (36), Table 1). Note that the decrease
in S, as more bundles are added is a result of the assumption of using the
same @ in Table 1 for all three cases. Substitution of Eq. (39), which are different
models of the specific surface area, into Eq. (37) reveals that the functional
dependence P. (S.) is determined by relative permeability functions of the two fluid
phases, which, in turn, are dependent on the porous space geometry.

6. Conclusions

In this paper, the authors extended the application of the analytical solution, initially
given in Babchin and Faybishenko [3], for the determination of the capillary pressure
curve for two immiscible fluids in porous media, using a combination of the relative
permeability functions for the wetting and nonwetting phases along with an equation for
the apparent specific surface area and an apparent contact angle. In the current paper,
the authors presented the analytical solutions for the P. curve using the two types of
capillary bundles. By using relative permeability functions, we automatically take into
account the geometry (topology) and the roughness and crevices of the porous
medium, as well as obtain singularities at the residual points, which are difficult to obtain
experimentally. The capillary bundle models derived in the paper lead to reasonable
values of the contact angle. The authors showed that the application of the single and
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bundle capillary models leads to a match between the experimental and

calculated P. curves, using the lower values of the apparent contact angles. The results
of the experiment conducted by Ayub and Bentsen [11] were used for the validation of
the approach based on the application of the single and bundle capillary models.

Acknowledgment

The work of BF was partially supported by the Sustainable Systems Scientific Focus
Area (SFA) program at LBNL, supported by the U.S. Department of Energy, Office of
Science, Office of Biological and Environmental Research, Subsurface Biogeochemical
Research Program, through contract no. DE-AC02-05CH11231between Lawrence
Berkeley National Laboratory and the U. S. Department of Energy. The authors are very
thankful to Dr. Christine Doughty of LBNL for her careful review and valuable
suggestions, and two anonymous reviewers, whose comments helped the authors to
improve the manuscript. The authors would like to express their sincere appreciation to
Prof. Clayton Radke, one of the leading Chemical Engineers in the US, for his kind
invitation to submit the paper to the Special Issue of the ACIS to honor his 70th Birthday.

References

[1]
J. Mason, N. MorrowDevelopments in spontaneous imbibition and possibilities for future
work
J Pet Sci Eng, 110 (2013) (2013), pp. 268-293
View Record in Scopus
2]
R.G. Larson, N.R. MorrowEffects of Sample Size on Capillary Pressures in Porous Media
Powder Technol, 30 (1981), pp. 123-138
ArticleDownload PDFView Record in Scopus
3]
A.J. Babchin, B. FaybishenkoOn the capillary pressure function in porous media based on
relative permeabilities of two immiscible fluids
Colloids Surf A Physicochem Eng Asp, 462 (2014), pp. 225-230
ArticleDownload PDFView Record in Scopus
[4]
R.E. CollinsFlow of Fluids through Porous Materials
Reinhold Publishing Corporation, New York (1961)
5]
D.B. Das, S.M. Hassanizadeh, B.E. Rotter, B. Ataie-AshtianiA numerical study of micro-
heterogeneity effects on upscaled properties of two-phase flow in porous media


https://www.sciencedirect.com/science/article/pii/S0001868615000937?via%3Dihub#bbb0025
https://www.sciencedirect.com/science/article/pii/S0001868615000937?via%3Dihub#bbb0020
https://www.scopus.com/inward/record.url?eid=2-s2.0-84907807033&partnerID=10&rel=R3.0.0
https://www.sciencedirect.com/science/article/pii/S0927775714007195/pdfft?md5=c884eb51e0f70d2e4df37e7e9bf5879f&pid=1-s2.0-S0927775714007195-main.pdf
https://www.sciencedirect.com/science/article/pii/S0927775714007195
https://www.sciencedirect.com/science/article/pii/S0001868615000937?via%3Dihub#bbb0015
https://www.scopus.com/inward/record.url?eid=2-s2.0-0019644037&partnerID=10&rel=R3.0.0
https://www.sciencedirect.com/science/article/pii/0032591081800058/pdf?md5=354293350f66140bf7f2eb0998f50bbb&pid=1-s2.0-0032591081800058-main.pdf
https://www.sciencedirect.com/science/article/pii/0032591081800058
https://www.sciencedirect.com/science/article/pii/S0001868615000937?via%3Dihub#bbb0010
https://www.scopus.com/inward/record.url?eid=2-s2.0-84887818594&partnerID=10&rel=R3.0.0
https://www.sciencedirect.com/science/article/pii/S0001868615000937?via%3Dihub#bbb0005
https://www.sciencedirect.com/science/article/pii/S0001868615000937?via%3Dihub#gts16
https://www.sciencedirect.com/science/article/pii/S0001868615000937?via%3Dihub#bb0055

Transp Porous Media, 56 (2004), pp. 329-350

CrossRefView Record in Scopus

6]
B.L. Beckner, A. Firoozabadi, K. AzizModeling transverse imbibition in double-porosity
simulators, paper presented at SPE California Regional Meeting, Long Beach, Calif.
(1988)
[23—-25 March]

71

S.A. Bradford, F.J. LeijFractional wettability effects on two-and three-fluid capillary
pressure-saturation relations
J Contam Hydrol, 20 (1995), pp. 89-109
ArticleDownload PDFView Record in Scopus

8]
H.Sh. Behbahani, M.J. BluntAnalysis of imbibition in mixed wet rocks using pore-scale
modelling
SPE 90132, Annual Technical Conference and Exhibition, Houston, Texas, USA (2004)
9]
L.L. SchrammSurfactants: Fundamentals and Applications in the Petroleum Industry
Cambridge University Press (2010)
[10]
D.M. O’Carroll, L.M. Abriola, C.A. Polityka, S.A. Bradford, A.H. DemondPrediction of two-phase
capillary pressure-saturation relationships in fractional wettability systems
J Contam Hydrol, 77 (2005), pp. 247-270

ArticleDownload PDFView Record in Scopus

[11]
M. Ayub, R.G. BentsenAn apparatus for simultaneous measurement of relative permeability
and dynamic capillary pressure
Pet Sci Technol, vol. 19 (Nos.09-10) (2001), pp. 1129-1154
CrossRefView Record in Scopus

[12]

X.Y. Zhang, R.G. Bentsen, L.B. Cunhalnvestigations of Interfacial Coupling Phenomena and
its Impact on Recovery Factor
J Can Pet Technol, 47 (7) (2008), pp. 26-32
View Record in Scopus

[13]
Handbook of HPLC

E. Katz, et al. (Eds.), Chromatographic Science, vol. 78, Marcel Dekker, Inc. (1998)

=


https://www.sciencedirect.com/science/article/pii/S0001868615000937?via%3Dihub#bbb0070
https://www.sciencedirect.com/science/article/pii/S0001868615000937?via%3Dihub#bbb0070
https://www.sciencedirect.com/science/article/pii/S0001868615000937?via%3Dihub#bbb0065
https://www.scopus.com/inward/record.url?eid=2-s2.0-48849112887&partnerID=10&rel=R3.0.0
https://www.sciencedirect.com/science/article/pii/S0001868615000937?via%3Dihub#bbb0060
https://www.scopus.com/inward/record.url?eid=2-s2.0-0035493112&partnerID=10&rel=R3.0.0
https://doi.org/10.1081/LFT-100108299
https://www.sciencedirect.com/science/article/pii/S0001868615000937?via%3Dihub#bbb0055
https://www.scopus.com/inward/record.url?eid=2-s2.0-17844374603&partnerID=10&rel=R3.0.0
https://www.sciencedirect.com/science/article/pii/S0169772205000161/pdfft?md5=dd999e129eb35fbbcf0ff3d8c338cf15&pid=1-s2.0-S0169772205000161-main.pdf
https://www.sciencedirect.com/science/article/pii/S0169772205000161
https://www.sciencedirect.com/science/article/pii/S0001868615000937?via%3Dihub#bbb0050
https://www.sciencedirect.com/science/article/pii/S0001868615000937?via%3Dihub#bbb0045
https://www.sciencedirect.com/science/article/pii/S0001868615000937?via%3Dihub#bbb0040
https://www.scopus.com/inward/record.url?eid=2-s2.0-0028972826&partnerID=10&rel=R3.0.0
https://www.sciencedirect.com/science/article/pii/016977229500027S/pdf?md5=931c18fd044c8d2ac8f5675b5f9e95ba&pid=1-s2.0-016977229500027S-main.pdf
https://www.sciencedirect.com/science/article/pii/016977229500027S
https://www.sciencedirect.com/science/article/pii/S0001868615000937?via%3Dihub#bbb0035
https://www.sciencedirect.com/science/article/pii/S0001868615000937?via%3Dihub#bbb0030
https://www.scopus.com/inward/record.url?eid=2-s2.0-2942522533&partnerID=10&rel=R3.0.0
https://doi.org/10.1023/B:TIPM.0000026079.44992.fb

4
]

G.l. Barenblatt, V.M. Entov, V.M. RyzhikTheory of Fluid Flows Through Natural Rocks (Theory

and Applications of Transport in Porous Media)
Kluwer Academic Publishers (1990)

F.A.L. DullienPorous Media. Fluid Transport and Porous structure
Academic Press (1992)

J. BearDynamics of Fluids in Porous Media
Dover Publications (1972)

N.T. BurdineRelative permeability calculations from pore size distribution data
Trans AIME, 198 (1953), p. 71

CrossRefView Record in Scopus

L.A. Rapoport, W.J. LeasRelative permeability to liquid in liquid-gas systems
Trans Am Inst Min Metall Pet Eng, 192 (1951), pp. 83-95
View Record in Scopus

P. Reeves, M. CeliaA functional relationship between capillary pressure, saturation, and

interfacial area as revealed by a pore-scale network model
Water Resour Res, 32 (1996), pp. 2345-2358

CrossRefView Record in Scopus

P. Held, M. CeliaModeling support of functional relationships between capillary pressure,

saturation, interfacial area and common lines
Adv Water Resour, 24 (2001), pp. 325-343

View Record in Scopus

K.A. Culligan, D. Wildenschild, B.S. Christensen, W.G. Gray, M.L. Rivers, A.F.B. Tompsoninterfa

cial area measurements for unsaturated flow through a porous medium
Water Resour Res, 40 (2004), p. W12413

J. Niessner, S.M. HassanizadehA model for two-phase flow in porous media including fluid-

fluid interfacial area
Water Resour Res, 44 (2008), p. W08439

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]


https://www.sciencedirect.com/science/article/pii/S0001868615000937?via%3Dihub#bbb0115
https://www.sciencedirect.com/science/article/pii/S0001868615000937?via%3Dihub#bbb0110
https://www.sciencedirect.com/science/article/pii/S0001868615000937?via%3Dihub#bbb0105
https://www.scopus.com/inward/record.url?eid=2-s2.0-0034745406&partnerID=10&rel=R3.0.0
https://www.sciencedirect.com/science/article/pii/S0001868615000937?via%3Dihub#bbb0100
https://www.scopus.com/inward/record.url?eid=2-s2.0-0029663915&partnerID=10&rel=R3.0.0
https://doi.org/10.1029/96WR01105
https://www.sciencedirect.com/science/article/pii/S0001868615000937?via%3Dihub#bbb0095
https://www.scopus.com/inward/record.url?eid=2-s2.0-84860631399&partnerID=10&rel=R3.0.0
https://www.sciencedirect.com/science/article/pii/S0001868615000937?via%3Dihub#bbb0090
https://www.scopus.com/inward/record.url?eid=2-s2.0-0348147917&partnerID=10&rel=R3.0.0
https://doi.org/10.2118/225-G
https://www.sciencedirect.com/science/article/pii/S0001868615000937?via%3Dihub#bbb0085
https://www.sciencedirect.com/science/article/pii/S0001868615000937?via%3Dihub#bbb0080
https://www.sciencedirect.com/science/article/pii/S0001868615000937?via%3Dihub#bbb0075
https://www.sciencedirect.com/science/article/pii/S0001868615000937?via%3Dihub#bbb0070
https://www.sciencedirect.com/science/article/pii/S0001868615000937?via%3Dihub#bbb0070

W.G. Gray, S.M. HassanizadehAveraging theorems and averaged equations for transport of
interface properties in multiphase systems

Int J Multiphase Flow, 15 (1989), pp. 81-95

ArticleDownload PDFView Record in Scopus

[24]
W.G. Gray, A.F.B. Tompson, W.E. SollClosure conditions for two-fluid flow in porous media
Transp Porous Media, 47 (2002), pp. 29-65
View Record in Scopus

[25]

V. Joekar-Niasar, S.M. Hassanizadeh, A. Leijnselnsights into the relationship among capillary
pressure, saturation, interfacial area and relative permeability using pore-scale network
modeling

Transp Porous Media, 74 (2008), pp. 201-219

CrossRefView Record in Scopus

[26]
Babchin, J.-Y. YuangOn the capillary coupling between two phases in a droplet train model
Transp Porous Media, 26 (1997), pp. 225-228
View Record in Scopus

[27]

A.J. Babchin, T.N. NasrAnalytical model of the capillary pressure gradient in oil-water-rock
system

Transp Porous Media, 65 (2006), pp. 359-362

CrossRefView Record in Scopus

[28]
R.H. Brooks, A.T. CoreyHydraulic properties of porous media
Hydrol. Pap., 3, Colorado State University, Fort Collins (1964)

[29]
H.B. BradleyPetroleum Engineering Handbook
(1st ed), Society of Petroleum Engineers, 1-55563-010-3 (1987)

[30]
N.R. MorrowA review of the effects of initial saturation, pore structure and wettability on oil
recovery by waterflooding
Proc. North Sea Oil and Gas Reservoirs Seminar, Trondheim, Graham and Trotman,
Ltd, London (1987), pp. 179-191
[December 2-4, 1985]

[31]

E.C. Donaldson, G.V. Chilingarian, T.F. YenEnhanced Oil Recovery, lI: Processes and
Operations
Elsevier (1989)


https://www.sciencedirect.com/science/article/pii/S0001868615000937?via%3Dihub#bbb0155
https://www.sciencedirect.com/science/article/pii/S0001868615000937?via%3Dihub#bbb0150
https://www.sciencedirect.com/science/article/pii/S0001868615000937?via%3Dihub#bbb0145
https://www.sciencedirect.com/science/article/pii/S0001868615000937?via%3Dihub#bbb0140
https://www.scopus.com/inward/record.url?eid=2-s2.0-33751065946&partnerID=10&rel=R3.0.0
https://doi.org/10.1007/s11242-005-6082-7
https://www.sciencedirect.com/science/article/pii/S0001868615000937?via%3Dihub#bbb0135
https://www.scopus.com/inward/record.url?eid=2-s2.0-0031073240&partnerID=10&rel=R3.0.0
https://www.sciencedirect.com/science/article/pii/S0001868615000937?via%3Dihub#bbb0130
https://www.scopus.com/inward/record.url?eid=2-s2.0-48649084916&partnerID=10&rel=R3.0.0
https://doi.org/10.1007/s11242-007-9191-7
https://www.sciencedirect.com/science/article/pii/S0001868615000937?via%3Dihub#bbb0125
https://www.scopus.com/inward/record.url?eid=2-s2.0-0036529838&partnerID=10&rel=R3.0.0
https://www.sciencedirect.com/science/article/pii/S0001868615000937?via%3Dihub#bbb0120
https://www.scopus.com/inward/record.url?eid=2-s2.0-0024479631&partnerID=10&rel=R3.0.0
https://www.sciencedirect.com/science/article/pii/0301932289900876/pdf?md5=1351652dae156ef5b9f6558650e7a4e1&pid=1-s2.0-0301932289900876-main.pdf
https://www.sciencedirect.com/science/article/pii/0301932289900876

[32]
K. Li, R.N. HorneComparison of methods to calculate relative permeability from capillary
pressure in consolidated water-wet porous media
Water Resour Res, 42 (2005), p. W06405

[33]
L. Boinovich, A.M. EmelyanenkoThe analysis of the parameters of three-phase coexistence
in the course of long-term contact between a superhydrophobic surface and an aqueous
medium
Chem Lett, 41 (2012)
[34]
J.R. Bartley, D.W. RuthRelative permeability analysis of tube bundle models
Transp Porous Media, vol. 36 (1999), pp. 161-187, 10.1023/A:1006575231732
View Record in Scopus
[35]
J.R. Bartley, D.W. RuthRelative permeability analysis of tube bundle models, including
capillary pressure
Transp Porous Media, 45 (1999), pp. 447-480
View Record in Scopus
[36]
J. Wang, M. Dong, J. YaoCalculation of relative permeability in reservoir engineering using
an interacting triangular tube bundle model
Particuology, 10 (2012), pp. 710-721
ArticleDownload PDFView Record in Scopus
[37]
D.W. Ruth, J.R. BartleyCapillary tube models with interaction between the tubes
[A Note on “Immiscible Displacement in the Interacting Capillary Bundle Model Part I.
Development of Interacting Capillary Bundle Model”, by Dong, M., Dullien, FA.L., Dai, L. and Li,
D., 2005, Transport Porous Media]
Transp Porous Media, vol. 86 (Issue 2) (January 2011), pp. 479-482
CrossRefView Record in Scopus
[38]
M. Dong, F.A.L. Dullien, L. Dai, D. Lilmmiscible displacement in the interacting capillary
bundle model: Part I. Development of interacting capillary bundle model
Transp Porous Media, 59 (2005), pp. 1-18
CrossRefView Record in Scopus
[39]

H.K. Dahle, M.A. Celia, S.M. HassanizadehBundle-of-tubes model for calculating dynamic
effects in the capillary-pressure-saturation relationship
Transp Porous Media, 58 (1-2) (2005), pp. 5-22


https://www.sciencedirect.com/science/article/pii/S0001868615000937?via%3Dihub#bbb0200
https://www.scopus.com/inward/record.url?eid=2-s2.0-14544299615&partnerID=10&rel=R3.0.0
https://doi.org/10.1007/s11242-004-0763-5
https://www.sciencedirect.com/science/article/pii/S0001868615000937?via%3Dihub#bbb0195
https://www.scopus.com/inward/record.url?eid=2-s2.0-79953184252&partnerID=10&rel=R3.0.0
https://doi.org/10.1007/s11242-010-9633-5
https://www.sciencedirect.com/science/article/pii/S0001868615000937?via%3Dihub#bbb0190
https://www.scopus.com/inward/record.url?eid=2-s2.0-84870512142&partnerID=10&rel=R3.0.0
https://www.sciencedirect.com/science/article/pii/S1674200112001368/pdfft?md5=28424bbe1217ac583b80f70ad3089ed9&pid=1-s2.0-S1674200112001368-main.pdf
https://www.sciencedirect.com/science/article/pii/S1674200112001368
https://www.sciencedirect.com/science/article/pii/S0001868615000937?via%3Dihub#bbb0185
https://www.scopus.com/inward/record.url?eid=2-s2.0-84977641342&partnerID=10&rel=R3.0.0
https://www.sciencedirect.com/science/article/pii/S0001868615000937?via%3Dihub#bbb0180
https://www.scopus.com/inward/record.url?eid=2-s2.0-0033396936&partnerID=10&rel=R3.0.0
https://doi.org/10.1023/A:1006575231732
https://www.sciencedirect.com/science/article/pii/S0001868615000937?via%3Dihub#bbb0175
https://www.sciencedirect.com/science/article/pii/S0001868615000937?via%3Dihub#bbb0165
https://www.sciencedirect.com/science/article/pii/S0001868615000937?via%3Dihub#bbb0160

CrossRefView Record in Scopus

[40]
A. Hunt, R. Ewing, B. GhanbarianPercolation Theory for Flow in Porous Media
Springer (2014)


https://www.sciencedirect.com/science/article/pii/S0001868615000937?via%3Dihub#bbb0205
https://www.scopus.com/inward/record.url?eid=2-s2.0-13844308977&partnerID=10&rel=R3.0.0
https://doi.org/10.1007/1-4020-3604-3_2

	On the capillary pressure function in porous media based on relative permeabilities of two immiscible fluids: Application of capillary bundle models and validation using experimental data
	Abstract
	Graphical abstract
	Keywords
	1. Introduction
	2. Basic capillary models
	2.1. Effective hydraulic radius models
	2.2. Model of a porous medium as a bundle of parallel capillaries
	2.3. Model of a bundle of orthogonal capillaries

	3. Calculations of the capillary pressure function
	4. Experimental measurements
	5. Results of calculations of the capillary pressure function using capillary models
	6. Conclusions
	Acknowledgment
	References




