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Abstract

Capillary pressure is relevant to most processes of multiphase flow in

porous media, as it controls the pore scale fluids distribution. Reliable

capillary pressure curves are required to model and predict larger-scale

multiphase flow processes; normally these capillary pressures are obtained

experimentally using representative core samples. Besides core scale mea-

surements, pore scale modeling provides another alternative, physically-

sound approach to compute capillary pressure curves and links the pore

scale properties to laboratory measurements.

Pore scale modeling is a useful tool to enhance our understanding of cap-

illary phenomena and their impact on microscopic fluid flow in porous

media. In this thesis, an existing semi-analytical pore scale model is fur-

ther developed to compute two- and three-phase fluid configurations and

capillary pressure curves at arbitrary wetting conditions in 2D realistic

pore spaces that are extracted directly from segmented rock images. The

simulated capillary pressure curves and fluid configurations are used as in-

put in an improved interacting tube bundle model to simulate viscosity-
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and capillary-dominated flow in porous media. The dynamic effects of

capillary pressure are further investigated by comparing the equilibrium

static capillary pressure and the simulated dynamic capillary pressure

curves.

Based on this research work, seven research papers have been presented

in scientific journals and international conferences. The main findings are

summarized below:

Two-phase capillary pressure curves computed at uniformly-wet condi-

tions can be scaled by the traditional J-function. The imbibition cap-

illary pressure curves and fluid configurations at mixed-wet conditions

depend strongly on the initial water saturation and formation wettabil-

ity. Based on simulated results, a novel dimensionless capillary pressure

function for mixed-wet conditions has been developed to describe more

accurately the variability of formation wettability and permeability in

reservoir simulation models.

In water-wet three-phase systems, capillary entry pressure for the non-

wetting phase (e.g., gas or CO2) is strongly affected by the existing ini-

tial fluid configuration of oil and water in the pore space. Generally, the

three-phase capillary entry pressure is lower for gas (or CO2) displacing

oil than for gas (or CO2) displacing water in a uniform water-wet system,

indicating that CO2 is stored more safely below low-permeable formation

layers in subsurface aquifers than in depleted oil reservoirs. The simu-

lated three-phase fluid configurations exhibit a similar behavior as that
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observed in micro-CT experiments; in spreading systems very thin oil-

layers are present, while in non-spreading systems only a few relatively

thick oil layers exist when gas-oil capillary pressure is low. In the major

parts of the three-phase region (except for small oil saturations).

The gas-oil capillary pressure at water-wet conditions seems to be de-

scribed well as a function of only the gas saturation in the major part

of the three-phase region, despite three-phase displacements in which gas

displaces both oil and water occur frequently in individual pore geome-

tries for the non-spreading systems. At small oil saturations, the gas-oil

capillary pressure depends strongly on two saturations, which is partic-

ularly visible in the results for the weakly water-wet spreading system

because thin oil layers exist after gas has started to invade pores occu-

pied by water only.

The simulated saturation profiles under viscous-capillary dominated flow

can be explained by the capillary pressure and fluid configurations, which

exhibit increasingly gradual behavior as the contact angle defined on the

oil-wet solid surfaces increases or the initial water saturation decreases.

Drainage dynamic capillary pressure curves are located at a higher capil-

lary level than the corresponding static curve, whereas for imbibition the

dynamic curve is located at a lower capillary level than the correspond-

ing static one, regardless the porous medium wettability. The simulated

dynamic capillary coefficient is a function of saturation and independent

of the incremental pressure step, which is consistent with the results re-
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ported in previous studies. The dynamic coefficient increases with de-

creasing water saturation at water-wet conditions, whereas for mixed- to

oil-wet conditions it increases with increasing water saturation. Imbi-

bition simulations also show that the dynamic capillary coefficient at a

constant saturation increases with decreasing initial water saturation at

mixed-wet conditions.
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Chapter 1

Introduction

Multiphase flow in porous media is encounted in several Enhanced Oil

Recovery (EOR) methods in petroleum reservoirs, such as gas drainage,

depressurization below bubble point pressure resulting in the flow of liber-

ated gas phase, Water-Alternating-Gas (WAG) and CO2 injection, as well

as in environmentally focused processes, such as groundwater contamina-

tion and CO2 sequestration. The performance of such processes requires

a thorough understanding of two- and three-phase displacements in reser-

voir rock. For example, in the context of CO2 storage, capillary pressure

is directly related to two of the main trapping mechanisms – structural

and residual trapping (Saadatpoor et al., 2010; MacMinn & Juanes, 2009;

Juanes et al., 2010). Similarly, oil recovery can be increased in hydrocar-

bon reservoirs by injecting a third fluid after water flooding, e.g., CO2,

to displace remaining oil from pore space. The application of the govern-

ing equations for modeling experimentally-observed behavior in porous

media by reservoir simulation also requires a priori knowledge of capil-

lary pressure and phase saturation relationships. These relationships can

be measured in the laboratory from core samples; however, because lab-

oratory measurements are time-consuming and technically complicated,

especially for three-phase capillary pressure curves, the common prac-

tice today is to determine these relationships using correlations that have
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Chapter 1. Introduction

been formulated based on much more readily available two-phase data

(Baker, 1998; Lenhard & Parker, 1988). Besides challenging laboratory

measurements, pore scale modeling provides an alternative physically-

based approach to predict capillary pressure curves (Kovscek et al., 1993;

Øren et al., 1998; Blunt, 2001; Øren & Bakke, 2002).

1.1 Capillary pressure and wettability

Capillary pressure is defined as the pressure difference across an interface

between two fluids. In a porous medium saturated with gas, oil and water

this definition can be expressed as

Pcij = Pi − Pj , ij = ow, go, gw. (1.1)

Combination of these equations gives the relationship between the three

phase capillary pressures,

Pcgw = Pcgo + Pcow. (1.2)

The phase saturations are defined as

Si =
Vi
Vp
, i = g, o, w; (1.3)

where Vp is the pore volume and Vi denotes the volume of phase i.

Throughout this thesis, drainage is referred to the process where a lighter

fluid displaces a denser fluid, e.g., oil displaces water. Likewise, imbibi-

tion is referred to the process where a denser fluid displaces a lighter fluid,

e.g., water displaces oil. It is well-known that the relationships between

capillary pressures and saturations (capillary pressure curves) depend on

the formation wettability (Anderson, 1987; Tiab & Donaldson, 2004).

Wettability, defined as the tendency of one fluid to spread on or adhere

to a solid surface in the presence of other immiscible fluids, affects the

distribution and transport behavior of fluids during displacement (Tiab &
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1.1. Capillary pressure and wettability

Donaldson, 2004). For hydrocarbon reservoirs, the degree of wettability

can be quantified by the contact angle between phases i and j, θij , which

is measured through the denser phase j.

The wettability of a reservoir rock could be either homogeneous or hetero-

geneous. If the entire rock surface has the same affinity for wetting/non-

wetting phase, the wettability is classified as homogeneous or uniform

wettability. Generally, for an oil/water homogeneous system, when θow

is between 0◦ and 60◦ - 75◦, the system is defined as water wet. When

θow is between 180◦and 120◦ - 105◦, the system is defined as oil wet.

In the middle range of θow, the system is considered to be neutrally or

intermediately wet (Anderson, 1986).

Alternatively, the internal surface of reservoir rock is composed of many

minerals with different surface chemistry and absorption properties, which

may lead to heterogeneous or nonuniform wettability. The term mixed

wettability was introduced by Salathiel (1973) for a special case in which

the oil-wet surface forms continuous paths through the larger pores.

The mixed-wet reservoirs are considered to be developed from the fol-

lowing process (Salathiel, 1973; Kovscek et al., 1993; Kaminsky & Radke,

1997). The reservoir is initially assumed to be completely water saturated

and water wet. When oil invades the pore space, a water film is left be-

tween the surface and the invading hydrocarbon phase. Capillary forces

retain water in small capillaries and grain contacts. However, when a crit-

ical capillary pressure is exceeded the water film destabilizes and ruptures

to an adsorbed molecular film of up to several water monolayers. Surface

active components (e.g., asphaltenes) from the oil phase are deposited

on the rock surface, thus making it oil wet, and consequently mixed wet

conditions are developed.

Traditional core scale measurements are normally used to obtain the cap-

illary pressure curves. However these measurements are time consuming,

might damage the samples and also cannot quantify spatial variation of

the pore scale properties, such as wettability and pore geometry. Pore

scale modeling provides another alternative physically-sound approach
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Chapter 1. Introduction

which can be used to calculate capillary pressure curves by simulating

the fluid distributions in the pore space under precisely described pore

scale conditions; this offers the opportunity to obtain a more thorough

understanding of the impact of underlying pore-scale physics on macro-

scale flow properties.

1.2 Pore scale modeling

Pore scale modeling is attracting an increasing attention in the oil and

gas industry during the last decades, and has potential applications in

contaminant transport and carbon dioxide storage (Blunt, 2001; Frette &

Helland, 2010; Bandara et al., 2011; Joekar-Niasar et al., 2012; Mostaghimi

et al., 2012; Raeini et al., 2012; Raoof et al., 2012; Blunt et al., 2013). In

addition to predicting fundamental flow parameters (e.g., capillary pres-

sure and relative permeability) (Kovscek et al., 1993; Øren et al., 1998;

van Dijke & Sorbie, 2002a; Piri & Blunt, 2005; Silin & Patzek, 2006; Hel-

land & Skjæveland, 2006a; Mousavi et al., 2013), pore scale modeling is

also capable of investigating the effects of micro-scale phenomena on the

macro-scale behaviors, and thus it provides a physically-based approach

to upscale multiphase flow in porous media from micro-scale to macro-

scale (Middleton et al., 2012; Mehmani et al., 2012; Al-Dhahli et al., 2013;

Porta et al., 2013).

Pore scale modeling methods require a proper representation of pore space

and depend on pore-level physics of displacement mechanisms. There are

two methods to model fluids flow in 3D pore space. The first is the direct

application of computational fluid dynamics (CFD) to imaged pore space,

such as the Lattice Boltzmann methods (Ahrenholz et al., 2006; Boek &

Venturoli, 2010; Ramstad et al., 2010), level set methods (Prodanović &

Bryant, 2006; Jettestuen et al., 2013), volume of fluid method (Raeini

et al., 2012), smoothed particle hydrodynamics methods (Tartakovsky &

Meakin, 2006) and the completely different method, morphology-based

methods (Ahrenholz et al., 2008; Silin et al., 2011). The problem is that
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1.3. Motivation and scientific contributions

for the key applications of interest, these techniques require numerical dis-

cretization within the irregular pore geometry, as well as mesh refinement

around small pores, and consequently most of them are computationally

demanding. An alternative methodology is the use of pore-network mod-

els (Øren et al., 1998; Blunt, 2001; Valvatne et al., 2005; Piri & Blunt,

2005; Joekar-Niasar & Hassanizadeh, 2012; Al-Dhahli et al., 2013), which

first extract a topologically representative network with idealized geome-

tries (e.g., circle, square, star, triangle) derived from the underlying image

and then solve the flow and transport problem in the reconstructed sim-

plified version of the pore space.

In addition to the advanced CFD and pore-network methods, straight

capillary bundle models provide a simple, yet physically-sound approach

to estimate capillary entry pressure, fluid configurations and capillary

pressure curves. Two types of methods are adopted for representing the

cross-sections of the straight tube model. The first representation method

is cross-sections with analytical angular geometries and a pore size dis-

tribution function (Kovscek et al., 1993; Ma et al., 1996; van Dijke et al.,

2004; Helland & Skjæveland, 2006b); the other method is extracted cross-

section geometries directly from rock images (Lindquist, 2006; Virnovsky

et al., 2009; Frette & Helland, 2010; Helland & Frette, 2010; Glantz &

Hilpert, 2011; Kim & Lindquist, 2012). The straight tube model with

angular tube cross-sections allow the development of mixed wettability

and cross-sectional multiphase configurations and thus are well suited as

a basis for developing simple, yet physically-based models accounting for

some of the important capillary phenomena that occur in porous media;

hence such models represent a natural starting point for developing and

analyzing capillary pressure curves.

1.3 Motivation and scientific contributions

The primary motivation of this work is to extend an existing semi-analytical

model, which has been utilized previously to compute two-fluid config-
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Chapter 1. Introduction

urations, the associated capillary entry pressures and capillary pressure

curves in individual straight tubes with cross-sections given by pore spaces

extracted from rock images (Frette & Helland, 2010; Helland & Frette,

2010), into a model which will enable us to compute two- and three-

phase capillary pressure curves and fluid configurations in large segmented

Scanning-Electron-Microscope (SEM) images of Bentheim sandstone that

contain many separate, and irregular-shaped pore spaces. In addition,

the interacting tube bundle model (Dong et al., 2005; Wang & Dong,

2011) has been further developed to simulate the saturation profile evo-

lution and subsequently analyze the dynamic effects of capillary pressure

in mixed-wet porous media.

The proposed models provide insights into the pore-scale mechanisms of

multiphase flow in porous media, which allows for improved understand-

ing and thus enhanced interpretation of core-scale experiments, and guid-

ance in developing reliable three-phase capillary pressure correlations.

1.4 Structure of thesis

Following this brief introduction, the remaining of the thesis is organized

as follows: Chapter 2 presents the background theory and literature re-

view. Chapter 3 contains a description of the developed models. The

method used to compute two-phase capillary pressure curves and fluid

configurations both at uniformly- and mixed-wet conditions directly in

2D segmented SEM images is described first. Then, the developed exten-

sion of this method for computing three-phase capillary pressure curves

and fluid configurations at uniformly-wet rock images is presented. The

interacting tube bundle model for simulating the saturation profile evolu-

tion and the algorithm to account for dynamic capillary pressure curves

are also described. Finally, a short description of the models utilization

and capabilities is included. Chapter 4 contains a brief summary of simu-

lation results obtained during the course of this work along with relevant

discussions. Chapter 5 includes the conclusions reached from these results
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1.4. Structure of thesis

and closes with recommendations for future work.
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Chapter 2

Literature Review

In this chapter several aspects related to pore scale modeling for comput-

ing capillary pressure curves, fluid configurations, dynamic effects and

related areas are reviewed. These aspects include 3D reconstruction of

pore spaces, pore scale based computation methods, wettability, pore

scale displacement mechanisms, entry capillary pressure, static and dy-

namic capillary pressure. Based on the literature review, the methods

employed in this work are presented and the new features implemented

in the existing pore scale model are highlighted.

2.1 Pore space reconstruction

Realistic characterization of a porous medium structure is a prerequisite

for pore scale modeling. Based on imaging techniques (e.g., micro-x-ray

computerized tomography (micro-CT), SEM), there are three ways in

which a three-dimensional (3D) representation of a pore space can be

obtained. The first is through direct imaging, usually by x-ray micro-

CT and the application of some advanced algorithms (e.g., maximal ball

method) to extract the pore-network of the porous space (Silin et al.,

2003; Silin & Patzek, 2006; Al-Kharusi & Blunt, 2007; Dong & Blunt,

2009). The second method is process-based method, which simulates the
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2.1. Pore space reconstruction

packing of grains followed by geological processes such as sedimentation,

compaction, and diagenesis by which sedimentary structures were formed

(Øren & Bakke, 2002; Bryant et al., 1993b,a). The third approach is to

use a statistical model to generate synthetic 3D structures that capture

the properties of two dimensional (2D) thin sections (Wu et al., 2006;

Okabe & Blunt, 2007). Besides the 3D representation of the pore spaces,

the straight capillary tube bundle model represents the pore space in an

alternative simple but physically-sound way (van Dijke & Sorbie, 2002a;

Dong et al., 2005; Helland & Skjæveland, 2006b; Lindquist, 2006).

2.1.1 Extraction of pore-network from 3D rock images

Two major algorithms, the maximal ball (Silin et al., 2003) and medial

axis based method (Lindquist & Venkatarangan, 1999), have been devel-

oped to extract pore networks from arbitrary 3D images. The maximal

ball algorithm pioneered by Silin et al. (2003) and Silin & Patzek (2006),

is based on generating balls in the center position of each voxel represent-

ing void in the image that just fit in the pore space; the largest maximal

balls that are surrounded by smaller balls define the pores. Al-Kharusi &

Blunt (2007) developed a more comprehensive set of criteria that include

sphere clusters to handle equally sized balls. However, this extended

algorithm is limited to relatively small systems containing fewer than a

thousand pores, and it tends to form pores with lots of connected throats.

Instead of growing a ball layer by layer, Dong & Blunt (2009) defined a

void ball by developing a two-step searching algorithm to find the nearest

solid; they also invented a clustering process to define pores and throats

by affiliating the maximal balls into family trees according to their size

and rank.

The medial axis based algorithms transform the pore space into a medial

axis, which mathematically preserves the topology of the pore space and

consequently the pore space is acting as a topological skeleton roughly

running along the middle of pore channels (Lindquist & Venkatarangan,
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1999). Pore-space partitioning can be validated along the skeleton to

decide the pore throats by local minima along branches and pore bodies

at the nodes.

Recently, statistical methods were adopted to generate pore networks

from 3D rock images. Initially, the statistical information were obtained

from a pore network that is extracted directly from a 3D digital image of

the pore space (Jiang et al., 2012); later the multi-scale pore-network was

proposed by considering the pore space with several statistical properties

at various scales (Jiang et al., 2013).

2.1.2 Construction of 3D pore spaces from 2D rock images

For relatively large sample sizes, the resolution of x-ray CT scanning may

not be high enough to resolve micro-porosity found in many carbonate

reservoirs. In this case, 2D thin-section SEM images can be used to recon-

struct the 3D pore space with a reasonable resolution by process-based

modeling or stochastic reconstruction. The process-based method was de-

veloped by Bryant et al. (1993a,b), who simulated the process of quartz

cementation by modeling close packing with equally-sized spheres, fol-

lowed by processes such as swelling the spheres uniformly and allow them

to overlap and compact by vertically moving the centers. The pore space

can be tessellated into cells and pore networks can be generated by assign-

ing cells as pores and cell faces as throats. Later this approach was ex-

tended to more complicated geometries by packing spheres of different size

(Øren et al., 1998; Øren & Bakke, 2002, 2003). The simulated rock images

produced a good agreement with micro-CT images of Fontainebleau and

Berea sandstone in terms of morphological properties, such as two-point

correlation functions, local porosity distributions and local percolation

probabilities, and petrophysical properties, such as absolute permeability

and formation factor (Valvatne et al., 2005).

Besides process-based methods, various statistical ones were developed

to reconstruct 3D pore space from 2D rock images (Quiblier, 1984; Adler
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et al., 1992; Yeong & Torquato, 1998). These methods recreate the 3D

pore space by matching single- and two-point statistics derived from the

input 2D images, but they fail to reproduce the long-range connectivity

of the original pore space, for example in rocks with low porosity. To

overcome this problem, Okabe & Blunt (2007) developed multi-point sta-

tistical methods. However these iterative multi-point methods are very

computationally demanding. To reproduce the connectivity and shapes of

the pore structures, several reconstruction approaches have been recently

proposed; for instance, the multiple-point method or the five-point sten-

cil method using a Markov chain Monte Carlo model (Wu et al., 2006),

which reproduce typical patterns of the void space seen in 2D and conse-

quently preserve the long-range connectivity. These statistical methods

produce high resolution 3D images derived from their original 2D inputs

with similar morphological statistics.

2.1.3 Straight capillary tubes bundle model

Although 3D representation of pore spaces gives more realistic character-

istics of porous media, it is time demanding to conduct CFD in such pore

structures, and thus the straight capillary bundle tube representation of

pore space is still broadly used as it provides a simple, yet physically-

sound approach for mathematical modeling of multiphase flow and dis-

placement in porous media (Kovscek et al., 1993; van Dijke & Sorbie,

2002a; Dong et al., 2005).

The first type of capillary tube bundle model represents the pore spaces

as analytical and simple cross-sections of straight tubes; in this type of

model a distribution function is necessary for evaluating the pore size.

Dong et al. (2005) developed an interacting tube bundle model, in which

the pore spaces is formed by circular capillary tubes with a uniform size

distribution. Angular geometries were also adopted to represent the tube

cross sections, e.g., tubes having equilateral, triangular cross-sections.

The geometry of an equilateral triangle is described by the half-angle
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of the corner and the radius of the inscribed circles and the pore-size

frequency can be given by a truncated two-parameter Weibull distribution

(Diaz et al., 1987; Hui & Blunt, 2000; Helland & Skjæveland, 2006a; Wang

& Dong, 2011).

As rock images become more available, realistic, highly irregular pore

spaces can be extracted and used in the calculations. Lindquist (2006)

considered capillary tubes with arbitrary, yet relatively convex, polygo-

nal cross-sections. However, the assumed degree of convexity reduces di-

rect utilization of tubes with irregular cross section that include converg-

ing/diverging geometry and high degree of surface roughness. Recently,

Frette & Helland (2010) extracted the 2D realistic irregular-shaped pore

geometries directly from 2D rock images and treated them as cross sec-

tions in straight tubes; the extracted pore spaces were represented by a

smooth pore boundary applying the Euclidean path method (Braquelaire

& Vialard, 1999).

2.2 Pore scale modeling computation methods

There are two main approaches to compute multiphase flow in the pore

space. The first is to directly apply CFD in pore space; the second is

to represent the pore space by a pore-throat network and then compute

flow and transport through this network. Relatively simple, yet physically

based, dynamic modeling could also be implemented with the capillary

tube bundle models.

2.2.1 Direct application of CFD in rock images

CFD models can be classified as either particle- or grid-based. Exam-

ples of particle-based methods are the Lattice-Boltzmann (LB) which

uses particle probability distribution function and the smoothed particle

hydrodynamics (SPH) methods. The main grid-based methods include

the level set (LS), volume of fluid (VoF), phase field method and the
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morphology-based methods. As the name implies, particle-based mod-

els use particles to represent packets of fluid; the particles are tracked

through the computational domain, and consequently allow to determine

averaged fluid properties, such as pressure and density.

Particle-based methods

LB method is the most popular approach for computing single and multi-

phase flow directly on pore-space extracted from rock images (Ahrenholz

et al., 2006; Boek & Venturoli, 2010; Ramstad et al., 2010). This method

represents fluid dynamics at mesoscopic level by solving the discretized

Boltzmann equation; LB is different from schemes that are based on a

discretization of the Navier-Stokes equations, and thus represent balance

equations at the continuum level.

An important advantage of LB method is that many properties related

to fluid-solid and fluid-fluid interactions can be implemented in a straight

forward manner without having to include complicated kernels (Martys

& Chen, 1996). Moreover, LB method is relatively easy to code and is

ideally suited for parallel computing platform; consequently it is relatively

easier to compute single-phase flow properties and transport, such as

permeability, dispersion coefficients and effective reaction rates (Manz

et al., 1999; Manwart et al., 2002; Hiorth et al., 2013). However, the LB

method is time demanding especially for two- or multi-phase flow, even

with parallel implementation. Recent research indicates that with the

best computer resources, it is possible to compute relative permeability

curves based on pore-space images (Martys & Chen, 1996; Ramstad et al.,

2010; Sheng et al., 2011; Ramstad et al., 2012).

Another group of simulation methods that has been applied successfully

to study fluid transport is the SPH approach (Hu & Adams, 2006; Tar-

takovsky & Meakin, 2006; Kordilla et al., 2013), which can be seen as

upscaled formulations of molecular dynamic in which particles represent

fluid volumes. In the SPH method, it is relatively easy to add complex

13



Chapter 2. Literature Review

physical, chemical and biological processes into particle codes. However,

similarly with other particle based methods, the computational efficiency

is low relative to grid methods. Multi-scale particle methods and hybrid

(particle-particle and particle-grid) methods may be the future extension

that could be applied to make an effective use of emerging computational

capabilities (Kordilla et al., 2013).

Grid-based methods

The main advantage of grid-based methods, compared with particle based

ones, is their computational effectiveness. Main grid-based methods are

finite element method, finite volume method and finite difference method

to solve Navier-Stokes equations. Multiphase problems require also in-

terface tracking or interface capturing methods, such as the LS (Sethian,

1999), VoF (Raeini et al., 2012) and phase field methods (Jacqmin, 1999;

Akhlaghi Amiri & Hamouda, 2013).

The LS method (Sethian, 1999; Osher & Fedkiw, 2003) is an interface

tracking approach, which describes the interfaces implicitly as the zero

level set function that is one dimension higher than the interface. This

method has no constraints on the topology of the interface, and thus it

well suited for modeling capillary dominated displacements in complex

pore geometries. Prodanović & Bryant (2006) extended the application

range of the level set method to model critical displacements events, such

as Haines jump and snap-off, during drainage and imbibition as well as

complete capillary pressure curves in 3D rock images. Fractured me-

dia have been also investigated via the LS method (Prodanović et al.,

2010). In these applications, a second level set function was introduced

to describe the pore structure and a “no-penetration” constraint (Sethian,

1999) was enforced at the end of each time step to prevent the fluid inter-

faces from invading the solid matrix. The limitation is that only strongly

wetting conditions (θ = 0◦) can be simulated (Prodanović & Bryant,

2006); this shortage was addressed by (Jettestuen et al., 2013) who intro-

duced a level set method for simulating capillary-controlled displacements
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with nonzero contact angles in pore geometries of arbitrary shape from

3D rock images.

The VoF method is a simple and economical way to track free interfaces

in 2D and 3D meshes (Hirt & Nichols, 1981; Ferrari & Lunati, 2013).

This method treats the immiscible phases as a single fluid with variable

properties and the distribution of the phase is described by a fluid function

that carries information about the phase. The interfaces are identified as

the region in which the gradient of the fluid function is nonzero. The

contact angle can be accounted by imposing an appropriate boundary

condition to the direction of the fluid-function gradient at the solid wall.

Raeini et al. (2012) conducted pore scale modeling of two-phase flow by

discretization of the governing differential equations with finite volume

method and tracking the interface with VoF method. The relationship

between capillary pressure and total surface energy was also investigated

by this method (Ferrari & Lunati, 2013); the authors also demonstrated

that the method is able to deal with large viscosity contrasts and model

the transition from stable flow to viscous fingering.

The phase field method is also known as diffuse-interface method, the

history of this approach goes back to a century ago when van der Waals

(1979) used a density function that varies continuously at the interface

to model a liquid-gas system. The best known example of phase field

method is the convective Cahn-Hilliard equation that can conserve the

volume and is relatively easy to implement in two and three dimensions

(Cahn & Hilliard, 1958; Jacqmin, 1999; Akhlaghi Amiri & Hamouda,

2013).

Morphology-based method

A completely different, yet, discrete approach for modeling capillary dom-

inated flow is the morphology-based method. Maximal inscribed ball (or

sphere) (MIS) algorithm is one of the most popular morphology-based

methods to model capillary equilibrium fluid configurations at the pore
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scale (Silin et al., 2003; Silin & Patzek, 2006), and is also capable of ex-

tracting pore-networks from high resolution 3D rock images (Al-Kharusi

& Blunt, 2007; Dong & Blunt, 2009). The MIS method has the capabil-

ity to compute capillary pressure curves and fluid configurations in 3D

rock images and the results show a reasonable agreement with results

obtained from mercury injection experiments (Silin et al., 2003; Silin &

Patzek, 2006; Silin et al., 2011). Silin & Patzek (2006) also formulated

a new dimensionless capillary pressure function to improve the tradi-

tional J-function. Similarly to MIS algorithm, Virnovsky et al. (2009)

computed capillary pressure curves using capillary tubes with arbitrary

cross-sections obtained from 2D rock images. The MIS algorithm can only

simulate strongly water-wet conditions for drainage processes, although

efficient ways of including effects of wettability has been proposed (Silin

et al., 2012).

Besides the MIS based method, Lindquist (2006) has shown the connec-

tion between arc-menisci configurations and the medial axis of a polygo-

nal cross section and the entry conditions were determined under uniform

strongly water-wet conditions. Lately, this medial axis based model has

been extended to include simulating chord axes for arc-menisci configu-

ration in an imbibition process for any wetting angle from 0◦ to 90◦ (Kim

& Lindquist, 2012).

Even though the above two types of morphology-based methods have

proven continuous contribution for capillary dominated displacement,

they lack of a thermodynamical foundation. Recently, Frette & Helland

(2010) developed a semi-analytical model which is based on combining all

determined geological allowed arc menisci and applying the Mayer, Stowe

and Princen (MS-P) equation (Mayer & Stowe, 1965; Princen, 1969a,b,

1970; Ma et al., 1996) to compute the entry pressure under arbitrary wet-

ting conditions for a non-wetting phase invading a wetting phase filled

capillary tube that contains highly irregular cross sections. This semi-

analytical model was also extended to compute capillary pressure curves

under mixed-wet conditions (Helland & Frette, 2010), which allows neg-
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ative capillary pressure between oil and water.

2.2.2 Pore-Network Modeling

Since the pioneering work of Fatt (1956), pore-network models have be-

come one of the main fields of research in the porous media discipline.

Two primary types of pore-network modeling tools, the quasi-static and

dynamic network, could be defined by the flow regime based on the value

of capillary number. The capillary number, CA, denotes the ratio of

viscous forces to capillary forces during the displacement in the porous

medium, and it is defined as

CA =
µq

σA
, (2.1)

where µ is viscosity, q flow rate, A is cross-sectional area of the porous

medium and σ denotes the interfacial tension.

Quasi-static pore-network modeling

If the capillary number is smaller than 10−5, based on the fluid displace-

ment mechanisms (see Section 2.4) a quasi-static pore network modeling

could be applied to simulate the equilibrium positions of fluid-fluid inter-

faces, and thus determine the capillary pressure and relative permeability

curves in the pore space (Blunt, 1997a; Øren et al., 1998; Valvatne et al.,

2005; Piri & Blunt, 2005).

Dynamic pore-network modeling

Dynamic pore-network models are normally applied when the capillary

number is larger than 10−5, as the viscous forces cannot be neglected. In

the dynamic pore scale models, at each time step the pressure distribution

in the network is calculated first followed by the fluid-fluid interfaces based

on pressure difference criteria. The dynamic pore scale models were used

to investigate the effects of capillary number and viscosity ratios on the
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relative permeability, residual oil saturation and pore scale displacement

mechanisms (Blunt & King, 1991; Dahle & Celia, 1999). The balance

between piston-like and snap-off displacement (see Section 2.4), and its

effect on residual oil could be examined if the flow through thin wetting

films is also included in the dynamic pore-network models (Blunt & Scher,

1995; Hughes & Blunt, 2000; Joekar-Niasar et al., 2010).

2.2.3 Interacting tube bundle model

Tube bundle models represent a simplified pore-scale modeling approach

that could be utilized to study qualitatively multiphase flow in porous

media (Ruth & Bartley, 2002; Dong et al., 2005; Wang & Dong, 2011).

For example, Dong et al. (2005); Wang & Dong (2011) developed a so-

called interacting tube bundle model where phase-pressure equilibration

exists in both oil and water phases. This implies that the phase pres-

sures vary with distance along the tube length, but remain constant at

each cross-section. The assumption of phase pressure uniqueness at each

cross-section causes the meniscus with the largest capillary pressure and

velocity to advance in front. Ruth & Bartley (2002) developed a similar

model which was referred to as a perfect cross-flow model. They consid-

ered adjacent tubes that are not separated completely by solid walls since

phase pressure equilibration at each bundle cross-section was assumed to

be maintained by resistant-free cross-flow between the tubes. In both

models, the phase pressure constancy in each section implies that the

flow rate of each phase in a given tube may be different in the length re-

gions along the bundle, whereas the total flow rate in all length regions is

constant. These models have been shown to be consistent with core-scale

models that are based on the standard two-phase modification of Darcy’s

law (Ruth & Bartley, 2002). Unsal et al. (2007a,b) performed imbibition

flow experiments in a tube constructed by the space between a rod and

a glass plate and demonstrated that the saturation fronts computed with

an interacting tube bundle model agreed very well with the experimental

results. More recently, Wang & Dong (2011) developed an interacting
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tube bundle model with triangular tube cross-sections in which both flu-

ids can coexist at the same tube cross-section. They also investigated

trapping of oil during water flooding by assuming that the size and dis-

tribution of the triangular tube cross-sections varied with positions along

the tube bundle length.

2.3 Wettability

Wettability is one of the essential properties that control multiphase flow

in porous media as it affects the distribution and transport behavior of flu-

ids during displacement. Several methods have been applied to quantify

the wettability of a porous rock, such as contact angle measurements and

wetting indexes computed from capillary pressure curves (Cuiec, 1991).

However, wettability classification of reservoir as water-wet or oil-wet is

a gross oversimplification (Morrow, 1990; Cuiec, 1991). Recent advanced

imaging techniques allow us to investigate the wettability distribution

down to pore scale and thus provide physical fundamental knowledge to

establish pore scale wettability models, which could increase the insight

of multiphase flow in porous media (Kumar et al., 2009, 2012).

2.3.1 Wettability alteration

Hydrocarbon reservoirs are initially saturated with water and generally

considered as uniformly water-wet (Tiab & Donaldson, 2004; Dandekar,

2006). This uniformly wetting state may change to either a homogeneous

oil-wet state, or to a mixed-wet state, in which some parts of the rock

surface become oil-wet while other parts remain water-wet (Donaldson

& Alam, 2008). Hydrocarbon components (e.g., asphaltenes) that get

adsorbed on the pore surface, when the hydrocarbon phase invades from

the source rock, is the necessary condition of wettability alteration. In

order to have an effective hydrocarbon-components adsorption, the pres-

sure difference between the oil and water phases needs to be sufficiently
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high, first to overcome the capillary entry pressure and second to over-

come the critical pressure when thin water films collapse (Kovscek et al.,

1993).

The first necessary condition of wettability alteration during primary

drainage is that the pressure difference exceeds the capillary entry pres-

sure. This is because only the part of the pore space exposed to crude oil

could result in wettability changes on both core and pore scales (Masalmeh,

2003). The capillary entry pressure depends on several parameters, such

as pore shape, pore size, interfacial tension and pore surface wettability.

General speaking, the capillary entry pressure can be quantified by the

so called MS-P equation (Mayer & Stowe, 1965; Princen, 1969a,b, 1970;

Ma et al., 1996); please refer to Section 2.5 for a review of the capillary

entry pressure for piston-like invasion.

After primary drainage, most of the original water has been displaced

from the pores by oil, leaving water only in the pore corners/necks and

as thin water films along the solid surfaces. The stability of the water

films depend on the disjoining pressure and the geometry of the solid

surface, and the critical pressure when the thin films start to collapse

can be examined by the augmented Young-Laplace equation (Hirasaki,

1991b,a; Kovscek et al., 1993; Frette et al., 2009). The local curvature of

a pore wall has a significant effect on the critical pressure.

Kaminsky & Radke (1997) discussed whether wettability alteration can

occur in pores with intact the films due to asphaltene diffusion across

the water film, which however is a much more time consuming process.

The authors concluded that this process is not sufficient to initiate signif-

icant wettability alteration. While more recent studies performed using

advanced imaging techniques generally support this conclusion, Kumar

et al. (2009); Kumar & Fogden (2010); Kumar et al. (2012) also observed

that the deposition of crude oil components slightly intruded the wa-

ter/solid area in pore geometries saturated by both oil and water. Hence,

after primary drainage and through the geological time, the reservoir

rock might therefore end up with three distinctively different simultane-
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ous wetting populations, namely strongly water-wet, where oil has not

invaded, oil-wet, where the water films have collapsed, and weakly to

strongly water-wet, where the films remain.

2.3.2 Mixed-wettability model

The pore scale model proposed by Kovscek et al. (1993) is currently

the most acceptable theoretical model for mixed-wet conditions. In this

model, the pore space is represented by capillary tubes with four-cornered

curved star-shape cross-sections that are formed by four touching spheres;

and thus the critical capillary pressure required for a thin water film

collapse decreases with decreasing pore size. In their model, three types

of wetting states could be formed after drainage. The smaller pores do not

get invaded by oil and remain water-wet as the maximal drainage capillary

pressure is smaller than the capillary entry pressure. The medium-sized

pores become mixed-wet as the water filled corners remain water-wet and

the middle portions of the pore walls, that are contacted by oil, become

oil-wet. The larger pores invaded by oil remain water-wet as the critical

capillary pressure has not been exceeded at the end of the drainage process

and the protective water films are still stable. As explained by Kovscek

et al. (1993), the wetting state after primary drainage depends strongly

on maximal drainage capillary pressure and the pore wall curvature. For

example, for curved convex pore shapes (e.g., eye-shaped), the larger

pores become mixed-wet and the smaller pores remain water-wet.

Contact angle hysteresis could be incorporated in a mixed-wet model by

introducing contact lines that get pinned while the corresponding arc

meniscus hinges at an angle which changes according to capillary pres-

sure (Ma et al., 1996). This conceptual hysteresis model has been used

broadly in pore-network modeling to investigate the hysteresis effects on

multiphase flow in mixed-wet porous media (Øren & Bakke, 2003; Piri &

Blunt, 2004, 2005; Helland & Skjæveland, 2006b; Ryazanov et al., 2009;

Helland & Frette, 2010; Kim & Lindquist, 2012).
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Recently, advanced imaging techniques based on micro-CT have been

utilized to investigate the microscopic wetting state directly in porous

materials (Kumar et al., 2009; Kumar & Fogden, 2010; Kumar et al.,

2012). Generally, it was demonstrated that deposition of crude oil com-

ponents occurred in regions exterior to the bulk water phase and at lo-

cations where thin water films ruptured. These results support the pore

scale mixed-wet model proposed by Kovscek et al. (1993) and are also

in agreement with the study of Kaminsky & Radke (1997). However,

Kumar et al. (2009); Kumar & Fogden (2010); Kumar et al. (2012) argue

that the mixed-wettability model (Kovscek et al., 1993) could be poten-

tially improved by including a transition zone near the contact line, as

deposition of crude oil components is observed to occur non-uniformly at

a finite distance outside of the remaining bulk water phase.

2.4 Pore scale displacement mechanisms

During drainage processes in strongly water-wet systems, the accessible

pore throats and their neighboring pore bodies are invaded in order of

increasing capillary entry pressure by piston-like displacement (see for

example, Al-Futaisi & Patzek (2003)). Another particularly important

pore scale displacement during drainage is the Haines jump which shows

a sudden drop in capillary pressure when the non-wetting phase passes

from a pore throat through a series of several wider pore bodies and

throats until new stable interface positions are reached in narrower throats

(Haines, 1930; Morrow, 1970; Berg et al., 2013). For imbibition processes

the pore level displacements, snap-off and pore body filling, have been

observed from water-wet micro-model experiments in addition to piston-

like invasion (Lenormand et al., 1983). Oil layer formation and collapse

is another type of displacement that can occur for mixed-wet conditions

in two-phase systems and even for uniform-wet conditions in three-phase

systems (Kovscek et al., 1993; Blunt, 2001). Finally, in three-phase flow

double and multiple displacements are important mechanisms that have
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Figure 2.1: A sketch of arc meniscus (AM) and main terminal meniscus
(MTM) in a triangle capillary tube.

shown to high impact on residual oil (van Dijke & Sorbie, 2003a; Al-

Dhahli et al., 2013). In this section, these displacement mechanisms will

be introduced and briefly discussed.

2.4.1 Piston-like invasion

The non-wetting phase enters a pore throat filled with wetting phase only

if the capillary pressure is equal to or greater than a given capillary pres-

sure, namely the capillary entry pressure (Lenormand et al., 1983). The

invading interface moving in the direction along the tube, separating the

bulk fluids, is referred to as the main terminal meniscus (MTM), and the

interface located in the corners of the cross-section, separating the bulk

fluid from corner fluid, is referred to as the arc meniscus (AM). A sketch

illustrating the AMs and MTM in a triangle capillary tube is presented in

Figure 2.1. Capillary entry pressure for this kind of piston-like invasion

can be determined by balancing the work of displacement with the change

in surface energy or, equivalently, by considering the forces required to

maintain thermodynamical equilibrium (Mayer & Stowe, 1965; Ma et al.,

1996).

For the imbibition process of mixed-wet conditions, contact angle hys-
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Figure 2.2: A sketch of hinging interface to account for hysteresis in
imbibition.

teresis is modeled by introducing a hinging interface with pinned contact

lines (see Figure 2.2) that separates the remaining corner water and cen-

ter oil and thus allowing the contact angle to change at this position in

order to maintain capillary equilibrium (Ma et al., 1996; Valvatne et al.,

2005; Piri & Blunt, 2005; Helland & Skjæveland, 2006a; van Dijke & Sor-

bie, 2003b; van Dijke et al., 2007). The interface does not move until the

hinging contact angle reaches the advancing contact angle. The capillary

entry pressure for the piston-like displacement during imbibition is again

found by calculating the force balance acting on the interface. For spon-

taneous imbibition, the capillary entry pressure is calculated similarly as

in drainage if the hinging contact angle has reached the advancing contact

angle. If this is not the case, such as in forced imbibition (negative cap-

illary pressure), the entry pressure is affected by the initial configuration

and the fraction of oil-wet and water-wet pore wall areas (Piri & Blunt,

2005; Helland & Skjæveland, 2006b; Helland & Frette, 2010).

A more detailed literature review of capillary entry pressure for piston-like

invasion will be given in Section 2.5.

2.4.2 Layer formation and collapse

Two types of fluid layers can form in a multiphase displacement process

in a pore throat. Depending on whether the fluids residing on the two

24



2.4. Pore scale displacement mechanisms

(a) Pc,ow < 0 (b) Pc,ow > 0

Figure 2.3: Layer types surrounded by identical fluids.

opposite sides of the layer are the same, layers may be categorized as

layers surrounded by identical fluids or different fluids.

Layer type

Layers of oil surrounded by identical fluid (water) have a sandwiched

shape and can exist at negative capillary pressure during forced imbibi-

tion in mixed-wet pore spaces (Kovscek et al., 1993; Blunt, 1997b; Piri

& Blunt, 2004; Helland & Skjæveland, 2006a; Helland & Frette, 2010)

as shown in Figure 2.3(a). However, this sandwiched shape layer type

can also occur in pore necks during primary drainage process (Frette &

Helland, 2010), in which water is the layer fluid surrounded by oil, see

Figure 2.3(b).

Layers surrounded by different fluids are formed by intermediate-wet

phases (e.g., oil) that are located between the wetting phase (e.g., wa-

ter) in the pore corner and non-wetting phase (e.g., gas) in the pore

center, see Figure 2.4(a) (Dong et al., 1995; Keller et al., 1997; Blunt,

1997a; Hui & Blunt, 2000). This type of layers is experimentally observed

in micro-models (Keller et al., 1997) and has also been explained ther-

modynamically in non-circular capillary tubes both for uniformly- and

mixed-wet conditions (van Dijke et al., 2004, 2007). Recently, Feali et al.

(2012) conducted a high resolution X-ray micro-tomography to image the

distribution of oil, water and gas after tertiary gas flooding in strongly
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(a) Pc,ow > 0 (b) Pc,ow < 0

Figure 2.4: Layer types surrounded by different fluids.

water-wet Bentheimer sandstone and they found that spreading systems

clearly display oil-layer behavior, while non-spreading ones display fewer

oil layers. Figure 2.4(b) shows an example when the pore space becomes

oil-wet, and thus oil layers may forme between gas and water at negative

oil-water capillary pressure (Piri & Blunt, 2004; Helland & Skjæveland,

2006b; van Dijke et al., 2007).

Layer collapse criteria

The first criterion for layer collapse is purely geometrical and assumes the

fluid layers would collapse when the surrounding oil-water interfaces meet

(Blunt, 1997b). This criterion has been used for formation and collapse

of oil layers in capillary bundles (Hui & Blunt, 2000) and network models

(Øren et al., 1998; Piri & Blunt, 2004; Valvatne et al., 2005; Piri & Blunt,

2005).

In contrast to the geometrical criterion, a thermodynamical-based crite-

rion was also developed for the existence of oil layers in two- and there-

phase systems (van Dijke et al., 2004, 2007). This criterion is consistent

with the MS-P capillary entry pressures for other types of piston-like

invasions. The thermodynamical-based criterion was implemented both

into a capillary bundle model (Helland & Skjæveland, 2006a) and pore-

network modeling (Ryazanov et al., 2009; Al-Dhahli et al., 2013) to model

layer collapse. Ryazanov et al. (2009) compared the existence of oil layer
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based on the geometrical and thermodynamical criteria and concluded

that the geometrical criterion tends to maintain the existence of oil lay-

ers even when the thermodynamical-based criterion predicts that such

layers should not exist. Recently, Al-Dhahli et al. (2013) implemented a

thermodynamical criterion to allow for oil layers into network modeling.

2.4.3 Haines jump

Haines jump manifests itself as a sudden drop in capillary pressure when

the non-wetting phase passes from a pore neck into a wider pore body

displacing the wetting phase (Haines, 1930). This displacement mecha-

nism results from unstable fluid configurations and thus forms apparatus

pressure fluctuations (Morrow, 1970). In porous media, it usually occurs

in the form of interfaces that move through a series of several wider pore

areas, during which they may split or merge, before reaching equilibrium

positions in narrow throats.

Måløy et al. (1992) measured the pressure fluctuations resulting from

Haines jump in a two-dimensional porous medium and developed an in-

vasion percolation algorithm to simulate the pressure jump which shows

agreement with the experimental results. Recently, Haines jump events

were also observed to occur in level-set simulations of capillary controlled

displacement in porous medium (Prodanović & Bryant, 2006; Jettestuen

et al., 2013).

Besides the pore scale modeling, Berg et al. (2013) conducted real time

imaging of fluids displacement in porous media and observed several im-

portant displacement characteristics (e.g., snap-off, Haines jump). The

authors found that most Haines jump events do not displace the wetting

phase pore-by-pore, but typically invade 10-20 individual pores and that

drainage events are co-operative. The authors also found that 64% of

the externally applied work is actually dissipated during these jumps; the

remaining 36% of the applied work is converted into interfacial energy.
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2.4.4 Snap-off

Snap-off corresponds to an imbibition event where wetting phase films

start swelling until the interface becomes unstable, at which point the pore

throat or body becomes entirely filled with wetting phase (Roof, 1970;

Lenormand et al., 1983; Keller et al., 1997). This unstable displacement

causes the non-wetting phase (e.g., oil) to form isolated clusters at narrow

pore throats resulting in trapped compartments, bubbles or drops of non-

wetting phase (Mohanty et al., 1987; Kovscek et al., 1993; Berg et al.,

2013).

An isolated non-wetting phase resulting from snap-off constitutes resid-

ual non-wetting phase saturation during imbibition and it is one of the

main sources of hysteresis in flow functions of porous media. However, in

straight tubes with constant cross-sections snap-off only occurs if piston-

like invasion is topologically impossible since the capillary pressure for

piston-like invasion is favorable compared to the capillary pressure for

snap-off (Hui & Blunt, 2000; Lenormand et al., 1983; Helland & Skjæve-

land, 2006b).

2.4.5 Pore body filling

Pore body filling refers to the displacement of one phase in the center of a

pore by movement from the center of adjoining throats (Lenormand et al.,

1983). The capillary entry pressure for pore body filling is determined by

the largest radius of the curvature in the pore body, and thus it depends

on the number of adjacent oil-filled throats (Lenormand et al., 1983).

Empirical models are normally used to estimate the entry pressure for

pore body filling events (Blunt, 1997a; Øren et al., 1998; Valvatne et al.,

2005). Most of these empirical models for capillary entry pressure of pore

body filling depend on the inscribed radius of the pore body, the number

of connecting pore throats filled by non-wetting phase, random weighting

coefficients, and aspect ratio between pore bodies and pore throats.

The selection of weighting coefficients for pore body filling events or aspect
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ratios will affect the kind of displacement that is more likely to occur

(Valvatne et al., 2005). For example, larger aspect ratios between pore

bodies and pore throats make pore body filling less favorable compared

to snap-off.

2.4.6 Three-phase multiple-displacement events

Multiple-displacement events occur when the injection of one fluid at the

inlet of a network model triggers a chain of displacements that involves

disconnected clusters of oil, water or gas, which span a connected dis-

placement path from the inlet to the outlet (van Dijke & Sorbie, 2003a).

This type of displacement mechanisms were observed in micromodel ex-

periments (Sohrabi et al., 2000, 2001), and it is an extension of the double-

displacement process discussed by Øren & Pinczewski (1995); Fenwick &

Blunt (1998). Al-Dhahli et al. (2013) have implemented these multiple-

displacement mechanisms into network to allow disconnected phase clus-

ters to be mobile, especially during WAG injection, which provided better

prediction of residual oil saturations.

2.5 Capillary entry pressure

Capillary entry pressure is the smallest capillary pressure required for

the non-wetting fluid (e.g., oil or gas) to invade a capillary tube that is

filled with wetting phase (e.g., water). This property is related to several

important applications in reservoir engineering (e.g., oil migration from

source rock to reservoir) as well as environment issues (e.g., potential

leakage of CO2 through the caprock of a storage site). A proper value of

capillary entry pressure is essential for capillary pressure curves represen-

tation by correlations (van Genuchten, 1980; Brooks & Corey, 1964); pore

network models also require the knowledge of capillary entry pressure for

a non-wetting phase to invade pore throats (Blunt, 1997b; Piri & Blunt,

2004; Valvatne et al., 2005; Wang & Dong, 2011). Reliable prediction of
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CO2 plume behavior in a storage site requires the knowledge of capillary

entry pressures for CO2 that dictates the invasion into low-permeable and

internal formation layers or cap rock (Li et al., 2005; Class et al., 2009).

The MS-P method (Mayer & Stowe, 1965; Princen, 1969a,b, 1970) was

used for calculating capillary entry pressures into individual pore throats

that are modeled as constant cross-sections and which are obtained by

balancing the required work with the corresponding change in interfacial

free energy for a virtual displacement of the invading MTM in the di-

rection along the tube length. The details of MS-P method are given in

Section 3.1.

2.5.1 Uniform wettability

Two-phase case

The capillary entry pressures for the equilateral triangular and square

cross-sections under perfect wetting condition were derived using the so-

called MS-P method (Princen, 1970). After the pioneering work of Mayer

& Stowe (1965); Princen (1969a,b, 1970), this method has been extended

to allow the computation of capillary entry pressure for many types of ide-

alized pore shapes and wetting conditions (e.g., rectangular geometry at

any uniformly wetting conditions (Legait, 1983); regular n-polygons with

any contact angle (Mason & Morrow, 1984); arbitrary triangular shape

at perfect wetting condition (Mason & Morrow, 1991); curved triangle

cross section at different wetting conditions (Princen, 1992)).

Lago & Araujo (2001) derived a generalized equation for entry pressure

computation in capillaries with irregular polygonal cross sections for any

wetting condition. Analytical expressions of capillary entry pressure for

idealized pore shapes were obtained by simplifying their generalized equa-

tion. The authors also extended their method for regular hyperbolic poly-

gons (three and four corners) and some other cross-sections with curved

boundaries (Lago & Araujo, 2003).
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The MS-P method has been combined with the medial axis concept

for computing entry pressures in simply-connected pore throat geome-

tries with high degree of convexity and a zero contact angle (Lindquist,

2006). Held (2010) extended this work and derived an analytical so-

lution for the same pore geometries. However, the assumption of rela-

tively strong convexity in the throat cross-sections reduces a direct uti-

lization of the method on segmented 2D images of rock samples, where

the pores normally exhibit irregular shapes with converging/diverging ge-

ometries and high degree of surface roughness. Frette & Helland (2010)

presented a semi-analytical model to compute two-phase capillary entry

pressures and corresponding fluid configurations for any uniform wetting

conditions in realistic, irregularly-shaped pore spaces directly extracted

from segmented rock images and represented the pore walls by a smooth

pore boundaries computed with a Euclidean path method (Braquelaire

& Vialard, 1999).

Three-phase case

Fenwick & Blunt (1998) studied three-phase piston-like displacements

by assuming that three-phase displacements are combinations of two-

phase displacements, and derived capillary entry pressures for three phase

displacements using the two-phase MS-P equation.

Dong et al. (1995) examined the thermodynamical existence of an in-

termediate layer in convex corner capillary tube both at spreading and

non-spreading conditions. van Dijke & Sorbie (2003b) and van Dijke et al.

(2004) extended the MS-P method to compute the three-phase capillary

entry pressure in uniformly-wet angular idealized pore throat geometries.

In this case the energy balance equation generally relates two entry radii

of curvature to the geometry of the cross-sectional fluid configurations

before and after the displacement of the MTM. In such three-phase sit-

uations, the capillary entry pressure for gas invasion into a pore throat

occupied by oil in the pore center and water in the corners for example,

also depends on the oil-water capillary pressure if the invading gas phase

31



Chapter 2. Literature Review

displaces both oil and water. The same authors have also applied the

energy balance principle to derive entry pressures for piston-like invasion

of intermediate wetting fluid layers (e.g., oil) in the corners of angular

pores; they concluded that the computed entry pressures are favorable

compared to the commonly assumed geometric conditions for fluid-layer

existence (e.g., Hui & Blunt (2000)).

2.5.2 Mixed wettability

Kovscek et al. (1993) presented the classic mixed-wet, pore model, in

which the pore surface has both water-wet and oil-wet parts. Based on

this model, the two- and three-phase capillary entry pressure for piston-

like invasion were determined by extending the MS-P method.

Two-phase case

Ma et al. (1996) extended the MS-P method to determine the capillary

entry condition in regular n-sides polygonal tubes, both for drainage and

imbibition processes, in which the effect of contact angle hysteresis was

included by introducing interfaces hinging at pinned contact lines. These

capillary entry pressures have been implemented in pore-network models

for mixed-wet conditions using arbitrary triangular and square throat

cross-sections (Øren et al., 1998; Valvatne et al., 2005).

Helland & Skjæveland (2006a) presented a bundle-of-triangular tubes

model, in which the MS-P method was used to derive the entry pres-

sures in mixed-wet equilateral triangular tube cross-sections for all dis-

placements in primary drainage, imbibition, secondary drainage and sub-

sequent scanning curve loops. The layer collapse event was determined

using the thermodynamical criterion proposed by van Dijke et al. (2007).

Frette & Helland (2010) developed a semi-analytical method to simulate

the capillary entry pressure and fluid configurations in realistic uniformly-

wet pore shapes which later was extended by Helland & Frette (2010) to

allow for mixed-wet conditions. This semi-analytical model account for
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oil layer configurations at negative capillary pressures, and the thermo-

dynamical criterion (van Dijke et al., 2007) was used to determine the

condition under which an oil layer will collapse.

Three-phase case

Hui & Blunt (2000) computed the capillary entry pressure in three-phase

systems based on the two-phase MS-P method, and used the geometrical

criterion to identify the existence of intermediate oil layers. The three-

phase MS-P equation (van Dijke & Sorbie, 2003b) was used to derive

the entry pressures in mixed-wet conditions by extending the mixed-wet

approach for two-phase systems (Ma et al., 1996). Piri & Blunt (2004);

Helland & Skjæveland (2006a) determined the capillary entry pressures

by choosing the most favorable displacement among all possible geomet-

rically displacement scenarios. However, they still used the geometric

criterion to determine the layer existence. Based on the MS-P theory,

van Dijke et al. (2007) derived the entry conditions for all possible three-

phase displacements including bulk and layer displacement for mixed-wet

angular pores.

2.6 Capillary pressure curves

Capillary pressure is one of the most important variables for simulating

multiphase flow in porous media at the continuum scale. It is known to

depend on porous material properties such as permeability and porosity,

as well as parameters describing the interaction between the rock and

the fluids, conventionally described in terms of wettability and interfa-

cial tension (Tiab & Donaldson, 2004; Anderson, 1987; Brooks & Corey,

1964).
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2.6.1 Leverett’s J-function

Leverett (1941) proposed a dimensionless J-function with the intention

to describe different capillary pressure curves, for different permeabilities,

porosities and interfacial tensions, by a single unique curve; this function

is given by

J(Sw) =
Pc(Sw)

σcosθ

√
K

φ
. (2.2)

In this expression, the contact angle was added later in an attempt to

describe different wetting conditions. Noaman (1995) modified the J-

function by incorporating the media tortuosity and irreducible water sat-

uration to account for reservoir heterogeneities.

It has been demonstrated, using measured drainage data in relatively

homogeneous rocks at strongly water-wet conditions, that Leverett’s J-

function yields an almost unique dimensionless capillary pressure curve

because capillary pressure is observed to increase with decreasing perme-

ability (Leverett, 1941; Hamon, 2000). However, for imbibition at mixed-

wet conditions, a weaker dependency of permeability on the capillary

pressure is observed (Hamon, 2000), and hence the traditional J-function

does not work satisfactorily.

2.6.2 Correlations

In water-wet reservoirs, two main types of correlations, Brooks & Corey

(1964) and van Genuchten (1980), are normally used to represent capillary

pressure curves in reservoir simulation. The Brooks-Corey correlation

uses a plateau that ends with a nonzero capillary entry pressure and thus

yields a convex-shaped curve, while the van Genuchten correlation uses

a steep slope that connects the end-point to the plateau region, thus

yielding an S-shaped curve.

Based on the van Genuchten correlation, Bradford & Leij (1995) added

a term that includes the lowest capillary pressure value into the capillary
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pressure part of the correlation to account for the mixed-wet conditions.

Skjæveland et al. (1998) suggested another correlation for mixed-wet cap-

illary pressure curves, which is formulated as a sum of two Brooks-Corey

functions. Separately, these functions describe either strong water-wet

or oil-wet conditions, but combined they included four fitting parame-

ters and can reproduce mixed-wet capillary pressure curves. Capillary

scanning loops can be generated through this correlation, which has also

been used to formulate physically-based correlations for mixed-wet cap-

illary pressure curves computed from a bundle of triangular tubes model

(Helland & Skjæveland, 2006a).

2.6.3 Three-phase capillary pressure curves

Three-phase capillary pressure curves can be measured in the laboratory

from core samples (Kalaydjian, 1992; Virnovsky et al., 2004). Bradford

& Leij (1995, 1996) measured three-phase capillary pressure curves in

sandpacks under several wetting conditions achieved by mixing different

fractions of oil-wet and water-wet sands. However, because the three-

phase capillary pressure measurements are time-consuming and techni-

cally complicated, the common practice is to determine these relation-

ships using correlations that have been formulated based on much more

readily available two-phase data (Baker, 1998; Lenhard & Parker, 1988;

van Dijke et al., 2001).

As an alternative, Helland & Skjæveland (2006b) extended the MS-P

method to three-phase systems and computed three-phase capillary pres-

sures at mixed-wet conditions in a bundle-of-tubes model, and they for-

mulated physically-sound correlations for mixed-wet, three-phase capil-

lary pressure curves based on simulated capillary pressure data (Helland

& Skjæveland, 2004).
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2.7 Dynamic effects in capillary pressure

In several reservoir multiphase flow processes, especially in natural frac-

tures and near wellbore, both viscous and capillary forces determine the

pore-scale fluid configurations due to high flow rates (Hughes & Blunt,

2000). This could give rise to significant dynamic effects in the capil-

lary pressure relation because the fluids are redistributed faster than the

relaxation time required for them to reach a capillary equilibrium state.

Dynamic capillary pressure is defined as the intrinsic phase pressure dif-

ference at any time and fluid saturation; a detailed literature review of

dynamic capillary pressure can be found in Diamantopoulos & Durner

(2012).

Two main theories have been proposed in the literature for incorporating

dynamic effects in constitutive relations (Barenblatt & Vinnichenko, 1980;

Silin & Patzek, 2004; Hassanizadeh & Gray, 1993; Hassanizadeh et al.,

2002). The first one is the Barenblatt model that accounts for dynamic

effects in both capillary pressure and relative permeability by relating the

dynamic quantities to the actual water saturation, and the static quan-

tities to a so-called future water saturation (Barenblatt & Vinnichenko,

1980; Silin & Patzek, 2004). The difference between the actual and future

saturations is related to the time rate of saturation change. The second

is the Hassanizadeh and Gray model that accounts for dynamic effects in

capillary pressure only through the relationship (Hassanizadeh & Gray,

1993),

P dync − P statc = −τ ∂Sw
∂t

, (2.3)

where the dynamic and static capillary pressures are given by P dync and

P statc , respectively, and τ is the dynamic capillary coefficient which has

been reported to depend on the porous material properties, such as poros-

ity, permeability and domain size, as well as fluid properties and fluid

saturation (Bottero et al., 2006; Dahle et al., 2005; Hassanizadeh et al.,

2002; Camps-Roach et al., 2010; Goel & O’Carroll, 2011; Mirzaei & Das,
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2007; Hanspal & Das, 2012).

2.7.1 Experimental investigation of dynamic effects

Several attempts of measuring dynamic capillary pressure in core samples

have been reported, and the results have shown that during a drainage

process the value of dynamic coefficient, τ , is a function of saturation

and independent on desaturation rate (Bottero et al., 2006; Schembre &

Kovscek, 2006; Camps-Roach et al., 2010; O’Carroll et al., 2010). The

dependence of τ on water saturation was determined from laboratory ex-

perimental; Bottero et al. (2006) reported a non-monotonic behavior of

τ with saturation, which shows a decreasing trend from small to larger

wetting phase saturations until it reaches a value close to 0.7, and then

it starts to increase. In contrast, a decreasing exponential relationship

between τ and saturation has been reported both experimentally and

numerically (Das & Mirzaei, 2012). Recently, Bottero et al. (2011) per-

formed drainage experiments with high viscosity ratios and found that τ

increases with a decrease of the wetting phase saturation; this behavior

was also observed by pore scale modeling (Joekar-Niasar et al., 2010).

The dependency of τ on permeability was investigated by Camps-Roach

et al. (2010); Das & Mirzaei (2012); they reported larger τ in lower per-

meability porous media which shows the same trend as the empirical

relationship proposed by Staffer (1978). Camps-Roach et al. (2010) and

Das & Mirzaei (2012) also argued that τ is scale independent; however

Bottero et al. (2011) reported larger values of τ at a larger length scale,

and thus they concluded that τ is strongly scale dependent.

O’Carroll et al. (2010) investigated the influence of rock wettability on

dynamic effect in capillary pressure by conducting two phase multi-step

outflow measurement in chemically treated sand packs that possess differ-

ent wettability, namely contact angles. Their results showed that it might

be reasonable to neglect dynamic effects in capillary pressure in systems

that approach intermediate-wet conditions, but that these effects will be
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increasingly important in more water-wet systems.

Recently, Mirzaei & Das (2013) investigated the hysteresis effects in dy-

namic capillary pressure. They found that at a particular water satura-

tion, the magnitude of τ is generally higher for imbibition than that for

drainage.

2.7.2 Numerical modeling of dynamic effects

Although there has been a growing number of experimental work aimed at

investigating the dynamic effects in capillary pressure curves, a full study

of their significance has been difficult since such measurements are chal-

lenging because of the difficulties associated with accessing the intrinsic

phase pressures and saturations at different locations inside the samples.

Some quantities, such as fluid distributions and local phase pressures,

are hard to measure and the experiments are costly and time-consuming.

Besides experimental investigations of dynamic effects in capillary pres-

sure curves, numerical modeling allow us to quantify more realistic and

complicated conditions, e.g., heterogeneity, fluid properties.

The first type of modeling approach is the continuum scale modeling

(Mirzaei & Das, 2007). The authors investigated the effects of micro-

heterogeneities on dynamic coefficient and found that, as the intensity of

heterogeneity increases, the dynamic coefficient τ at a given saturation in-

creases. The second type of modeling approach uses pore scale modeling.

Dahle et al. (2005) used a non-interacting tube bundle model with tubes

of circular cross-sections and reported that τ increases with a decrease

of wetting fluid saturation. A similar trend for the variation of τ with

saturation was also observed by a dynamic pore-network modeling ap-

proach (Joekar-Niasar et al., 2010; Joekar-Niasar & Hassanizadeh, 2011).

Fluid properties, such as viscosity ratio and effective viscosity, were fully

investigated by the dynamic pore-network modeling approach. Contrary

to recent experimental observations (Mirzaei & Das, 2013), no signifi-

cant difference was observed in τ -saturation relationship for drainage and
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imbibition (Joekar-Niasar & Hassanizadeh, 2011).

Although some aspects of non-equilibrium capillarity effects have been

studied, there is still much room for further studies. For example, the

dynamic effects in mixed-wet porous media and their impact on the initial

water saturation during imbibition have not been studied before.

2.8 Thesis Objectives

The goal of this work is to shed light on the capillary pressure modeling

in realistic pore spaces which are represented as straight tubes with cross

section extracted from rock images.

The research approach is based on a realistic two-dimensional description

of pore space taken directly from rock images, i.e., by avoiding idealized

representation of the pore space by pore network. A semi-analytic method

(Frette & Helland, 2010; Helland & Frette, 2010) which models quasi-

static displacements based on the principle of minimum free energy in

arbitrary 2D pore shapes, is adopted as the basis for this work. This

model is developed further to simulate, directly on segmented 2D rock

images, two-phase capillary pressure curves and fluid configurations for

imbibition at mixed-wet conditions, as well as capillary entry pressures,

related fluid configurations and capillary pressure curves at uniformly-

wet conditions for three-phase fluid systems. The transient behavior of

interfaces will be modeled by extending the interacting tube bundle model

proposed by (Dong et al., 2005; Wang & Dong, 2011) to allow arbitrary

pore shapes, and combine it with the determined capillary pressures and

fluid configurations from the semi-analytical approach.

The main thesis objectives are therefore to:

• Compute two-phase capillary pressure curves and fluid configura-

tions for uniformly- and mixed-wet conditions directly on 2D seg-

mented rock images.
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• Develop a dimensionless capillary pressure function for mixed-wet

conditions based on the simulation results from two-phase semi-

analytic approach.

• Compute three-phase capillary entry pressure, capillary pressure

curves and fluid configurations for uniformly-wet conditions directly

on 2D segmented rock images.

• Model transient behaviour of waterflooding, that is water saturation

profiles evolution, directly in uniform- and mixed-wet rock images.

• Compute dynamic capillary pressure curves for imbibition processes

in mixed-wet rock images.
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Models Description

This chapter presents a brief description of the models developed as part

of this work. First, the general three-phase MS-P equation which was

utilized to compute entry pressure for all of piston like displacements in

the semi-analytical model, is described.

The semi-analytical model (Frette & Helland, 2010; Helland & Frette,

2010), designed to compute two-phase capillary entry pressures and as-

sociated fluid configurations in 2D pore geometries of arbitrary shape, is

extended to allow for water invasion into mixed-wet pore spaces and gas

invasion into oil and water saturated pore spaces under uniformly-wet

conditions. With the extended semi-analytical model, two-phase capil-

lary pressure curves and fluid configurations are simulated directly on

segmented 2D rock images both at uniformly- and mixed-wet conditions.

Subsequently, three-phase capillary entry radii and associated configura-

tion changes are simulated in single 2D pore geometries extracted from

rock images, and finally, three- capillary pressure curves and fluid config-

urations are simulated directly on 2D rock images at uniform water-wet

conditions.

The interacting tube bundle model (Dong et al., 2005; Wang & Dong,

2011) is improved to compute two-phase interface dynamics in mixed-wet

realistic pore geometries; subsequently, dynamic capillary pressure curves
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and the dynamic coefficient are investigated by defining a proper volume

averaged phase pressure.

3.1 MS-P method

In a three-phase fluid system (e.g., gas, oil, water) the capillary pressure

between phases satisfies Eq. (1.2). The contact angle between phases i

and j, θij , is measured through the denser phase j and obeys Young’s

equation

σis − σjs = σij cos θij . (3.1)

From Laplace formula for interfaces in two-dimensional pore spaces, the

capillary pressure is expressed as,

Pcij =
σij
rij
. (3.2)

In a gas/oil/water system, elimination of the fluid-solid interfacial tension

in Eq. (3.1) results in the Bartell-Osterhof equation (Zhou et al., 1997;

van Dijke & Sorbie, 2002a),

σgw cos θgw = σgo cos θgo + σow cos θow. (3.3)

van Dijke & Sorbie (2002b) proposed linear correlations to describe the

relationships between interfacial tensions and wettability in a three-phase

system, and estimated the gas-oil and gas-water contact angles, θgo and

θgw, based on the set of interfacial tensions and the oil/water contact

angle,

cos θgo =
1

2σgo
{CS,o cos θow + CS,o + 2σgo}, (3.4)

cos θgw =
1

2σgw
{(CS,o + 2σow) cos θow + CS,o + 2σgo}. (3.5)

In these equations, CS,o is the equilibrium oil spreading coefficient defined

as CS,o = min(0, σgw − σgo − σow) (van Dijke et al., 2000). These cor-
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relations, Eqs. (3.4) and (3.5), were recently validated using laboratory

measurements (Grate et al., 2012).

When three phases are present in a closed system, the external work

performed on the system is balanced by the increase of surface free energy

of the system: ∑
i=g,o,w

piAidx =
∑

i,j=g,o,w,s&i6=j
σijLijdx. (3.6)

Utilizing the free energy minimization principle, before (subscript b) and

after (subscript a) a fluid configurations change (e.g., gas invasion), ap-

plication of Eq. (3.6) yields:− ∑
i=g,o,w

piAi +
∑

i,j=g,o,w,s&i6=j
σijLij


a

dx

=

− ∑
i=g,o,w

piAi +
∑

i,j=g,o,w,s&i6=j
σijLij


b

dx, (3.7)

where Li,j defines the length of the interfaces (phase-solid and phase-

phase). Assuming a rigid solid phase, the total volume of fluid phases

and the total length of fluid-solid interfaces remain constant, i.e.,∑
i=g,o,w

dVi = 0 and
∑

i=g,o,w

dAis = 0. (3.8)

Combining the Laplace equation, Eq. (3.2), Young’s equation, Eq. (3.1),

Bartell-Osterhof equation, Eq. (3.3), and Eq. (3.8) into Eq. (3.7), the

gas-oil interface curvatures, 1/rgo, is related as follows (van Dijke et al.,

2004):

σgo
rgo

(Ag,a −Ag,b) = σgo cos θgo(Lgs,a − Lgs,b) + σow cos θow(Lws,b − Lws,a)

+σgo(Lgo,a − Lgo,b) + σow(Low,a − Low,b)

+σgw(Lgw,a − Lgw,b)−
σow
row

(Aw,b −Aw,a). (3.9)
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The associated gas-water curvature, 1/rgw, can be determined from Eqs.

(3.2) and (1.2) as:
1

rgw
= (

σgo
rgo

+
σow
row

)
1

σgw
. (3.10)

Eqs. (3.9) and (3.10) are utilized to compute the entry pressure curvature

for different types of piston like invasion which will be fully described in

Sections 3.3 - 3.5.

3.2 Pore space representation

The semi-analytical model (Frette & Helland, 2010; Helland & Frette,

2010) requires a 2D binary image of the pore as input to calculate capillary

pressure curves and fluid configurations in capillaries of arbitrary cross-

sections. In this work, individual pores are extracted from high-resolution

SEM images of Bentheim sandstone samples. Smooth pore/solid bound-

aries Γ are calculated by a Euclidean path method (Braquelaire & Vialard,

1999) based on the discrete boundaries that are identified in the binary

image.

An example of discrete (black curve) and smoothed (red curve) pore

boundary from a pore space extracted from a segmented SEM image

of Bentheim sandstone is presented in Figure 3.1(a). Obviously, the pore

boundary computed by the Euclidean path method is less angular than

the discrete image representation. A closer comparison of the discrete

and smooth pore boundary is given in Figure 3.1(b). Orientation angles

α are then computed for all boundary points b. An orientation angle

α is defined between the boundary tangent at b and a line parallel to

the abscissa, see Figure 3.2. The detailed computation of smooth pore

boundaries and the orientation angles can be found in Frette & Helland

(2010).
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3.2. Pore space representation

(a) (b)

Figure 3.1: (a) A pore space extracted from Bentheim sandstone as repre-
sented by a discrete boundary (black) and corresponding Euclidean path
(red); (b) Discrete points (black square) and associated Euclidean points
(blue circle) for a pore boundary segment (Frette & Helland, 2010).

Figure 3.2: Definition of the orientation angle αi at points bi. The relation
between the counter-clockwise and clockwise closed curves, vcc and vc,
and the parameters r and b are illustrated for a nonzero contact angle θ.
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3.3 Two-phase capillary pressure curves and fluid

configurations at uniformly-wet conditions

Capillary-controlled fluid displacement for uniformly water-wet condi-

tions is modeled by the process in which oil displaces water, i.e., a drainage

process if oil is considered to be the non-wetting phase. For each capillary

pressure, the model considers the pore space to be initially fully occupied

by water, and the valid oil and water configurations are determined during

the required steps in the computational procedure.

3.3.1 Geometrically allowed AMs and regions

For a given oil-water capillary pressure Pcow, a circle with radius row =
σow
Pcow

is moved along the pore boundary in opposite (clockwise and counter-

clockwise) directions, such that the front arcs form the given contact angle

θow at the boundary points. The loci of the circle centers constitute two

closed curves which are given by (Frette & Helland, 2010):

vcc = (x− rij sin(α+ θij), y + rij cos(α+ θij)),

vc = (x− rij sin(α− θij), y + rij cos(α− θij)); (3.11)

here ij = ow, vcc is the counter clockwise curve, vc is the clockwise curve

and (x, y) are the coordinates of the pore boundary point b. Geometri-

cally allowed arc menisci occur at locations where the circles moving in

opposite directions intersect, i.e., vcc = vc, and the coinciding arcs point

toward pore-space constrictions or corners. Figure 3.3 shows an example

calculation of these parameters for a given interface radius and contact

angle in a pore extracted from an SEM image of Bentheim sandstone.

The precise criteria an AM must satisfy to be geometrically valid were

presented in detail by Frette & Helland (2010) and are not repeated here.

AM Mi is associated with two contact lines Pi and Qi that are located in

pore/solid boundary points and determined from the vcc- and vc-curves,

respectively. The length of an AM Mi is calculated analytically as cir-
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cular arc length and is denoted by LM,i. A procedure in which the pore

boundary is tracked in counter-clockwise direction (Frette & Helland,

2010) is applied to determine pore/solid segments that are connected to

the different AMs. These elements are grouped to form closed boundaries

of different regions in the pore space that are classified as bulk regions

(BR) or layer regions (LR) based on the orientation of the AMs that

belong to the region boundaries (Frette & Helland, 2010). We make use

of the following definitions (see also (Frette & Helland, 2010) and paper

6 in the second part of the thesis):

Definition 3.1. A pore/solid corner segment, Si ⊂ Γ, is defined for each

AM Mi by a sequence of pore/solid boundary points ordered in counter-

clockwise direction from Pi to Qi, i.e., Si = {Pi = bk, bk+1, . . . , bl−1, bl = Qi}.
A corresponding segment which excludes the contact lines is given by

Ŝi = Si \ {Pi, Qi}.

Definition 3.2. A pore/solid boundary segment, Si,j ⊂ Γ, is defined

by a sequence of pore/solid boundary points ordered in counter-clockwise

direction, which connects two adjoining AMs, Mi and Mj, and includes

their contact lines as segment endpoints. Its length, LS,i,j, is the sum of

the distances between all consecutive boundary points. A corresponding

segment which excludes the contact lines is denoted by Ŝij.

Definition 3.3. Two AMs, Mi and Mj, are opposite if Ŝi ∪ Sj = Γ.

Definition 3.4. A bulk region, BR, is a region with a closed boundary

composed of n ≥ 2 alternate pore/solid boundary segments and AMs, in

which none of the corner segments Ŝ1 . . . , Ŝn of AMs Mi, . . . ,Mn have

coinciding pore/solid boundary points. The boundary is always a Jordan

curve. In the special case n = 1, the bulk region has boundary {S1,1,M1},
and if n = 0 the bulk region is given by the entire pore.

Definition 3.5. A layer region, LR, is a region with a closed boundary

composed of n ≥ 2 alternate pore/solid boundary segments and AMs. At

least two of the AMs are opposite. The boundary is a Jordan curve if and

only if the opposite AMs do not intersect.
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Examples of corner and boundary segments, AMs, and the different re-

gions based on Definitions 3.1-3.5 are shown in the example pore in Fig-

ure 3.3. In this case, ten geometrically allowed AMs, two BRs and one

LR are identified.

Note that region LR(1) with boundary {M4, S4,7,M7, S7,4} is a layer re-

gion because AMs M4 and M7 are opposite according to Definition 3.3

and does not satisfy the bulk region conditions (Definition 3.4) because

corner segments Ŝ4 and Ŝ7 (not indicated in the figure) have coinciding

pore/solid boundary points. Similarly, BR(1) and BR(2) with boundaries

{M1, S1,2,M2, S2,3, . . . ,M6, S6,1} and {M7, S7,8,M8, S8,9, . . . ,M10, S10,7},
respectively, are bulk regions according to Definition 3.4 because the cor-

ner segments of the AMs,
{
Ŝ1, . . . , Ŝ6

}
and

{
Ŝ7, . . . , Ŝ10

}
, that belong

to the individual region boundaries, do not include coinciding pore/solid

boundary points.

3.3.2 Possible fluid configurations change

A valid fluid configuration change is associated with the most favorable

entry pressure among all possible oil displacement scenarios. Hence, for

a given radius row, all possible configurations must be determined. The

oil area and total lengths of the pore/solid-fluid boundary segments and

AMs must be determined for each configuration candidate, from which

the entry radius curvature is calculated from Eq. (3.12).

The valid combinations of regions are (i) individual bulk regions, and

(ii) combinations of layer regions that together with neighboring bulk

regions form larger merged regions. For each radius row, regions that are

invaded by oil are organized in a set, which is initially empty. Oil-invaded

bulk regions that neighbor a layer region are not included in the merged

region combination subjected to oil invasion. This allows for oil invasion

into pore-space constrictions that are surrounded by two regions already

occupied by oil.

As shown in Figure 3.3, at a given interface radius, the three identified
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3.3. Pc(Sw)-curves and fluid configurations at uniformly-wet conditions

(a)

(b)

Figure 3.3: Numerical example of the procedure to determine oil/water
configuration at a given interface radius row with a contact angle equal to
θow = 20◦. The pore/solid boundary (blue solid curve), arc menisci (black
solid curves), contact lines P (blue diamonds) and Q (yellow squares)
that are associated with the counter-clockwise and clockwise circle-center
curves, vccow (red dotted curve) and vcow (green dotted curve), respectively,
and circle-center intersections (black triangles) are shown. Panel (a) in-
dicates the different layer and bulk regions and highlights the region in-
vaded by oil (colored area). Panel (b) elucidates the different AMs Mi,
pore/solid boundary segments Si,j and some of the corner segments Si.
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regions are BR(1), LR(1) and BR(2). Initially, none of the identified

regions are occupied by oil, therefore the allowed combinations of regions

are given as two individual bulk regions {BR(1)} and {BR(2)}, and the

combination of the layer regions {BR(1), LR(1), BR(2)}.

3.3.3 Procedure for determining the fluid configurations

Entry pressure curvatures are computed for all valid BR and LR combi-

nations not yet occupied by the invading fluid. The general MS-P equa-

tion, Eq. (3.9), for possible fluid configurations changes at uniformly-wet,

two-phase condition yields:

Fi(row) =

(
1

row

)
i

=
Los,i cos θow + LEow,i − LFow,i

Ao,i
, i = 1, 2, 3...Nc,

(3.12)

where F denotes entry curvature, LEow,i and LFow,i are the lengths of the

AMs that form and vanish during the displacement, respectively, and Nc

represents the number of possible fluid configurations changes. The solid

length contacted by the invading fluid is denoted by Los,i, and Ao,i is the

invaded cross-sectional area. The fluid configuration at a given capillary

pressure is determined by an iterative procedure where, in each iteration

step, the most favorable entry pressure among all available displacement

scenarios is computed from:

F ∗(row) = min{Fi(row) : 1/row > Fi(row), i = 1, 2, 3..., Nc}, (3.13)

and the corresponding combination of regions is invaded by oil. The

iterations are terminated when F ∗(row) cannot be determined. At this

stage the fluid configuration as well as phase saturation at the given

capillary pressure are obtained.

Figure 3.3 shows an example of the iterative procedure. As mentioned

above, at the given interface radius, three regions BR(1), LR(1) and

BR(2) are identified. Initially, the pore space is water-filled, and there-

fore the allowed combinations of regions in the first iteration are {BR(1)},
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3.4. Pc(Sw)-curves and fluid configurations at mixed-wet conditions

{BR(2)} and {BR(1), LR(1), BR(2)}. According to Eqs. (3.12) and

(3.13), it is demonstrated that the most favorable entry pressure F ∗(row)

corresponds to the individual region {BR1}. Thus, this region is invaded

by oil, and the fluid configuration is updated. In the second iteration

step, the combinations of regions {BR(2)} and {LR(1), BR(2)} are gen-

erated. However, since it turns out that none of these combinations of

regions satisfy Eq. (3.13), these regions remain occupied by water and

the algorithm proceeds with the next capillary pressure.

The phase saturations for a given capillary pressure are obtained by sum-

ming up individual fluid occupation in each individual pore space for

the whole rock image. The entire capillary pressure curve is obtained

by increasing the capillary pressure stepwise value to a maximum capil-

lary pressure, which in each step the procedure presented in Section 3.3.1

- 3.3.3.

3.4 Two-phase capillary pressure curves and fluid

configurations at mixed-wet conditions

The procedure employed to compute capillary pressure curves and corre-

sponding fluid configurations for mixed-wet conditions is described in this

section. First, the wettability is characterized for mixed-wet realistic pore

geometries; and then the procedure for computing fluid configuration at

a determined capillary pressure in the represented mixed-wet pore space

is briefly introduced.

3.4.1 Wettability Characterization

Establishment of mixed wettability

In this work, mixed-wet conditions are generated according to the hy-

pothesis described in Kovscek et al. (1993); the model is run for uniform

wetting conditions as described in Section 3.3 to an arbitrary interfacial
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radius rpd, which represents the end of primary drainage and establishes

an initial water saturation for imbibition.

At the end of primary drainage, we assume that the thin water film

between pore-wall areas and the bulk oil phase collapse simultaneously

and thus the pore surface is exposed to oil, which consequently results

in wettability alteration. The pore boundary is organized in segments

{Tj}Nsj=1 that are associated with uniform contact angles {θj}Nsj=1. The

segments Tj are assumed to connect adjoining contact lines of the AMs

occurring at the end of primary drainage. If a segment Tj is in contact

with oil, θj = θc where θc denotes Cassie contact angle as defined in

Eq. (3.14) below, and if Tj is in contact with water, θj = θw, which

θw is the contact angle used in primary drainage. The endpoint of each

segment equals the starting point of the next segment, i.e., Tj ∩ Tj+1 =

Hj , where Hj are pinning points on the pore boundary where AMs may

hinge during imbibition. Note that, while the procedure is general enough

to allow assigning a different contact angle θj to each segment Tj , we

limit this study to cases in which only one contact angle θc is defined

on all oil/solid segments, and another contact angle θw is defined on all

water/solid segments.

An example of a mixed-wet pore space is given in Figure 3.4; there

are three oil-wet segments (T2, T4, T6) and three water-wet segments seg-

ments (T1, T3, T5) which are separated by the AMs and six pinning points

(H1, H2, H3, H4, H5, H6).

Cassie contact angle

In order to account for mixed-wet conditions, where different pores have

different wetting properties, we first assign a constant contact angle θo to

all the segments in contact with oil. Subsequently, a new contact angle

is calculated in each pore using the expression:

cos θc =
Lw cos θw + Lo cos θo

L
, (3.14)
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3.4. Pc(Sw)-curves and fluid configurations at mixed-wet conditions

Figure 3.4: Mixed-wet pore space wettability characterization, oil-wet
pore boundary segments Tj(θc) (bold blue lines), water-wet pore bound-
ary segments Tj(θw) (thin blue lines), pinning points Hj , and relevant
AMs (black solid curves).
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where Lw and Lo are the sum of all segment lengths in an individual

pore space that are contacted by water and oil, respectively, at the end

of primary drainage, and L = Lw + Lo is the pore perimeter. Hence,

the pore-boundary segments in contact with oil are described by the con-

tact angle θc, which varies from pore to pore, whereas the pore-boundary

segments in the corners and constrictions are still occupied by water,

thus remaining water-wet and described by the contact angle θw. Thus,

arc menisci may become pinned at lines separating surfaces of different

wettability during the subsequent imbibition process. The contact angle

expressed by Eq. (3.14) is referred to in the literature as Cassie’s con-

tact angle (Cassie & Baxter, 1944), and has been employed previously to

describe surfaces with heterogeneous wettability (Long et al., 2005).

The proposed method for determining contact angles θc that are specified

on the oil-wet segments results in θc that varies from pore to pore. Eq.

(3.14) also implies that the contact angles θc become larger as the initial

water saturation is reduced because Lo increases at the expense of a

decreasing Lw. Such a behavior is in agreement with the work of Frette

et al. (2009) who calculated the pore-wall area with intact and collapsed

water films during primary drainage based on disjoining pressure and

pore-wall curvature. With the redefined Cassie contact angle, pore spaces

could be oil-wet, intermediate-wet or water-wet. Porous rocks that remain

water-wet after primary drainage are modeled by assigning a contact angle

θo < 90◦, like θo = 70◦, on the segments in contact with oil.

3.4.2 Circle-center curves at mixed-wet conditions

For mixed-wet conditions, fluid invasion may occur at both Pc,ow > 0

and Pc,ow < 0, as opposed to the uniform water-wet case where always

Pc,ow > 0. In the model, we consider the process where oil displaces water

for Pc,ow > 0 and the process at which water displaces oil for Pc,ow < 0.

To facilitate calculations for both cases, we introduce the parameters r̄ow
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and θ̄γ , γ = c, w, which are defined as

r̄ow =

row if row > 0,

−row if row < 0;
θ̄γ =

θγ if row > 0,

π − θγ if row < 0.
(3.15)

The procedure described in Section 3.3.1 is followed and for a given cap-

illary pressure, Pc,ow = σow
row

, a circle with radius r̄ow is moved in the

two opposite (clockwise and counter-clockwise) directions along the pore

boundary such that the angle θ̄γ is defined at the front arcs in all bound-

ary points in both cases. The loci of circle centers constitute two closed

curves which are given by an equation similar to Eq. (3.11):

vcc = (x− r̄ow sin(α+ θ̄), y + r̄ow cos(α+ θ̄)),

vc = (x− r̄ow sin(α− θ̄), y + r̄ow cos(α− θ̄)), (3.16)

where θ̄ = θ̄c or θ̄ = θ̄w. However, if the circle is moving from a surface

described by θ̄α to a surface described by θ̄β, the separating boundary

point b(x, y) is considered to be constant while a sequence of equally

spaced values θi = θ̄α +
(θ̄β−θ̄α)

m i, i = 0, 1, · · · ,m (m is the number of

contact angles in this sequence, and m = 50 is considered in this work)

replace θ̄α. Thus, the circle is pinned in b(x, y) while it rotates from

angle θ̄α until angle θ̄β is reached, at which instance it enters the obtained

surface and continues the movement to the next boundary points at the

constant contact angle θ̄β. This feature accounts for situations where

contact lines become pinned and the corresponding arc meniscus hinges

at an angle which changes according to capillary pressure (Ma et al.,

1996).

Figure 3.5 shows a numerical example of the vcc and vc curves computed

in an extracted Bentheim sandstone pore space at mixed-wet conditions

assuming θc = θo. Figure 3.5(a) shows that for positive capillary pressures

and θc > 90◦, vcc and vc data corresponding to oil-wet pore-boundary

segments are located on the pore exterior. This is reasonable because all
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(a) θw = 0◦, θo = 180◦ and Pc > 0

(b) θw = 0◦, θo = 180◦ and Pc < 0

Figure 3.5: Numerical examples of the semi-analytical algorithm em-
ployed in an extracted pore space from Bentheim sandstone at mixed-wet
conditions. The relation between b ∈ Γ (blue solid curve), vcc (red dotted
curve), vc (green dotted curve), circle intersections (black triangles) and
AMs (black solid curves) is illustrated. Pinned contact lines (red circles)
that are located in points separating solid surfaces with different wetta-
bility are distinguished from contact lines that are located on uniform
oil-wet surfaces (yellow squares, green diamonds).
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3.4. Pc(Sw)-curves and fluid configurations at mixed-wet conditions

AMs are expected to be pinned at this condition.

3.4.3 Geometrically allowed AMs and regions

The locations of the geometrically allowed arc menisci are determined

from Eq. (3.16) as the intersections of the circle centers, i.e., vcc=vc. An

example of geometrically allowed AMs in a pore space from Bentheim

sandstone at mixed-wet conditions both for Pc,ow < 0 and Pc,ow > 0 is

shown in Figure 3.5.

Figure 3.5(a) shows that for positive capillary pressures and θc > 90◦,

all AMs are located on the same contact lines as in the end of primary

drainage. Obviously, these pinned interfaces curves int the opposite di-

rection for Pcow < 0, as shown in Figure 3.5(b).

Based on the identified set of interfaces at mixed-wet conditions, regions

with boundaries composed of alternate AMs and pore boundary segments

are determined and subsequently classified as corner phase regions (CR),

bulk phase regions (BR), or layer phase regions (LR) from the following

definitions (Helland & Frette, 2010):

Definition 3.6. A Corner Region, CR, is a geometrical region defined

for Pc < 0 with a boundary composed of segments Tj(θw) only and pinned

AMs, of which none of these AMs are opposite.

Definition 3.7. A Bulk region, BR, is a geometrical region defined for

both Pc > 0 and Pc < 0 with a boundary composed of segments Si,j and

AMs. Opposite AMs can only exist for Pc < 0, which must hinge and

also belong to a CR boundary.

Definition 3.8. A layer region, LR, is a geometrical region defined for

both Pc > 0 and Pc < 0 composed of segments Si,j and at least two opposite

AMs, of which at least one is not pinned and located on uniformly-wet

segments.

Examples of these three types of regions defined at mixed-wet condi-

tions are given in Figure 3.6. As shown in this figure, CRs describe the
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(a) (b)

(c) (d)

Figure 3.6: Illustration of region classification and possible phase occu-
pancies in idealized pore geometries. Hinging AMs occurring at mixed-
wet conditions (solid green curves) and AMs located on uniformly-wet
surfaces (red solid curves) are shown. (a) Example of opposite AMs and
the occurrence of an LR region at water-wet conditions; (b) example of
hinging AMs pointing away from each other at negative capillary pressure
and a CR region filled with residing water after drainage; (c) example of
a BR region at water-wet conditions; and (d) example of BR, CR and
LR regions during imbibition at negative capillary pressure for mixed-wet
conditions. In panel (d) the boundaries of regions CR1 and BR1 include a
common hinging AM (green dashed curve) which disappears when water
invades region BR1.

water-wet corners, Figure 3.6(d), and constrictions, Figures 3.6(b), that

remain occupied with water after primary drainage. Examples of BRs

are shown in Figure 3.6(c) and 3.6(d), and examples of LRs are shown

in Figures 3.6(b) and 3.6(d).

3.4.4 Entry pressure

All allowed combinations of layer and bulk phase regions, BRs and LRs,

that have not yet become occupied by the invading fluid are generated,

and the associated entry pressure curvatures are calculated for each com-

bination of regions i by generalizing the MS-P equation, Eq. (3.9), for
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two-phase mixed-wet conditions as follows:

Fi(row) =


Los,i cos θc+LEow,i−LFow,i

Ao,i
, if r > 0

Los,i cos θc−LEow,i+LFow,i
Ao,i

, if r < 0.
(3.17)

Here, LEow,i and LFow,i are the lengths of the AMs that form and vanish,

respectively, when oil displaces water for Pc > 0 or water displaces oil for

Pc < 0. Furthermore, Los,i represents the length of all boundary segments

the invading fluid contacts, and Ao,i is the invaded cross-sectional area.

3.4.5 Procedure for determining fluid configurations

The fluid configurations at a given capillary pressure are determined by

an iterative procedure. Initially, the pore space is occupied by water if

Pc > 0, while for Pc < 0 the initial fluid configuration is given from

the end of the primary drainage process, in which the invading water is

always present in the corner regions CRs and the remaining pore areas are

occupied by oil. At each iteration step, the most favorable entry pressure

among all available displacement scenarios, Nc, is determined by

F ∗(row) =

min{Fi(row) : 1/row ≥ Fi(row), i = 1, 2, 3..., Nc}, if row > 0

max{Fi(row) : 1/row ≤ Fi(row), i = 1, 2, 3..., Nc}, if row < 0

(3.18)

and the corresponding regions become occupied by the invading fluid. At

the next iteration step, new combinations of regions are generated based

on the updated fluid configurations and the corresponding entry pressure

curvatures are calculated from Eq. (3.17). The most favorable entry

curvature is determined by Eq. (3.18) and the corresponding combination

of regions is invaded. Thus, the valid fluid configuration is determined by

filling favorable region combinations with the invading fluid consecutive

in iteration steps. The iterations are terminated when F ∗(row) cannot be

determined, that is when all regions have been invaded or when none of
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the remaining combinations of regions satisfy Eq. (3.18). At this stage

the algorithm proceeds with the next capillary pressure.

The phase saturations, for a determined capillary pressure, are obtained

by summing up fluids occupation in each individual pore space for the

whole rock image and the entire capillary pressure curve is obtained by

decreasing the capillary pressure from its maximum value at the end of

drainage to its minimum value at the end of the forced imbibition.

3.5 Three-phase capillary pressure curves and

fluid configurations

For the three-phase case, gas is assumed to invade the porous space at

uniform water-wet conditions, which implies that gas is the non-wetting

phase, oil is the intermediate-wetting phase and water is the wetting phase

(Hui & Blunt, 2000; van Dijke & Sorbie, 2002b). The procedure to com-

pute three-phase capillary pressure curves and corresponding fluid config-

urations in the extracted pore spaces for each prescribed gas-oil capillary

pressure can be summarized as follows: First, closed circle-center curves

are generated for all three fluid pairs to compute all geometrically permis-

sible gas-oil, gas-water and oil-water interfaces; second, all geometrically

permissible combinations of the three sets of interfaces are determined

based on the assumed wetting order, and the corresponding entry pres-

sures for these interface combinations are calculated based on Eq. (3.9);

and third, the valid fluid configurations at the prescribed gas-oil capillary

pressure is determined iteratively by executing at each step the displace-

ment with the smallest gas-oil capillary entry pressure being smaller than

the gas-oil capillary pressure among the allowed interface combinations.

When no further configuration changes satisfy the invasion criterion, the

three-phase configuration is determined and the algorithm proceeds with

the next prescribed gas-oil capillary pressure.
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3.5.1 Geometrically allowed AMs

For a set of three-phase capillary pressures (Pcow, Pcgo, Pcgw) and con-

tact angles (θow, θgo, θgw), the fluid configurations for a specific oil-water

capillary pressure, Pcow, is determined as described in the previous sec-

tion. Prior to gas invasion, the pore space could be occupied by either

a single phase (oil or water) or with oil located in the center of the pore

spaces while the water is distributed in the corners and necks. The closed

circle-center curves are generated for all three fluid pairs, by viewing the

gas-oil, gas-water and oil-water systems separately and by applying Eq.

(3.11) three times with rij =
σij
Pcij

, ij = go, ow, gw. This results in three

different sets of circle intersections which yield the centers of all possi-

ble gas-oil, oil-water and gas-water AMs. An example for geometrically

allowed gas-oil and gas-water AMs in a single sandstone pore space is

shown in Figure 3.7 with row = 8 pixel lengths, rgo = 12 pixel lengths,

rgw = 9 pixel lengths, and θow = θgo = θgw = 0◦. Only gas-water AMs

(green curves) and gas-oil AMs (red curves) are shown in Figure 3.7 to

demonstrate the formation of possible gas invasion candidates; and the

geometrically allowed oil-water AMs for this example are shown in Fig-

ure 3.8 as blue curves.

3.5.2 Possible fluid configurations changes

All possible fluid configurations for gas invasion are computed by combin-

ing the geometrically allowed three-phase AMs systematically in different

ways. First, possible gas configurations are constructed by identifying

individual gas regions, as well as combinations of them, based on the

determined gas/oil and gas/water AMs without honoring the existing

oil/water configuration in the pore. Second, for each bulk gas configu-

ration, all possible combinations of bulk oil regions are determined. The

third step is to identify all geometrically possible oil layers that can be

located between bulk gas and corner water, and then add combinations

of such oil layers to each of the determined bulk gas and oil configuration
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Figure 3.7: Numerical example illustrating the gas-oil and gas-water AMs
(black: pore boundary; red: gas-oil; green: gas-water) and the extracted
regions in a Bentheim sandstone pore (rgo = 12 pixel lengths, rgo = 12
pixel lengths, rgw = 9 pixel lengths and θow = θgo = θgw = 0◦).
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3.5. Three-phase capillary pressure curves and fluid configurations

candidates. The sum of all these combinations constitutes the number of

all possible three-phase configurations in the pore space at a prescribed

set of three-phase capillary pressures.

Possible gas configurations

According to the wetting order of the three phases, the bulk gas con-

figuration can only be formed by gas-oil and gas-water AMs, and the

pore-boundary tracking procedure (Frette & Helland, 2010) is utilized to

identify the various gas regions with boundaries composed of alternate

AMs and pore-boundary segments. These determined regions are sub-

sequently classified as bulk phase regions (BR; see Definition 3.4), layer

phase regions (LR; see Definition 3.5) or mixed phase regions (MR) ac-

cording to the following definition (see also Figure 3.7):

Definition 3.9. A mixed region, MR, is a region with closed boundary

composed of n ≥ 2 alternate pore/solid boundary segments and AMs,

of which none of the AMs are opposite. Further, the boundary consists

of at least one gas/oil AM Mi and one gas/water AM Mj, for which

the pore/solid corner segments either satisfy Si ⊂ Sj or Sj ⊂ Si. The

boundary of the region is a Jordan curve if and only if these AMs do not

intersect.

All possible gas configuration candidates are determined by combining

the extracted regions in all possible ways, which are archived by first

considering the individual BR regions and also generating the BR and

LR region combinations as described previously in Section 3.3.2 for two-

phase systems at uniformly-wet conditions; secondly, for each determined

gas region candidate in the fist step, new gas invasion candidates can

be formed by adding the combinations of all surrounding MRs to the

determined gas candidate.

A numerical example of one gas configuration candidate is shown in

Figure 3.8. The possible gas configuration (yellow area) is determined
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from bulk region BR(3) which is that is shown in Figure 3.7. There

are eight MRs (MR(1),MR(2),MR(3),MR(4),MR(5),MR(6),MR(7)

and MR(8)) that are neighbors to BR(3) (see Figure 3.7), and therefore

28 − 1 = 255 different possible gas configurations could be formed for

the determined gas candidate (yellow area in Figure 3.8) based on all

combinations of the eight MRs.

Possible oil configurations

According to the wetting conditions, oil may exist as bulk regions which

are surrounded by corner or/and sandwiched water, and as layers ex-

isting between center gas and corner/neck water. For a determined gas

configuration candidate, the associated oil configurations are determined

by adding the oil-water interfaces in all permissible ways. Independent

bulk oil regions, and connected independent bulk oil regions are defined

as BR and LR − BR region combinations that are generated with the

oil-water system and located completing outside of the considered gas

configuration candidate. These regions are determined in the first step,

and then the bulk oil configurations are obtained by combining them in

all possible ways.

An example of one determined gas configuration candidate (yellow area)

and all geometrically allowed oil-water interfaces (blue curves) are pre-

sented in Figure 3.8. This figure shows three BRs (BR(1), BR(2), BR(4);

BR(3) is not considered because it is covered by the gas candidate (yel-

low area)) that are extracted from oil-water AMs. The possible bulk oil

configurations can be determined by considering all combinations of these

three BRs and LRs located in between.

The last step for a possible three-phase configuration is to quantify the

oil layers between gas and water (both in the corner and neck) for each

determined bulk gas and bulk oil configuration. For example, as shown in

Figure 3.8, if the gas region (yellow area) and one bulk oil region (BR(4))

are considered as the bulk gas and bulk oil configurations, eight oil layers
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3.5. Three-phase capillary pressure curves and fluid configurations

Figure 3.8: Numerical example illustrating one possible gas configuration
and its possible oil-water AMs (black curve: pore boundary; blue curves:
oil-water AMs; red curves: gas-oil AMs; yellow area: gas occupy) for gas
invasion in a Bentheim sandstone pore, (row = 8, pixel lengths rgo = 12
pixel lengths and rgw = 9 pixel lengths and θow = θgo = θgw = 0◦).
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(formed by gas-oil and oil-water AMs) which exist between gas and water.

3.5.3 Capillary entry curvatures for all possible configura-

tion changes

For each determined fluid configuration candidate resulting from gas in-

vasion into the existing oil/water configuration in the pore space, the

gas/oil capillary entry curvature is computed based on Eq. (3.9). The re-

quired parameters before and after displacement is calculated as follows

in the configurations: AM lengths are calculated analytically as circu-

lar arc lengths; pore/solid boundary-segment lengths are calculated by

adding the Euclidean distances between consecutive points included in

the segment; and areas of oil, water and gas are computed based on the

boundary points of the fluid regions formed by the alternate AM and

pore/solid segments (Frette & Helland, 2010). For the gas/oil entry cur-

vature computations, Eq. (3.9) is rearranged as follows:

Fgo,j = {σgo cos θgo(Lgs,a − Lgs,b)

+ σow cos θow(Lws,b − Lws,a) + σow(Low,a − Low,b)

+ σgo(Lgo,a − Lgo,b) + σgw(Lgw,a − Lgw,b)

− σow
row

(Aw,b −Aw,a)
}
j

/ {σgo(Ag,a −Ag,b)}j ,

(3.19)

where Fgo,j , j = 1, . . . , Nc, are gas/oil entry curvatures and Nc represents

the number of possible configuration changes by which gas can enter the

pore for the specific set of interface radii.

The gas-oil entry radius for gas invasion into an oil- and water-saturated

pore is calculated iteratively:

1

rgo,m+1
= min{Fgo,j(rgo,m), j = 1, 2, 3..., Nc}, (3.20)

where m denotes the iteration level. For a given row, the initial radii used
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3.5. Three-phase capillary pressure curves and fluid configurations

in the first iteration (m=1), rgo,1 and rgw,1, are given by:

rgw,1 =

row,E , σgw
σgo/rgo,1+σow/row

;
rgo,1 =


σgo

σgw/rgw,1−σow/row if row > row,E ,

row,E if row ≤ row,E ;

(3.21)

where row,E is the capillary entry radius for oil invasion into a water filled

pore space.

3.5.4 Procedure for determining three-phase fluid config-

urations

The fluid configurations for a given set of three-phase capillary pressures

are determined by an iterative procedure where, in each iteration step, the

most favorable entry pressure among all available displacement scenarios

Nc is determined by

F ∗(rgo) = min{Fi(rgo) :
1

rgo
≥ Fi(rgo), i = 1, ...Nc}, (3.22)

and the corresponding regions in the combination are invaded by gas.

All allowed combinations of regions, which are not yet occupied by the

invading gas, are generated, and the associated entry pressure curvatures

are calculated for each of these region combinations i by the three-phase

MS-P equation (Eq. (3.19)). The iterations are terminated when F ∗(rgo)

cannot be determined, and the algorithm proceeds to the next gas-oil

capillary pressure.

An example of this iterative procedure is described below to illustrate

the computation of the three-phase fluid configuration for a given set

of capillary pressure radii and contact angles in a strongly water-wet

Bentheim sandstone pore space with spreading oil. The capillary radii are

rgo = 12 pixel lengths, row = 8 pixel lengths and rgw = 9 pixel lengths,

the interfacial tensions are equal to σgo = 0.01 N/m, σow = 0.02 N/m

and σgw = 0.03 N/m, and the contact angles are θow = θgo = θgw = 0◦.

The initial oil-water configuration before gas invasion is computed by an
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Figure 3.9: Initial fluid configuration before gas invasion in an individual
Bentheim sandstone pore space; red: oil; blue: water (row = 8 pixel
lengths, θow = 0◦).

iterative procedure as described in Section 3.3 and the resulting initial

oil-water configuration before gas invasion is shown in Figure 3.9.

All geometrically allowed gas-oil and gas-water interfaces and extracted

BR, LR, MR used to determine all possible gas invasion candidates are

shown in Figure 3.7. One of the possible gas invasion candidates and its

possible oil-water AMs are presented in Figure 3.8. Among all the possi-

ble interface combinations, the most favorable fluid configuration change

is estimated by Eq. (3.22); in this case F ∗(rgo) = 0.0624 (pixel lengths)−1

and its associated three phase configuration is shown in Figure 3.10(a).

For the determined fluid configuration shown in Figure 3.10(a), 28 pos-

sible BR gas invasion candidates could be determined by the four non-

invaded BRs (BR(1), BR(2), BR(4), BR(5)) and their associated MRs;

eight different oil layer displacements examined based on the eight oil

layers between the invaded gas region and remaining water; Two more

BR−LR combinations could be determined since both of the two LRs are

connected by mixed regions with the invaded gas region. In the present
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step, F ∗(rgo) = 0.0628 (pixel lengths)−1 and its associated three-phase

fluid configuration is shown in Figure 3.10(b). In the third iteration step,

no fluid configuration candidate satisfies Eq. (3.22), and the iterations are

terminated with the algorithm proceeding to the next prescribed gas-oil

capillary pressure.

3.6 Interacting tube bundle model

In this section, the interacting tube bundle model, which was introduced

by Dong et al. (2005), is extended to simulate waterflooding in a pore

space that is represented by a bundle of tubes whose cross-sections are

extracted from a 2D thin-section rock image. The interacting tube bundle

model for simulating the transient interface displacements enables the

computation of water saturation as a function of time and the oil-water

interface position along the tube length direction. The input parameters,

namely capillary pressure and conductance, are computed with the semi-

analytical model which has been presented in Sections 3.3 and 3.4. Based

on the interface positions simulated with interacting tube bundle model,

volume-averaged phase pressures are introduced to calculate the dynamic

capillary pressure; the dynamic capillary coefficients, τ , are obtained by

fitting the time derivative of water saturation and the difference between

the dynamic and static capillary pressures by a linear correlation.

3.6.1 Interacting tube bundle model description

In the interacting tube bundle model the number of front menisci and

capillary pressure curve data are equal. For k = 1, 2, . . . , N front menisci

with capillary pressures Pc,k, the tube bundle is divided along its length

into N+1 regions, with each region k having constant total cross-sectional

fluid areas, Ao,k and Aw,k, and fluid conductances, go,k and gw,k. Fig-

ure 3.11 shows a schematic diagram illustrating the front menisci posi-

tions measured from the inlet water reservoir. A realistic cross-sectional
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(a) First iteration step, F ∗(rgo) = 0.0624 (pixel
lengths)−1

(b) Second iteration step, F ∗(rgo) = 0.0628 (pixel
lengths)−1

Figure 3.10: Numerical example illustrating the three-phase fluid config-
uration for gas invasion (yellow area: gas, red area: oil and blue area:
water) in a Bentheim sandstone pore.
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3.6. Interacting tube bundle model

Figure 3.11: Schematic diagram of the interface positions along a tube
bundle (left), and cross-sectional fluid configurations (blue colour repre-
sents the water phase and red the oil phase) in a length region as com-
puted by the semi-analytical model (right).

fluid configuration in one of the regions is shown in the right panel of Fig-

ure 3.11, as computed by the semi-analytical model (Section 3.3). Note

that the different front menisci separating the length regions could repre-

sent interfaces that are located in a single irregular pore geometry. It is

also possible that the front menisci represent interfaces that are located in

different pores or represent discrete approximations of the gradual change

of interface positions in the pore corners behind the front.

A sketch of the phase pressure profiles along the tube bundle is illustrated

in Figure 3.12. Hence, the pressure difference between the inlet water

reservoir and outlet oil reservoir, ∆P = Pw,res − Po,res, can be expressed

in terms of the capillary pressure across each front meniscus and the phase

pressure differences in each region. This yields N pressure equations:

k∑
i=1

∆Pw,i +
N+1∑
k+1

∆Po,i = Pc,k + ∆P, k = 1, 2, · · · , N. (3.23)

The flow rates of oil and water, qo,k and qw,k, are expressed in the N + 1

regions by a generalized Hagen-Poiseuille equation,
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Figure 3.12: Schematic diagram of a possible profile of oil- and water-
phase pressures in the interacting tube bundle model.

qo,k(t) =
go,k
µo

∆Po,k(t)

xk(t)− xk−1(t)
, qw,k(t) =

gw,k
µw

∆Pw,k(t)

xk(t)− xk−1(t)
, (3.24)

and by material balance as

qo,k(t) =
k−1∑
i=1

∆Ao,i
∆xi(t)

∆t
, qw,k(t) =

N∑
i=k

∆Aw,i
∆xi(t)

∆t
. (3.25)

In Eq. (3.25), ∆Ao,i = Ao,i+1 − Ao,i = −∆Aw,i is the difference between

cross-sectional areas invaded by oil in the length region between segments

i and i+1, where ∆xi(t) is the change in position of interface i during the

time step ∆t. Note that Eq. (3.25) is more general than the corresponding

equation derived by Wang & Dong (2011) which is based on the areas of

oil and water in each pore assuming all pores have the same triangular

cross-sectional shape.

The water flow rate could also be expressed in terms of the injection rate

qtot as:

qw,1(t) = qtot, · · · , qw,k = qtot − qo,k, · · · , qw,N+1 = 0. (3.26)
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Eqs. (3.24) and (3.25) are combined and inserted into Eq. (3.23), thus

yielding N nonlinear equations that are solved for the N unknown in-

terface positions, xk, as a function of time when the pressure difference

∆P is constant. For constant rate displacements, the injection rate qtot

is given as an additional input parameter, whereas ∆P varies with time.

In this case, the constant injection-rate condition,

qtot = qw,1 =

N∑
i=1

∆Ao,i
∆xi(t)

∆t
, (3.27)

provides an additional equation, and a system of equations is solved by

Newton-Raphson iterations for the N + 1 unknown parameters xk, k =

1, · · · , N and ∆P as a function of time. Further details regarding the so-

lution procedure is provided by Dong et al. (2005); Wang & Dong (2011).

3.6.2 Computation of conductances

Pore space, oil and water conductances are obtained by computing the

velocity profile directly in each cross-sectional fluid configuration deter-

mined by the semi-analytical model. We assume steady-state, laminar

flow of incompressible fluids, with constant viscosity and no-slip con-

ditions on all boundaries. The computations are performed by solving

Poisson’s equation on many different pore space geometries and fluid con-

figurations.

Based on the data obtained, fluid conductance correlations are formulated

as polynomial functions of areas and shape factors that seem to describe

the data effectively. We distinguish between the conductance data for

fluids occupying (i) the corners, (ii) the wider bulk portions of the pore

space; and (iii) layers that are located between the bulk and corner occu-

pancies. The fluid occupying the pore space as a layer could correspond

to water residing in a narrow constriction for water-wet conditions, or

oil that remains present in a mixed-wet pore space at negative capillary

pressure after water has invaded its bulk portion.
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The pore-space conductances gP are approximated by the following cor-

relation:
gP
A2
P

=

2∑
i=1

aiG
i
P , (3.28)

where a1 = 3.17 and a2 = 0.75, and the pore shape factor GP = AP
LP

2 ;

note that AP is the area of the pore space and LP is the pore perimeter.

The proposed functional form is motivated by previous works (Øren et al.,

1998; Ryazanov et al., 2009) where it was demonstrated that conductances

in tubes with idealized triangular and star-shaped cross-sections could be

approximated by functions of areas and shape factors.

For the fluid occupying corner portions of the pore spaces, the following

conductance correlation is proposed:

gc
A2
c

=
2∑
i=1

biG
i
c, (3.29)

where b1 = −4.0, b2 = 0.8 and Gc denotes the shape factor defined as

Gc = Ac
L2
c
; here AC and LC are the area and the boundary length of the

corner fluid configurations.

For irregular pore spaces, correlations expressed as functions of pore-space

conductance and areas appear to describe the conductance data for the

bulk and layer fluid occupancies more accurately than correlations based

on shape factors (such as Eqs. (3.28) and (3.29)). The conductance of

the fluid occupying the bulk portion of the pore space is approximated

by:

gB
gP

=

3∑
i=1

ci

(
AB
AP

)i
, (3.30)

where c1 = −0.8, c2 = 0.6 and c3 = 1.2. In Eq. (3.30), gB and AB denote

the bulk-phase conductance and area, respectively.

The conductance of the fluid occupying the pore space as layers can be
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Figure 3.13: Dimensionless conductance correlations for the pore spaces
(top, left), corner fluid configurations (top, right), bulk fluid configura-
tions (bottom, left) and layer fluid configurations (bottom, right) plotted
as functions of shape factors or area fraction. The correlations are com-
pared with conductance data computed directly in the fluid configurations
that occur during mixed-wet imbibition simulations performed with the
semi-analytical model in a small subset of an SEM image of Bentheim
sandstone.
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computed from:

gL
gP

=

5∑
i=1

di

(
AL
AP

)i
, (3.31)

where d1 = 13.34, d2 = −30.74, d3 = 20.67, d4 = −2.45 and d5 =

0.16. In Eq. (3.31), gL and AL denote the layer conductance and area,

respectively.

The computed data (red circles) and correlations presented in Figure 3.13

show that the correlations proposed by Eqs. (3.28) to (3.31) agree reason-

ably well with the computed data by solving Poisson’s equation. We also

compared the relative permeability (defined as the ratio of the phase con-

ductance to pore space conductance) and saturation profile evolutions

(computed using the interacting tube bundle model) based on conduc-

tance values obtained both from proposed physically-sound correlations

and computed data for a small subset of the rock image (see Paper 4);

the results show that the conductance correlations work satisfactorily to

generate reliable conductance data.

3.6.3 Dynamic capillary pressure

Dynamic capillary pressure is defined as the difference of the average

phase pressures (Hassanizadeh et al., 2002):

P dync = 〈Po〉 − 〈Pw〉, (3.32)

where 〈x〉 denotes an average of quantity x.

Average phase pressure algorithm

Several averaging methods have been proposed in the literature to obtain

average phase pressures (Korteland et al., 2010); we choose the volume

averaging approach adopted by Dahle et al. (2005), who evaluated dy-

namic capillary pressure effects in a non-interacting tube bundle model.

The volume-averaged phase pressures employed in our interacting tube
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bundle model with k = 1, . . . , N+1 length regions and N advancing front

menisci, are given by

〈Pγ〉 =
1

Vγ(t)

N+1∑
k=1

Pγ,kVγ,k(t), γ = o, w, (3.33)

where Vγ,k(t) is volume of phase γ at time t in the length region k, and

Pγ,k is the mean phase pressure of phase γ evaluated in that region. If an

interface reaches one of the reservoirs, the phase behind that interface is

assumed to become trapped with a zero pressure gradient. In that case,

this interface is eliminated from the interacting tube bundle calculations

and the number of moving interfaces, N , is reduced by one. The phase

pressure on the tube side of the interface is now given by the reservoir

pressure of the present fluid, i.e., Pw,res for water and Po,res for oil. We

account for this behavior by modifying Eq. (3.33) to include the trapped

phase compartments:

〈Pγ〉 =
1

Vγ(t) + Vγ,trapped
{
N+1∑
k=1

Pγ,kVγ,k(t) + Pγ,trappedVγ,trapped}, γ = o, w,

(3.34)

where Po,trapped = Po,res if the interface is trapped at x = x0, or Pw,trapped =

Pw,res if the interface is trapped at x = L.

Simulation procedure

Drainage is simulated by increasing −∆P = Po,res−Pw,res stepwise by a

pressure Pstep, while Pw,res is fixed. Initially, the tube bundle is occupied

with water. For each pressure step, the set of interfaces satisfying the

static capillary pressure data −∆P ≥ P statc,k is placed inside the tube

bundle at x = L. Interacting tube bundle simulations are performed to

advance this set of interfaces in time. The phase pressures and volumes on

each side of these interfaces belong to the first term in the right hand side

of Eq. (3.34), whereas the phase pressures and volumes for the remaining
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interfaces that are still trapped at x = L belong to the second term in

the right hand side of Eq. (3.34).

At each time step, the dynamic capillary pressure is calculated from Eqs.

(3.32) and (3.34). When an interface reaches one of the reservoirs, this

interface becomes trapped, and the amount of fluid volume behind the

interface is transferred from Vγ,k to Vγ,trapped, and the phase pressure in

this fluid compartment is changed from Pγ,k to Pγ,trapped. The interacting

tube bundle model then continues to advance the interfaces still present

in the remaining tubes that satisfy the condition −∆P ≥ P statc,k . When

all interfaces have reached the tube ends, the pressure difference −∆P is

increased again, and a new set of interfaces satisfying −∆P ≥ P statc,k is

advanced by the interacting tube bundle model.

Imbibition is performed by increasing ∆P = Pw,res−Po,res stepwise by the

pressure Pstep, while Po,res is fixed. Initially, the tube bundle is occupied

with oil and remaining water after drainage, representing the initial water

saturation Sw,i. For each pressure step, the set of interfaces satisfying

the static capillary pressure data −∆P ≤ P statc,k is placed inside the tube

bundle at x = x0. The interacting tube bundle model is utilized to

advance this set of interfaces in time. Again, the phase pressures and

volumes on each side of these moving interfaces belong to the first term

on the right hand side of Eq. (3.34), whereas the phase pressures and

volumes for the remaining interfaces that are still trapped at x = x0

belong to the second term in Eq. (3.34).

For each time step, dynamic capillary pressure is calculated from Eqs.

(3.32) and (3.34). When an interface reaches one of the reservoirs, this

interface becomes trapped, and the amount of fluid volume behind the

interface is transferred Vγ,k to Vγ,trapped, and the phase pressure in this

fluid part is changed from Pγ,k to Pγ,trapped. The interacting tube bundle

model then continues to advance the interfaces still present in the tubes.

When all interfaces have reached the tube ends, the pressure difference is

increased by Pstep again, and the new set of interfaces satisfying −∆P ≤
P statc,k is advanced by the interacting tube bundle model.
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Series of dynamic capillary pressure curves both for drainage and imbibi-

tion are computed with various Pstep, which will be used to evaluate the

dynamic coefficient τ .

Dynamic coefficient of capillary pressure

As mentioned in the literature review, the dynamic coefficient, τ , is a func-

tion of saturation and independent of desaturation rate (Bottero et al.,

2006; Schembre & Kovscek, 2006; Camps-Roach et al., 2010; O’Carroll

et al., 2010).

The dynamic coefficient, τ , is computed by plotting the difference be-

tween dynamic and static capillary pressure, P dync − P statc , against the

time derivative of water saturation, ∂Sw
∂t , for constant water saturation

with various pressure steps. The dynamic coefficient does not depend

on the time derivative of the water saturation if (P dync − P statc ) vs −∂Sw
∂t

is given by a straight line. However, in the literature it has been sug-

gested that such straight line could have a nonzero intercept with the

ordinate (Hassanizadeh et al., 2002; Dahle et al., 2005; Mirzaei & Das,

2007), indicating that Eq. (2.3) should be replaced by an equation of the

form

P dync − P statc = −τ ∂Sw
∂t

+ C. (3.35)

If C = 0, the difference between dynamic and static capillary pressure

vanishes at equilibrium, i.e., ∂Sw
∂t = 0 and the equilibrium fluid configu-

ration is equal to the configuration obtained by slow capillary-controlled

displacement. If C 6= 0, a difference between dynamic and static capillary

pressures exists for ∂Sw
∂t = 0. This corresponds to an equilibrium config-

uration that differs from the configuration that would be obtained by a

capillary-controlled displacement.
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3.7 Application

The developed semi-analytical pore scale model serves as a useful tool to

efficiently compute capillary pressure curves and fluid configurations in

realistic, highly-irregular pore spaces directly extracted from rock images,

which allows us to investigate the effect of wettability, initial water satu-

ration and pore space geometry on the capillary pressures and associated

fluid configurations.

The model offers the possibility of linking pore scale displacement mecha-

nisms and wettability state to capillary pressure curves, and thus it allows

us to formulate a dimensionless capillary pressure function at arbitrary

mixed-wet conditions; this makes it possible to describe the variability of

wettability and permeability more accurately in reservoir simulation mod-

els. This also allows for improved evaluation of core-sample laboratory

experiments and reservoir performance. The dimensionless J-function

can also be applied together with data or existing capillary pressure cor-

relations for use in reservoir simulation. Reliable capillary pressure corre-

lations could also be suggested based on the computed data, in particular

with respect to the pore-scale displacement mechanisms, fluid configura-

tions, the capillary levels and saturation dependencies.

The relative permeability (defined as the ratio of phase conductance to

pore conductance) curves could also be obtained by computing the phase

conductances for the computed fluid configurations. This can be done ei-

ther by solving Poisson’s equation for determined geometries with proper

boundary conditions or by developing physically-sound correlations from

numerical data. This procedure could also be used to formulate reliable

relative permeability correlations for various wettability and initial satu-

rations.

Transient behavior of viscous- and capillary-dominated water invasion in

rock images at mixed-wet conditions could also be performed using the

computed capillary pressure and relative permeability with a physically-

sound model, such as the interacting tube bundle model, which conse-
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quently provides insights into the pore-scale mechanisms of waterflooding

and relates their effects to the computed macro-scale properties, which

allows for improved interpretation of core-scale experiments.

Dynamic effects in capillary pressure curves at mixed-wet conditions could

be quantified using the so-called interacting tube bundle model with a

proper phase averaging algorithm. The results provide insights into the

extent of dynamic effects in capillary pressure curves for realistic mixed-

wet pore spaces, which could contribute to improved interpretation of

core-scale experiments. The simulated capillary pressure curves obtained

with the pore-scale model could also be applied in reservoir simulation

models to assess dynamic pore-scale effects on the Darcy scale.

In the proposed model, pore space is represented by a bundle of straight

tubes with irregular cross-sections from 2D rock images. Thus, pore inter-

connectivity and phase entrapment is absent in our model. This would at

least affect the endpoint saturations and the level of the capillary pressure

curves. To overcome this, a 3D pore surface correction and pore connec-

tivity factor (Virnovsky et al., 2009) could be introduced to compare the

capillary pressure curves measured from laboratory. For the dynamic

modeling, the phase trapping could be implemented by taking 2D rock

images of different core sections and run the developed interacting tube

bundle model on each image while introducing physically-based rules that

account for the connectivity and trapping between the different sections,

potentially by following the work of Wang & Dong (2011) who considered

idealized tubes with equilateral, triangular cross-sections of different size

in each cross section.
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Simulations to obtain two- and three-phase capillary pressure curves and

associated fluid configurations and saturation profile evolutions are per-

formed with our proposed models in a Bentheim sandstone SEM image;

subsequently, dynamic capillary pressure curves are computed within a

subset of the main image. The image resolution is 0.204 µm/pixel, it

contains 1134x761 pixels and 293 separate pore spaces; the computed

porosity and permeability are 0.17 and 0.76×10−12 m2, respectively. The

image permeability is computed by solving Poisson’s equation directly in

the identified pore spaces.

4.1 Two-phase capillary pressure curves

Capillary pressure curves are computed in the main rock image described

above for both primary drainage at uniform water-wet condition and im-

bibition at mixed-wet conditions. The oil/water interfacial tension is set

equal to σow = 0.050 N/m for all simulations.
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4.1.1 Drainage capillary pressure and fluid configurations

at uniformly-wet conditions

The drainage capillary pressure curves computed from the semi-analytical

model at uniformly-wet conditions are shown in Figure 4.1(a). Obviously,

wettability affects the level of the capillary pressure curves, and this also

confirmed by the fluid configurations occurring in the rock image, as

shown in Figure 4.2. Figure 4.2(a) shows the oil-water distribution in a

strongly water-wet system, θ = 0◦, and Figure 4.2(b) depicts the oil-water

distribution at the same capillary pressure in a less water-wet system with

θ = 30◦. These results illustrate that for the same capillary pressure, in

the less water-wet system oil has invaded pores, or pore areas that have

not yet invaded in the strongly water-wet system. Therefore, at a given

capillary pressure, the water saturation in the strongly water-wet system

(θ = 0◦) will be higher than the one for a less water-wet system (e.g.,

θ = 30◦).

The traditional J-function, that accounts for wettability effects in the rock

image, can be used to scale the capillary pressure curves at uniformly-wet

conditions. As shown in Figure 4.1(b), a unique curve Pc
cos θ is obtained

regardless the contact angle (wettability) of the rock.

4.1.2 Capillary pressure and fluid configurations at mixed-

wet conditions

Imbibition capillary pressure curves at mixed-wet conditions are com-

puted in the main rock image for different contact angles and maximum

capillary pressure values at the end of primary drainage. First, the pri-

mary drainage processes are simulated until a selected maximum capillary

pressure P pdc,max (or reversal capillary pressure, Pc,rev) is reached. This es-

tablishes different initial conditions for the subsequent imbibition runs.

The pore-boundary segments contacted by oil after primary drainage are

assumed to undergo a wettability alteration, and therefore these segments

are described by a different contact angle in the following imbibition pro-
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(a) Capillary pressure

(b) Capillary pressure divided by cos θ

Figure 4.1: Capillary pressure curves at uniformly-wet conditions for dif-
ferent contact angles: (a) capillary pressure, (b) capillary pressure scaled
by the contact angle.
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4.1. Two-phase capillary pressure curves

(a) θ = 0◦ (b) θ = 30◦

Figure 4.2: Fluid configurations at uniformly-wet conditions at a given
capillary pressure, row = 6 pixel lengths.

cess than that used in the primary drainage. The wetting condition for

imbibition is described by θc which is determined from Eq. (3.14).

Examples of capillary pressure curves for imbibition processes simulated

with three different contact angles determined from Eq. (3.14) are pre-

sented in Figure 4.3(a) together with the capillary pressure curve for

primary drainage. The spontaneous imbibition sections of the capillary

pressure curves are shown to increase significantly when θo changes from

180◦ to 120◦. Imbibition capillary pressure curves for θo = 180◦ that are

simulated starting from four different initial water saturation conditions

(Swi = 0.018, 0.081, 0.150 and 0.237) are presented in Figure 4.3(b). A

comparison of these four imbibition capillary curves indicates that the

level of capillary pressure during imbibition also increases with the in-

creased value of the initial water saturation Swi due to an increased water-

wet area in the pore-space corners at higher Swi values. This clearly

suggests that the formation wettability is a function of the initial wa-

ter saturation at the onset of the imbibition process. Such behavior is

well-known and has been observed in core-scale measurements (Jadhu-

nandan & Morrow, 1995) and explained by pore-scale modeling (Helland

& Skjæveland, 2006a).

85



Chapter 4. Results and Discussion

(a) θw = 0◦ and Swi = 0.081

(b) θw = 0◦ and θo = 180◦

Figure 4.3: Capillary pressure curves for the primary drainage at strongly
water-wet conditions followed by imbibition processes at several mixed-
wet conditions.
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(a) Swi = 0.018 (b) Swi = 0.081

(c) Swi = 0.150 (d) Swi = 0.237

Figure 4.4: Fluid configurations during imbibition processes at mixed-wet
conditions in an SEM image of Bentheim sandstone as simulated with
the semi-analytical model. All images are taken at capillary pressure
Pc = −2.04 × 104 Pa during the imbibition simulations for θw = 0◦ and
θo = 180◦ that are initiated from four different initial water saturations
which are shown at the bottom of each panel.
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Figure 4.4 presents fluid configurations at a constant negative capillary

pressure value of Pc = −2.04 × 104 Pa for imbibition processes origi-

nating from different initial water saturation (Swi = 0.018, 0.081, 0.150

and 0.237). The contact angles θo = 180◦, θw = 0◦ were applied in all

cases. Figure 4.4(a) shows that water in general invades first the larger

pore spaces for the smallest initial water saturation (Swi = 0.018). For

intermediate values of Swi, water invades some of the largest and sev-

eral of the smallest pore spaces at a given capillary pressure, leaving the

intermediate-sized pore spaces still occupied by oil in the bulk areas while

water remains present in the pore corners that were not invaded by oil at

the end of primary drainage, see Figure 4.4(b) and Figure 4.4(c). This

non-monotonic invasion order of the pore sizes occurs because the frac-

tional area of oil-wet surfaces are likely to be higher in large pore spaces,

which therefore exhibit a more oil-wet behavior than the smaller pore

spaces under these conditions. Figure 4.4(b) also shows that several oil

layers of varying size and shape were formed in the highly irregular pore

geometries. Finally for the largest Swi case, all pore spaces are invaded

by water at the selected capillary pressure (Pc = −2.04 × 104 Pa), as

shown in Figure 4.4(d).

4.1.3 Dimensionless capillary pressure function for mixed-

wet conditions

Based on the simulated capillary pressure curves at various mixed-wet

conditions, an improved J-function is proposed based on the following

relationship,

J(Sw) =
Pc

σ[| cos θweff |H(Pc) + | cos θoeff |H(−Pc)]

√
K

φ
. (4.1)

In this equation, H is the Heaviside step function, and cos θweff and

cos θoeff denote the effective contact angles both for the water-wet and

oil-wet parts of the pore space, respectively. These effective contact an-
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gles can be related to wetting indices defined on the core scale, in order

to apply the proposed dimensionless capillary pressure J-function on core

samples. Based on pore-scale simulation, the following correlations were

determined:

cosθweff = 0.068×WI + 0.38;

cosθoeff = 0.2041 ln(WI) + 0.1536. (4.2)

The wetting index is defined as

WI =
Sw0 − Swi

1− Swi − Sor
, (4.3)

where Sw0 is the water saturation at zero capillary pressure, and Sor is

the residual oil saturation at the end of imbibition. In the simulations

performed with the semi-analytical model, Sor is zero, or close to zero,

because the assumed pore space is formed by a bundle of straight tubes

cross-sections of arbitrary shapes.

The proposed J-function (Eq. (4.1)) is utilized to reproduce simulated

data in order to test its accuracy. The original and reproduced imbibi-

tion capillary pressure curves for θo = 160◦ and θo = 180◦ are shown in

Figure 4.5 for all four assumed initial water saturations at the start of im-

bibition. The figure shows that the reproduced capillary pressure curves

for the smaller initial water saturations are located slightly below the

original capillary pressure values at large water saturations, whereas the

reproduced and original capillary pressure curves from the larger initial

water saturations exhibit excellent agreement. This is because the cap-

illary entry pressures for large initial water saturations depend strongly

on the initial fluid configurations, which is a feature we have aimed at

incorporating in the dimensionless capillary pressure function.

It is therefore demonstrated that the proposed J-function works satis-

factorily for mixed-wet conditions. A particularly accurate description

seems to be obtained when the entry pressures depend strongly on the
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Table 4.1: Fundamental parameters of cores samples used to measure
mixed-wet capillary pressure curves (Lomeland & Ebeltoft, 2008).

Sample number Rock type Permeability [mD] Porosity [-]

1 Sandstone 29.1 0.192
2 Sandstone 3.04 0.111
3 Sandstone 4345 0.311
4 Sandstone 0.05 0.0504

initial water saturations. More details can be found in Paper 2.

Validation against core-scale laboratory measurements

Lomeland & Ebeltoft (2008) presented laboratory measurements of oil/

water capillary pressure data in four core samples from a Norwegian Con-

tinental Shelf oil field. The authors used both the porous plate and cen-

trifuge techniques to obtain the reported capillary pressure data. The

basic petrophysical parameters of the core samples used in these measure-

ments are given in Table 4.1. The oil used in the first three measurements

was crude oil, while in the last measurement it was a synthetic oil. The

oil-water interfacial tension was not reported by the authors, and in this

work its value was assumed to be equal to 0.05 N/m.

The measured capillary pressure data for the four different rock samples,

shown in Figure 4.6(a), exhibit significant variations in initial water sat-

uration, residual oil saturation and water wetting indices. For rock sam-

ples 1 and 2, the imbibition capillary pressure data, both spontaneous and

forced imbibition, were measured by the porous plate technique following

the primary drainage measurements. The imbibition capillary pressure

data for samples 3 and 4 were measured using the centrifuge technique

and the secondary drainage was adopted as the positive part of the im-

bibition capillary pressure curves. The dimensionless capillary pressure

data scaled by Eqs. (4.1)-(4.2) are shown in Figure 4.6(b); a unique curve

is obtained for the four capillary pressure curves despite the significant

difference in the cores’ properties such as permeability, porosity, initial
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4.1. Two-phase capillary pressure curves

(a) θw = 0◦ and θo = 160◦

(b) θw = 0◦ and θo = 180◦

Figure 4.5: Imbibition capillary pressure curves at mixed-wet conditions
as simulated with the semi-analytical model (symbols) and reproduced
(curves) by the dimensionless capillary pressure function given in Eq.
(4.1) (blue: Swi = 0.018, green: Swi = 0.081, black: Swi = 0.150 and red:
Swi = 0.237).
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water saturation, residual oil saturation and wettability.

The derived average J-function was then used to reproduce the four cap-

illary pressure curves which are shown along with the original laboratory

measurements in Figure 4.7. The comparison between the experimental

and reproduced capillary pressure curves is excellent for all four core sam-

ples. This demonstrates that the proposed novel J-function introduced

in this work can be used to scale measured capillary pressure curves with

different permeability, porosity, initial water saturation, residual oil sat-

uration and wettability at mixed-wet conditions.

4.2 Saturation profile evolution at mixed-wet con-

ditions

Water saturation profile evolution during oil displacement by water under

mixed-wet conditions are simulated using the so-called interacting tube

bundle model. The effects of wettability θo and initial water saturation

on the water saturation profile evolution are investigated. The results

shown in these runs are for two flow rates, a moderate injection rate of

qtot = 3.14 × 10−4 m3/s and a high injection rate of qtot = 3.14 × 10−3

m3/s, which corresponds to capillary numbers of (see Eq. (2.1)) CA =

6.24× 10−6 and CA = 6.24× 10−5, respectively.

4.2.1 Effects of wettability

Saturation profiles simulated with the interacting tube bundle model for

the moderate flow rate water floods initiated from Swi = 0.081 and three

different contact angle conditions (θo = 120◦, 160◦ and 180◦) are presented

in Figure 4.8. The high and positive oil-water capillary pressure at small

water saturations promote water invasion and advancement of the asso-

ciated front menisci. The simulated water saturation profiles exhibit a

gradual trend and become almost horizontal with time in small water

saturations irrespective of the contact angle θo. Capillary pressure is less
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(a) Capillary pressure curves

(b) Improved J-function

Figure 4.6: (a) Mixed-wet capillary pressure curves, and (b) improved J-
function curve. Laboratory measurements are from Lomeland & Ebeltoft
(2008).
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(a) Sample 1 (b) Sample 2

(c) Sample 3 (d) Sample 4

Figure 4.7: Reproduced imbibition capillary pressure curves (solid curves)
computed from the average J-function and experimental core measure-
ments reported by Lomeland & Ebeltoft (2008) (open circles) at mixed
wet conditions.
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Figure 4.8: Evolution of water saturation profile at different wetting
conditions during water flood conducted at a moderate flow rate qtot =
3.14× 10−4 m3/s and from an initial water saturation of Swi = 0.081.

important for the water saturation front at intermediate water satura-

tions. In this saturation range, the capillary pressures (see Figure 4.3(a))

are small and negative when θo = 160◦ and θo = 180◦, and small and

positive when θo = 120◦, which results in the formation of steeper but

still gradual saturation fronts. For high water saturations, the oil-water

capillary pressures are large and negative; in this region the saturation

fronts become more gradual again, particularly for the water flood per-

formed with θo = 180◦, where the displacement involved occur by water

invasion into the smaller pore spaces as well as displacement of oil layers

that have formed at smaller water saturations. Note that negative cap-

illary pressures work to prevent water invasion into the pore spaces. In

the interacting tube bundle model, the front menisci associated with the

largest negative capillary pressures retract, which leads to the displace-

ment of water by oil, and the water saturation fronts develop pronounced

gradual shapes in time for zero flow rates (see more details in Paper 3).

4.2.2 Effects of initial water saturation

Figure 4.9 presents water saturation profiles at different times for mod-

erate (qtot = 3.14 × 10−4 m3/s) and high (qtot = 3.14 × 10−3 m3/s) flow

rate water floods that are initiated from four different initial saturations
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(a) Moderate flow rate, CA = 6.24 × 10−6

(b) High flow rate, CA = 6.24 × 10−5

Figure 4.9: Evolution of water saturation profiles for water floods con-
ducted at moderate and high flow rates (qtot = 3.14 × 10−4 m3/s,
qtot = 3.14 × 10−3 m3/s) and different initial water saturations (Swi =
0.0018, 0.081, 0.450 and 0.237). The mixed-wet states are described by
the contact angle of θo = 180◦ and the four initial water saturations.

(Swi = 0.0018, 0.081, 0.150 and 0.237) and for θo = 180◦. The results

show that gradual saturation fronts are developed in this case. For low

water saturations close to Swi, the capillary pressure (see Figure 4.3(b))

is positive and large which results in gradual and almost horizontal sat-

uration fronts.

For the intermediate water saturation, the cases of small initial water

saturations, Swi = 0.0018 and 0.081, resulted in pronounced gradual wa-

ter saturation fronts because the oil-water capillary pressures (see Fig-

ure 4.3(b)) are negative and relatively large. For the larger initial water
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saturations, Swi = 0.150 and 0.237, the fronts become steeper in the in-

termediate water saturation range because the corresponding capillary

pressures are less significant and closer to zero (see Figure 4.3(b)). This

is explained by the capillary entry pressures which are negative for small

Swi but they become closer to zero, or even positive, as the water content

present in the pore-space corners increases with Swi. At intermediate

saturations, steep Buckley-Leverett fronts form and prevail at all times

in the water floods simulated with high flow rates.

At large water saturations, the capillary pressure is negative and large for

all water floods, and the saturation profiles become again more gradual in

this saturation range. For the moderate flow rate, the front menisci asso-

ciated with the largest and negative capillary pressures (see Figure 4.3(b))

move in the negative x-direction and water is displaced by oil. This re-

sults in a pronounced gradual trend as the saturation fronts develop with

time. Figure 4.9(b) also shows that the simulated high flow rate water

floods at different wettability conditions exhibit pronounced differences

even though the capillary pressure contribution is less important.

4.3 Dynamic capillary pressure curves

A subset of an SEM image of Bentheim sandstone rock containing 20 pore

spaces with irregular and complex shapes is taken as input to the modeling

procedures. Static capillary pressure and conductance data are computed

by the semi-analytical model for primary drainage at strongly water-

wet conditions and for the subsequent imbibition processes at mixed-

wet conditions initiated from four different initial saturations (Swi =

0.0066, 0.036, 0.10 and 0.18). The contact angle for the drainage is θw =

0◦, and the contact angles employed in the imbibition simulations are

θw = 0◦ and θc = 180◦. The simulated data (capillary pressure, conduc-

tances) from these processes are taken as input to the interacting tube

bundle model for simulating dynamic capillary pressures for an oil viscos-

ity 0.01 Pa-s, water viscosity 0.001 Pa-s and a tube bundle length of 0.1
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m.

4.3.1 Dynamic capillary pressure curves

Dynamic capillary pressure curves for primary drainage at water-wet con-

ditions, and for imbibition at mixed-wet conditions, are computed follow-

ing the procedure described in the model description part (Section 3.6.3).

The simulated results are shown in Figure 4.10. As shown in this figure,

the difference between dynamic and static capillary pressures at a deter-

mined water saturation depends on Pstep that has been deployed on each

dynamic curve; this is because a larger pressure difference ∆P is applied

when a relatively bigger Pstep is used in the simulation.

The dynamic capillary pressure curves for drainage are located at a higher

level than the static capillary pressure curve, whereas the dynamic imbi-

bition curves are located at levels lower than the static one. As expected,

the main trend is an increasing difference between dynamic and static cap-

illary pressure for an increasing Pstep (Hassanizadeh et al., 2002; Dahle

et al., 2005; Mirzaei & Das, 2007). However, for low water saturations,

the dynamic capillary pressure plateaus associated with the different con-

stant pressure differences are not always monotonically increasing with

Pstep during drainage. This is an effect of the finite resolution of the static

capillary pressure curve and the fact that the flow processes are carried

out by changing ∆P in a stepwise fashion.

Generally, the dynamic capillary pressure curves do not coincide with the

static curve when all interfaces are located at the tube end-points. This is

due to the interacting tube bundle model which attempts to arrange the

moving interfaces associated with increasing entry pressures and velocities

in the order of increasing positions xk (see Figure 3.11). Therefore, in-

terfaces with the largest entry pressures satisfying −∆P ≥ Po,res−Pw,res
during drainage may become trapped at the oil reservoir, whereas during

imbibition the interfaces with the smallest capillary entry pressures satis-

fying −∆P ≤ Po,res−Pw,res may become trapped at the water reservoir.
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(a) Drainage processes at water-wet conditions.

(b) Imbibition processes at mixed-wet conditions.

Figure 4.10: Dynamic and static capillary pressure curves computed in
the subset of an SEM image of Bentheim sandstone.
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The drainage dynamic capillary pressure curves also exhibit non-monotonic

behavior as a function of water saturation in the various plateaus associ-

ated with different constant pressure differences ∆P (see Figure 4.10(a)).

The dynamic capillary pressure plateaus at constant ∆P are decreasing

slightly with time at high water saturations, whereas for smaller water sat-

urations the dynamic plateaus at constant ∆P are increasing with time.

At high water saturations, Po,k decreases in time as the interfaces move

toward the water reservoir, implying that 〈Po〉 decreases with time. At

this stage, the average water pressure is approximately constant because

its main contribution is due to the interfaces trapped at the oil reservoir,

and hence P dync may decrease with time for large saturations. However,

when interfaces arrive at the water reservoir, the oil pressures increase to

Po,res and 〈Po〉 starts to increase with time, whereas the main contribu-

tion to 〈Pw〉 at this stage is due to moving interfaces, implying that P dync

may increase with time at small saturations. This effect is also observed

in the imbibition simulations where P dync increases with time when ∆P is

constant at small water saturations and decreases with time for constant

∆P at larger saturations. These results are in agreement with simulation

results performed with a non-interacting tube bundle model (Dahle et al.,

2005).

The resulting dynamic imbibition capillary pressure curves are presented

in Figure 4.10(b). The dynamic capillary pressure, in segments of con-

stant pressure difference ∆P , exhibits a more pronounced decline with

increasing water saturations. A similar trend was observed in the dy-

namic drainage simulations conducted at uniform water-wet conditions

where the dynamic capillary pressure in segments of constant ∆P in-

creases more at low water saturations.

4.3.2 Dynamic coefficients

The dynamic coefficient is estimated by plotting (P dync − P statc ) against

−∂Sw
∂t based on Eq. (3.35) for a given water saturation and at various
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pressure steps (Pstep).

Figure 4.11 shows that the computed (P dync −P statc ) vs −∂Sw
∂t data for the

four water saturation values considered (Sw = 0.29, 0.38, 0.60 and 0.70

for drainage and Sw = 0.15, 0.35, 0.55 and 0.80 for imbibition), display

a linear relationship; straight lines are fitted to the data sets for each

water saturation. The good fit indicates that the dynamic coefficient

is independent of the pressure step, Pstep, used for both drainage and

imbibition.

During drainage, the overall trend is that the fitted straight lines have an

increasing slope, and consequently an increasing dynamic coefficient, as

the water saturation decreases. This is also in agreement with the results

presented by Dahle et al. (2005) and Mirzaei & Das (2007).

As opposed to the simulated (P dync − P statc ) vs −∂Sw
∂t data at uniformly

water-wet conditions, the general trend for imbibition at mixed-wet condi-

tions shows that the dynamic coefficient increases with water saturation.

This in turn would suggest that the dynamic coefficient is larger for sat-

uration intervals where the slopes of the static capillary pressure curves

are steeper.

The effects of the initial water saturation on the dynamic coefficient is

also investigated as shown in Figure 4.12. In this figure, the computed

(P dync − P statc ) vs −∂Sw
∂t data for two different initial water saturations

at four constant water saturations (Sw = 0.15, 0.40, 0.68 and 0.87) are

shown along with the linear correlations fitted to these data sets. Gener-

ally, the straight lines fitted through the simulated data indicate that the

dynamic capillary coefficient increases with decreasing initial water satu-

ration, particularly for medium to high water saturations. This could be

related to the shape of the static capillary pressure curves which exhibit

steeper slopes, particularly at high water saturations, as Swi decreases.
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(a) Drainage processes at water-wet conditions.

(b) Imbibition processes at mixed-wet conditions.

Figure 4.11: Difference between dynamic and static capillary pressure
plotted as a function of the negative time derivative of water saturation at
different pressure steps for several constant water saturations. The data
are obtained from the dynamic simulations during (a) drainage at water-
wet conditions and (b) imbibition at mixed-wet conditions. Straight lines
are fitted to the simulated data based on Eq. (3.35) and the resulting
expressions are shown next to the corresponding data set.
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(a) Sw = 0.15 (b) Sw = 0.40

(c) Sw = 0.68 (d) Sw = 0.87

Figure 4.12: Difference between dynamic and static capillary pressure
plotted as a function of the negative time derivative of water saturation
at different pressure steps for constant water saturations Sw and Swi. The
data are obtained from the dynamic imbibition simulations at mixed-wet
conditions established at four different initial water saturations. Straight
line are fitted to the simulated data based on Eq. (3.35) and the resulting
expressions are shown next to the corresponding data set.
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4.4 Three-phase fluid configurations and capil-

lary pressure curves

For the numerical results presented in this section, the fluid/fluid in-

terfacial tensions in the spreading system (CS,o = 0 N/m) are given

as σgo = 0.01 N/m, σow = 0.02 N/m and σgw = 0.03 N/m. In the

non-spreading system (CS,o = -0.05 N/m), the corresponding values are

σgo = 0.01 N/m, σow = 0.02 N/m and σgw = 0.025 N/m. The oil-water

contact angles considered are θow = 0◦ and θow = 40◦, which represent a

strongly water-wet and a weaker water-wet system, respectively, and the

corresponding gas-oil and gas-water contact angles are computed from

Eqs. (3.4) and (3.5).

4.4.1 Three-phase capillary entry pressure radii

The three-phase gas-oil capillary entry radii in more than 50 Betheim

sandstone pore geometries at uniformly-wet conditions are computed from

Eqs. (3.20) and (3.21) for both spreading and non-spreading systems,

and the simulated results are shown in Figure 4.13. In this figure, the

dimensionless gas-oil capillary entry radii (defined as the ratio of gas-oil

capillary entry radius rgo,E to oil-water capillary entry radius row,E) are

plotted as a function of dimensionless oil-water radii (defined as the ratio

of oil-water radius row to oil-water capillary entry radius row,E).

The results presented in Figure 4.13(a) for the spreading system show that

for a given wetting condition, the dimensionless gas-oil capillary entry

radius,
rgo,E
row,E

increases as row decreases down to row,E . In this oil-water

radius range, gas invades water-filled pore geometries. For row
row,E

< 1,

gas invades pore geometries occupied by both oil and water, and
rgo,E
row,E

reaches an approximately constant value that depends on the contact

angles, indicating that the major part of the data in this radius range

represents two-phase gas-oil displacements with oil layer formation.

In the non-spreading system, the behavior of gas-oil capillary entry radii
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4.4. Three-phase fluid configurations and capillary pressure curves

(a) Spreading system.

(b) Non-spreading system.

Figure 4.13: Numerically determined gas-oil dimensionless capillary en-
try radii for (a) spreading and (b) non-spreading systems; red circles:
θow = 0◦, blue squares: θow = 20◦, black diamonds: θow = 40◦.
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is similar to that of a spreading system when row
row,E

> 1 (refer to Fig-

ure 4.13(b)). The difference in the behavior of the normalized
rgo,E
row,E

in

the two systems occurs for row
row,E

< 1. For the non-spreading system,
rgo,E
row,E

is larger due to the larger gas-oil contact angles. In addition, the value

of
rgo,E
row,E

decreases continuously for decreasing row
row,E

< 1, which indicates

that in this region three-phase displacement occur, in which gas displaces

both oil and water while few oil layers form.

Figure 4.13 demonstrates that the gas-oil capillary entry pressure de-

pends strongly on the existing oil/water configurations in the pore space.

Generally, the presence of an oil phase lowers the gas entry pressure, in-

dicating that for the CO2 geological storage, CO2 is stored more safely

below low-permeable formation layers in subsurface aquifers than in de-

pleted oil reservoirs. The same results were also observed recently in the

lab with the use of micro-model experiments (Gauteplass et al., 2013).

4.4.2 Three-phase fluid configurations

Gas invasion processes at constant oil-water capillary pressures are sim-

ulated in the main image of Bentheim sandstone. Figure 4.14 shows for

one of these gas invasion processes the three-phase (gas, oil and water)

fluid distributions at chosen gas-oil capillary pressures in the strongly

water-wet spreading system. The initial oil-water configuration is shown

in Figure 4.14(a). The three-phase configurations show that a larger num-

ber of oil layers exist during the low gas-oil capillary pressure stage; this

is in agreement with the micro-CT imaging results of three-phase distri-

butions of gas, oil and water in Bentheim sandstone presented by Feali

et al. (2012). Contrary to the non-spreading system, spreading oil layers

exist even at higher gas-oil capillary pressures if the oil-water capillary

pressure is sufficiently large.

Figure 4.15 shows the three-phase (gas, oil and water) fluid distributions

at selected gas-oil capillary pressures for a gas invasion process carried

out in the strongly water-wet non-spreading system. Fewer oil layers are
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4.4. Three-phase fluid configurations and capillary pressure curves

(a) Initial oil-water configurations (b) Pcgo = 4.26×103 Pa (rgo = 11.5 pixel
lengths)

(c) Pcgo = 4.90 × 103 Pa (rgo = 10 pixel
lengths)

(d) Pcgo = 6.13 × 103 Pa (rgo = 8 pixel
lengths)

(e) Pcgo = 7.54 × 103 Pa (rgo = 6.5 pixel
lengths)

(f) Pcgo = 9.80 × 103 Pa (rgo = 5 pixel
lengths)

Figure 4.14: Three phase fluid configurations at selected gas-oil capillary
pressures during gas invasion simulated with a constant oil-water capillary
pressure, Pcow = 1.9608 × 104 Pa (row = 5 pixel lengths), in a strongly
water-wet, spreading system (yellow: gas; red: oil; blue: water).
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(a) Initial oil-water configurations (b) Pcgo = 2.39×103 Pa (rgo = 20.5 pixel
lengths)

(c) Pcgo = 2.72 × 103 Pa (rgo = 18 pixel
lengths)

(d) Pcgo = 3.50 × 103 Pa (rgo = 14 pixel
lengths)

(e) Pcgo = 4.46 × 103 Pa (rgo = 11 pixel
lengths)

(f) Pcgo = 1.96 × 104 Pa (rgo = 2.5 pixel
lengths)

Figure 4.15: Three phase fluid configurations at selected gas-oil capillary
pressures during gas invasion simulated with a constant oil-water capillary
pressure, Pcow = 1.9608 × 104 Pa (row = 5 pixel lengths), in a strongly
water-wet, non-spreading system (yellow: gas; red: oil; blue: water).
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observed in this case as compared to the spreading system. However,

Figures 4.15(c)- 4.15(d) show that some oil layers do exist between bulk

gas and corner water and that the gas-oil interfaces are relatively flat;

these findings are in agreement with the fluid distributions observed by

(Feali et al., 2012) in Bentheim sandstone using micro-CT imaging tech-

niques. In the non-spreading system, gas invades preferentially first the

larger pores that are occupied by oil in the pore centers and water in the

pore corners. Gas displaces all the oil, while gas-water AMs form in the

pore corners and constrictions. Oil layer formation is, in most cases, pro-

hibited due to the larger gas-oil contact angle in the strongly water-wet,

non-spreading system.

4.4.3 Three-phase capillary pressure curves

The simulated gas-oil capillary pressure curves in the main image of

Bentheim sandstone are shown in Figure 4.16 for all the gas invasion

processes, initiated at different constant oil-water capillary pressures,

and performed for spreading and non-spreading systems at strongly and

weakly water-wet conditions. This figure shows that the gas-oil capillary

pressure curves collapse to an almost unique curve as a function of the

total liquid saturation int eh major part of the three-phase region, and

therefore the gas-oil capillary pressure can be approximated by a function

of gas saturation only. However, at small to intermediate gas saturations

in the non-spreading systems, the simulated gas-oil capillary pressure

curves are located within a narrow band (see for example Figure 4.16(c)

and Figure 4.16(d)). This behavior is attributed to the formation of gas-

water interfaces when gas invades pore spaces which are saturated with

both oil and water. Hence, the presence of water in the pore corners,

as well as the initial oil-water capillary pressure, affects the gas-oil cap-

illary entry pressure. Such a three-phase displacement is associated with

a different capillary entry pressure than the one required for the oil layer

formation process in which gas displaces only oil at a two-phase gas-oil

capillary entry pressure. The presence of corner water may also change
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the invasion order of the pore spaces compared to the two-phase gas-oil

displacements.

At low oil saturations, the simulated three-phase gas-oil capillary pres-

sure depends strongly on tow saturations. This changed behavior occurs

because gas has started to invade water-filled pores while oil still exists

in the medium. For the non-spreading systems, the oil is located in a

few small pore areas at small oil saturations, and gas invasion results in

formation of gas-water interfaces as described in Figure 4.16(c) and Fig-

ure 4.16(d). However, it is for the weakly water-wet spreading system this

changed saturation dependency of the gas-oil capillary pressure is most

significant, as shown in Figure 4.16(b). In this case oil layer formation

occurs most frequently, and thin oil layers are observed to remain present

at very small oil saturations even after gas has started to invade pores

occupied by water, leading to the non-unique gas-oil capillary pressure

curves in the small oil saturation range as shown in Figure 4.16(b).
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4.4. Three-phase fluid configurations and capillary pressure curves

(a) Strongly water-wet spreading system (b) Weakly water-wet spreading system

(c) Strongly water-wet non-spreading sys-
tem

(d) Weakly water-wet non-spreading sys-
tem

Figure 4.16: Three-phase gas-oil capillary pressure curves as a function
of gas saturation for different constant oil-water capillary pressures.
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Chapter 5

Conclusions and Future

Work

5.1 Conclusions

Two- and three-phase capillary pressure curves and fluid configurations

were simulated in high resolution segmented 2D rock images by devel-

oping further a combinatorial, semi-analytical method. The simulated

capillary pressure and associated fluid-configuration conductances were

adopted as input for the interacting tube bundle model to simulate the

two-phase saturation profile development under capillary-viscous force

dominated flow conditions. Dynamic effects in capillary pressure curves

were investigated with the extended interacting tube bundle model and

a proper phase averaging algorithm. The conclusions of this work are

summarized as follows:

• The level of computed capillary pressure curves for uniformly water-

wet conditions depends on the contact angle of the fluid/solid sur-

faces, and the traditional J-function is capable of scaling the wet-

tability effects in the simulated capillary pressure curves.
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5.1. Conclusions

• Computed capillary pressure curves and corresponding fluid config-

urations depend strongly on wettability and initial water saturation

for mixed-wet conditions. Generally, capillary pressure curves ob-

tained in systems with larger contact angles and smaller initial water

saturations at the end of drainage exhibit more oil-wet behavior.

• An improved J-function for mixed-wet conditions is developed to

describe more accurately the variability of formation wettability in

reservoir simulation models; the proposed J-function works satisfac-

torily for measured imbibition capillary pressure curves in sandstone

mixed-wet conditions.

• Non-wetting phase (e.g., CO2) entry pressures are (a) strongly af-

fected by the presence of a third intermediate-wet phase (e.g., oil)

in the pore space and (b) strongly dependent on the existing initial

fluid (e.g., oil/water) configuration existing in the pore space. Gen-

erally, the presence of an oil phase lowers the CO2 entry pressure

at water-wet conditions, indicating that CO2 is stored more safely

below low-permeable formation layers in subsurface aquifers than

in depleted oil reservoirs.

• The computed three-phase fluid configurations exhibit the same

trends as recently published experimental fluid configurations that

are obtained from micro-CT imaging in Bentheim sandstone. Gen-

erally, spreading systems clearly display oil-layer behavior, espe-

cially in a high oil-water capillary pressure state. Non-spreading

systems have fewer oil layers, while some thick oil layers exist when

the gas-oil capillary pressure is relatively low.

• The gas-oil capillary pressure at water-wet conditions seems to be

described well as a function of only the gas saturation in the major

part of the three-phase region, despite three-phase displacements

in which gas displaces both oil and water occur frequently in indi-

vidual pore geometries for the non-spreading systems. At small oil
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saturations, the gas-oil capillary pressure depends strongly on two

saturations, which is particularly visible in the results for the weakly

water-wet spreading system because thin oil layers exist after gas

has started to invade pores occupied by water only.

• The simulated saturation profiles at mixed-wet conditions, exhibit

an increasingly gradual behavior with time as the contact angle

defined on the oil-wet solid surfaces increases or the initial water

saturation decreases. Steep Buckley-Leverett profiles were observed

for high flow rates at larger initial water saturations and smaller

contact angles defined on the oil-wet solid surfaces.

• In the interacting tube bundle model, front menisci associated with

positive capillary pressures promote oil displacement by water, whereas

for large and negative capillary pressures at small flow rates oil dis-

places water because the associated front menisci retract. This re-

sults in the development of pronounced gradual saturation fronts at

mixed-wet conditions.

• Simulated dynamic capillary pressure curves are located at a higher

capillary level than the corresponding static curve for drainage,

whereas for imbibition the dynamic curve is located at a lower capil-

lary level than the corresponding static curve, regardless the porous

medium wetting condition. The difference becomes larger as the

pressure step applied in the simulations is increased.

• The simulation obtained dynamic capillary coefficient is a function

of saturation and appears bo be independent of the incremental

pressure step, which is consistent with the results reported in pre-

vious studies.

• For imbibition, the main trend is that the dynamic capillary co-

efficient increases with decreasing water saturations at water-wet

conditions, whereas for mixed- to oil-wet conditions the dynamic

coefficient increases with increasing water saturation. Imbibition
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processes simulated at mixed- to oil-wet conditions indicate that

the dynamic capillary coefficient increases with decreasing initial

water saturation.

5.2 Future work

The following recommendations for future work are suggested:

• Improve the current mixed-wet model, which is based on the work of

Kovscek et al. (1993), to include a transition zone near the contact

line, as deposition of crude oil components is observed to occur

non-uniformly and reaching a plateau at a finite distance outside of

the remaining bulk water phase, as reported by Kumar & Fogden

(2010).

• Extend the semi-analytical model to simulate three-phase capillary

pressure and associated fluid configurations in mixed-wet complex

pore spaces and formulate physically-based capillary pressure cor-

relations based on simulated results.

• Extend the models to account for phase entrapment. This can

be done by constructing a pore-network model and utilize com-

plex pore geometries from segmented SEM images as throat cross-

sections. Another possibility is to use SEM images from different

cross-sections along the core and implemented sound rules for pore

interconnectivity between the different sections (Wang & Dong,

2011). A third possibility is to account for these features by in-

troducing correction parameters in the simulated results performed

with the present model (Virnovsky et al., 2009).

• Perform quantitative comparisons between the results obtained from

interacting tube bundle model with water flooding experimental re-

sults in core samples.
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• Formulate physically-sound correlations for dynamic capillary co-

efficient for various wettabilities and initial water saturations for

reservoir simulation.

• Apply the developed modeling procedures to segmented SEM im-

ages of other rock materials, such as carbonates, including chalk.
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Paper 1 

Zhou, Y., Helland, J.O., Hatzignatiou, D.G. (2011) 

A model for imbibition in pore spaces from 2D rock images, 

In Proc. of the Pore2Field International Conference, IFP Energies 
nouvelles, France, Nov. 16-18, 2011. 

Abstract: We model viscous- and capillary-controlled fluid displacement 
directly in 2D rock images by considering the identified pore spaces as 
cross-sections in a bundle of capillary tubes. The phase pressures vary 
with length positions but remain unique in each cross-section; this leads 
to a nonlinear system of equations that are solved for the interface 
positions as a function of time. The cross-sectional fluid configurations 
are computed accurately at any capillary pressure and wetting condition 
by a semi-analytical model. Evolution of saturation profiles during 
imbibition is simulated for different wetting conditions, viscosity ratios 
and injection rates. An attractive feature of the model is the opportunity 
to evaluate the effects of pore-scale mechanisms on macro-scale 
properties because the flow simulations and required input data are 
calculated consistently in identical geometries.   

 

 

 

 



Paper 2 

Zhou, Y., Helland, J.O., and Hatzignatiou, D.G. (2013).  

A Dimensionless Capillary Pressure Function for Imbibition Derived 
From Pore-Scale Modeling in Mixed-Wet-Rock Images.  SPE J.  18 (2): 

296-308. SPE-154129-PA. http://dx.doi.org/10.2118/154129-PA. 

Abstract: It has been demonstrated experimentally that Leverett's J-function yields almost unique 
dimensionless drainage capillary pressure curves in relatively homogeneous rocks at strongly water-wet 
conditions, whereas for imbibition at mixed-wet conditions, it does not work satisfactorily because the 
permeability dependency on capillary pressure has been reported to be weak. The purpose of this study is 
to formulate a new dimensionless capillary pressure function for mixed-wet conditions on the basis of 
pore-scale modeling, which could overcome these restrictions. We simulate drainage, wettability 
alteration, and imbibition in 2D rock images by use of a semianalytical pore-scale model that represents 
the identified pore spaces as cross sections of straight capillary tubes. The fluid configurations occurring 
during drainage and imbibition in the highly irregular pore spaces are modeled at any capillary pressure 
and wetting condition by combining the free-energy minimization with an arc meniscus (AM)-
determining procedure that identifies the intersections of two circles moving in opposite directions along 
the pore boundary. Circle rotation at pinned contact lines accounts for mixed-wet conditions. Capillary 
pressure curves for imbibition are simulated for different mixed-wet conditions in Bentheim sandstone 
samples, and the results are scaled by a newly proposed improved J-function that accounts for differences 
in formation wettability induced by different initial water saturations after primary drainage. At the end of 
primary drainage, oil-wet-pore wall segments are connected by many water-wet corners and constrictions 
that remain occupied by water. The novel dimensionless capillary pressure expression accounts for these 
conditions by introducing an effective contact angle that depends on the initial water saturation and is 
related to the wetting property measured at the core scale by means of a wettability index. 

The accuracy of the proposed J-function is tested on 36 imbibition capillary pressure curves for different 
mixed-wet conditions that are simulated with the semianalytical model in scanning-electron-microscope 
(SEM) images of Bentheim sandstone. The simulated imbibition capillary pressure curves and the 
reproduced curves, based on the proposed J-function, are in good agreement for the mixed-wet conditions 
considered in this study. The detailed behavior is explained by analyzing the fluid displacements 
occurring in the pore spaces. It is demonstrated that the proposed J-function could be applied to mixed-
wet conditions to generate a family of curves describing different wetting states induced by assigning 
different wetting properties on the solid surfaces or by varying the initial water saturation after primary 
drainage. The variability of formation wettability and permeability could be described more accurately in 
reservoir-simulation models by means of the proposed J-function, and hence the opportunity arises for 
improved evaluation of core-sample laboratory experiments and reservoir performance. 
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Paper 3 

Zhou, Y., Helland, J.O. and  Hatzignatiou, D.G. (2013) 

Pore-Scale Modelling of Water Flooding in Mixed-Wet Rock Images: 
Effects of Initial Saturation and Wettability, SPE Journal. SPE-154284-
PA (in press; posted 5 July 2013) http://dx.doi.org/10.2118/154284-PA. 

Abstract: We simulate transient behavior of viscous- and capillary-dominated water invasion at mixed-
wet conditions directly in scanningelectron- microscope (SEM) images of Bentheim sandstone by treating 
the pore spaces as cross sections of straight tubes. Initial conditions are established by drainage and 
wettability alteration. Constant rate or differential pressure is imposed along the tube bundle. The phase 
pressures vary with positions along the tube length but remain unique in each cross section, consistent 
with 1D core-scale models. This leads to a nonlinear system of equations that are solved for the interface 
positions as a function of time. The cross-sectional fluid configurations are computed accurately at any 
capillary pressure and wetting condition by a semianalytical model that is based on free-energy 
minimization. The fluid conductances are estimated by newly derived explicit expressions that are shown 
to be in agreement with numerical computations performed directly on the cross-sectional fluid 
configurations. An SEM image of Bentheim sandstone is taken as input to the developed model for 
simulating the evolution of saturation profiles during waterfloods for different flow rates and several 
mixed-wet conditions, which are established with various initial water saturations and contact angles. It is 
demonstrated that the simulated saturation profiles depend strongly on initial water saturation at 
mixedwet conditions. The saturation profiles exhibit increasingly gradual behavior in time as the contact 
angle, defined on the oil-wet solid surfaces, increases or the initial water saturation decreases. Front 
menisci associated with positive capillary pressures promote oil displacement by water, whereas for large 
and negative capillary pressures at small flow rates, oil displaces water because the associated front 
menisci retract. This results in the development of pronounced gradual saturation fronts at mixed-wet 
conditions. The waterfloods simulated at conditions established with a large initial water saturation and 
small contact angle on the oil-wet solid surfaces exhibit sharp Buckley-Leverett saturation profiles for 
high flow rates because the capillary pressure is small and less important. The shape of the saturation 
profiles is interpreted on the basis of the simulated capillary pressure curves and the corresponding fluid 
configurations occurring in the rock image.  
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Paper 4 

 Zhou, Y., Helland, J.O., and Jettestuen, E. (2013) 

Dynamic Capillary Pressure Curves From Pore-Scale Modeling in 
Mixed-Wet-Rock Images. SPE J. 18 (4): 634-645. SPE-154474-

PA. http://dx.doi.org/10.2118/154474-PA. 

Abstract: In reservoir multiphase-flow processes with high flow rates, both viscous and capillary forces 
determine the pore-scale fluid configurations, and significant dynamic effects could appear in the 
capillary pressure/saturation relation. We simulate dynamic and quasistatic capillary pressure curves for 
drainage and imbibition directly in scanning-electron-microscope (SEM) images of Bentheim sandstone 
at mixed-wet conditions by treating the identified pore spaces as tube cross sections. The phase pressures 
vary with length positions along the tube length but remain unique in each cross section, which leads to a 
nonlinear system of equations that are solved for interface positions as a function of time. The cross-
sectional fluid configurations are computed accurately at any capillary pressure and wetting condition by 
combining free-energy minimization with a menisci-determining procedure that identifies the 
intersections of two circles moving in opposite directions along the pore boundary. Circle rotation at 
pinned contact lines accounts for mixed-wet conditions. Dynamic capillary pressure is calculated with 
volume-averaged phase pressures, and dynamic capillary coefficients are obtained by computing the time 
derivative of saturation and the difference between the dynamic and static capillary pressure. Consistent 
with previously reported measurements, our results demonstrate that, for a given water saturation, 
simulated dynamic capillary pressure curves are at a higher capillary level than the static capillary 
pressure during drainage, but at a lower level during imbibition, regardless of the wetting state of the 
porous medium. The difference between dynamic and static capillary pressure becomes larger as the 
pressure step applied in the simulations is increased. The model predicts that the dynamic capillary 
coefficient is a function of saturation and is independent of the incremental pressure step, which is 
consistent with results reported in previous studies. The dynamic capillary coefficient increases with 
decreasing water saturation at water-wet conditions, whereas, for mixed- to oil-wet conditions, it 
increases with increasing water saturation. The imbibition simulations performed at mixed- to oil-wet 
conditions also indicate that the dynamic capillary coefficient increases with decreasing initial water 
saturation. 

The proposed modeling procedure provides insights into the extent of dynamic effects in capillary 
pressure curves for realistic mixed-wet pore spaces, which could contribute to the improved interpretation 
of core-scale experiments. The simulated capillary pressure curves obtained with the pore-scale model 
could also be applied in reservoir-simulation models to assess dynamic pore-scale effects on the Darcy 
scale. 
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Paper 5 

Zhou, Y., Helland, J. O. and Hatzignatiou, D.G. (2013). Computation of 
three-phase capillary entry pressures and arc menisci configurations in 

pore geometries from 2D rock images: a combinatorial approach. 
Submitted to Advances in Water Resources, October 2013. 

Abstract: We present a semi-analytical, combinatorial approach to compute three-phase capillary entry 
pressures for gas invasion into pore throats with constant cross-sections of arbitrary shapes that are 
occupied by oil and/or water. For a specific set of three-phase capillary pressures, geometrically allowed 
gas/oil, oil/water and gas/water arc menisci are determined by moving two circles in opposite directions 
along the pore/solid boundary for each fluid pair such that the contact angle is defined at the front circular 
arcs. Intersections of the two circles determine the geometrically allowed arc menisci for each fluid pair. 
The resulting interfaces are combined systematically to allow for all geometrically possible three-phase 
configuration changes. The three-phase extension of the Mayer & Stowe – Princen method is adopted to 
calculate capillary entry pressures for all determined configuration candidates, from which the most 
favorable gas invasion configuration is determined. The model is validated by comparing computed three-
phase capillary entry pressures and corresponding fluid configurations with analytical solutions in 
idealized triangular star-shaped pores. It is demonstrated that the model accounts for all scenarios that 
have been analyzed previously in these shapes. Finally, three-phase capillary entry pressures and 
associated fluid configurations are computed in throat cross-sections extracted from segmented SEM 
images of Bentheim sandstone. The computed gas/oil capillary entry pressures account for the expected 
dependence of oil/water capillary pressure in spreading and non-spreading fluid systems at the considered 
wetting conditions. Because these geometries are irregular and include constrictions, we introduce three-
phase displacements that have not been identified previously in pore-network models that are based on 
idealized pore shapes. However, in the limited number of pore geometries considered in this work, we 
find that the favorable displacements are not generically different from those already encountered in 
network models previously, except that the size and shape of oil layers that are surrounded by gas and 
water are described more realistically. The significance of the results for describing oil connectivity in 
porous media accurately can only be evaluated by including throats with more complex cross-sections in 
three-phase pore-network models. 

 

 

 

 

 



Paper 6 

Zhou, Y., Helland, J.O., Hatzignatiou, D.G. (2013) 

Simulation of three phase capillary pressure curves directly in 2D rock 
images, paper IPTC 16547 presented at the International Petroleum 
Technology Conference held in Beijing, China, 26–28 March 2013. 

Abstract: Pore-scale modeling of three-phase capillary pressure in realistic pore geometries could 
contribute to an increased knowledge of three-phase displacement mechanisms and also provide support 
to time-consuming and challenging core-scale laboratory measurements. In this work we have developed 
a semi-analytical model for computing three-phase capillary pressure curves and the corresponding three-
phase fluid configurations in uniformly-wet rock images encountered during tertiary gas invasion. The 
fluid configurations and favorable entry pressure are determined based on free energy minimization by 
combining all physically allowed gas-oil, gas-water, and oil-water arc menisci in various ways. The 
model is shown to reproduce all three-phase displacements and capillary entry pressures that previously 
have been derived in idealized angular tubes for gas invasion at uniform water-wet conditions. These 
single-pore displacement mechanisms include (i) gas invasion into pores occupied by oil and water 
leading to simultaneous displacement of the three fluids, (ii) simultaneous invasion of bulk gas and 
surrounding oil into water filled pores, and finally (iii) the pure two-phase fluid displacements in which 
gas invades pores occupied by either water or oil. 

    The proposed novel semi-analytical model is validated against existing analytical solutions developed 
in a star-shape pore space, and subsequently employed on an SEM image of Bentheim sandstone to 
simulate three-phase fluid configurations and capillary pressure curves at uniform water-wet conditions 
and different spreading coefficents. The simulated fluid configurations for the different spreading 
coefficients show similar oil layer behaviour as previously published experimental three-phase fluid 
configurations obtained by computed microtomography in Bentheim sandstone. The computed saturation 
paths indicate that three-phase oil-water capillary pressure is a function of the water saturation only, 
whereas the three-phase gas-oil capillary pressure appears to be a function of two saturations. This is 
explained by the three-phase displacements occurring in the majority of the simulations, in which gas-
water interfaces form immediately during gas invasion into oil- and water-saturated pore shapes. 

 

 

 

 

 



Paper 7 

Zhou, Y., Helland, J.O., Hatzignatiou, D.G. (2013) 

Simulation of three phase capillary pressure curves directly in 2D 
uniformly-wet rock images. Manuscripts under preparation, 2013.  

Abstract: Pore-scale modeling of three-phase capillary pressure in realistic pore geometries could 
contribute to an increased knowledge of three-phase displacement mechanisms and also provide support 
to time-consuming and challenging core-scale laboratory measurements. In this work we have developed 
a semi-analytical model for computing three-phase capillary pressure curves and the corresponding three-
phase fluid configurations for gas invasion processes in uniformly-wet rock images. The fluid 
configurations and favorable capillary entry pressures are determined based on free energy minimization 
by combining all physically allowed gas-oil, gas-water, and oil-water arc menisci in various ways. The 
model is shown to reproduce all three-phase displacements and capillary entry pressures that previously 
have been derived in idealized angular tubes for gas invasion at uniform water-wet conditions. These 
single-pore displacement mechanisms include (i) gas invasion into pores occupied by oil and water 
leading to simultaneous displacement of the three fluids, (ii) simultaneous invasion of bulk gas and 
surrounding oil into water filled pores, and finally (iii) the pure two-phase fluid displacements in which 
gas invades pores occupied by either water or oil. 

The proposed semi-analytical model is validated against existing analytical solutions developed in a star-
shape pore space, and subsequently employed on an SEM image of Bentheim sandstone to calculate 
three-phase fluid configurations and capillary pressure curves at uniform water-wet conditions and 
different spreading coefficients for gas invasion processes. The simulated fluid configurations for the 
different spreading coefficients show similar oil layer behaviour as previously published experimental 
three-phase fluid configurations obtained by micro-tomography in Bentheim sandstone. The computed 
saturation paths for gas invasion indicate that the oil-water capillary pressure can be described as a 
function of the water saturation only. The gas-oil capillary pressure can be represented as a function of 
only the gas saturation in the major part of the three-phase region, despite three-phase displacements in 
which gas displaces both oil and water occur frequently in individual pore geometries for the non-
spreading systems, which slightly reduces the accuracy of such a representation. At small oil saturations, 
the simulated results indicate that the gas-oil capillary pressure depends strongly on two saturations, 
which is particularly visible in the weakly water-wet spreading system because thin oil layers still exists 
when gas has started to invade water-filled pore geometries. 
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