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Abstract

Multiphase flow in porous media is found in a variety of engineering problems, including in technologies
focused on satisfying the energy needs of an expanding global population while minimizing the effects of
human activity on climate change. The objective of this study is to provide a better understanding of the
importance and interdependence of the wettability-altered fraction, the degree of wettability alteration,
and the spatially-varying contact angle assignment in influencing the pore-scale and macroscale flow
properties. In order to conduct this investigation and analyze the effects on the relative permeability
curves and fluid configurations, the Shan-Chen multi-relaxation-time multicomponent lattice Boltzmann
model with explicit forcing is utilized, and domains of increasing fractions of wettability-altered pores
are generated. We find that the fraction altered, the degree of alteration, and the accurate contact
angle assignment are all correlated, and play a role to varying extents in influencing the flow behavior
and the resulting relative permeability curves. The fraction altered displays the strongest effect, and
the effects of the degree of alteration and contact angle assignment increase when a larger fraction of
the sample has undergone wettability alteration. A sample that has undergone fractional wettability
alteration results in a larger resistance to the overall flow and more tortuous flow paths, at intermediate
saturations, in comparison to a strongly water/oil wetting domain. In a high porosity domain that is
becoming increasingly oil-wet, the degree of wettability alteration has a more pronounced effect on the
flow behavior of the oil phase, whereas the flow of the water phase remains dictated by the large pore
spaces and the regions of the domain that have not undergone wettability alteration until a significant
fraction of the domain has been altered. Moreover, a spatially-varying contact angle assignment becomes
more important for a system with a large distribution of contact angles. The results demonstrate the
correlations between wettability alteration and pore geometry and highlight the need for an algorithm
that captures the true time-dependent wettability state of a porous medium sample.

Keywords: Relative permeability, Wettability alteration, Porous media, Multiphase flow, Lattice
Boltzmann method, MRT

1. Introduction

Many of the pressing challenges of the twenty-
first century are dictated by the physics of mul-
tiphase flow in porous media. These challenges
include, but are not limited to, providing an un-
interrupted energy supply and access to clean wa-
ter for a rapidly growing global population while
mitigating the harmful environmental impacts of
human activity on climate change. A substantial
portion of the world’s current energy sources are
located in porous underground reservoirs in the
form of hydrocarbons. Moreover, carbon capture
and sequestration (CCS), which involves captur-
ing and injecting carbon dioxide in porous under-
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ground reservoirs, is an increasingly implemented
method which aims to minimize these emissions,
and thus reduce the effects of human activity on
climate change. Many other scientific and engi-
neering applications such as fuel cells, contami-
nant transport, and membranes for desalination
are governed by the principles of flow in porous
media. Hence, it is of paramount importance to
continue to enhance our understanding of the rel-
evant physical phenomena associated with flow in
porous media [1].

The relative permeability of a porous medium is
a measure of the sample’s ability to conduct one
fluid in the presence of one or more other fluids
[2]. The relative permeability curves are a func-
tion of many parameters, such as the pore geom-
etry, topology, capillary number, viscosity ratio,
saturation history, and wettability [3, 4]. The wet-
tability of a porous medium can be defined as the
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competition between multiple immiscible fluids to
adhere on the medium’s solid surface and plays an
important role in influencing multiphase flow in
porous media [3]. Wettability at the pore-scale is
typically defined using the contact angle, which is
the angle that the fluid-fluid interface forms with
the solid surface [5, 6]. A fluid is said to pref-
erentially wet the surface if the contact angle it
forms is less than 90o. Wettability is a signifi-
cant parameter that controls the pore-scale flow
behavior and the resulting macroscale multiphase
properties such as relative permeability and cap-
illary pressure [7, 8]. For example, in [9], the im-
pact of wettability on the capillary displacement
in a two-dimensional porous media was investi-
gated by varying the contact angle of the invading
fluid. In the non-wetting limit, the fluid invasion
pattern was consistent with percolation and the
growth of the invading cluster occurred in bursts.
As the domain became more wetting to the invad-
ing fluid, growth mechanisms became dominated
by overlaps and touches, and the finger width in
the invasion pattern increased until a divergence of
the finger width was observed at a critical contact
angle. Below the critical contact angle, a transi-
tion from percolation to a uniform flood occurred.
Additionally, in [10], the effect of wettability on
viscously unfavorable fluid-fluid displacement was
analyzed, and it was shown that increasing the
wettability of the domain with respect to the in-
vading fluid improved the efficiency of the defend-
ing fluid displacement, due to cooperative pore fill-
ing, until a critical wetting transition was reached
and the trend was reversed. Wettability has also
been investigated in the context of residual trap-
ping. It has been demonstrated that the wetta-
bility distribution strongly impacts capillary trap-
ping, with conflicting recommendations about the
optimal wettability condition in order to suppress
or improve residual trapping [11, 12, 13, 14].

The wettability distribution of a porous medium
sample can either be homogeneous or heteroge-
neous. For the homogeneous case, the various
fluids have a uniform wetting preference through-
out the whole sample. Most previous studies have
investigated multiphase flow in systems with ho-
mogeneous wettability distributions despite the
significant impact of wettability heterogeneity on
relative permeability, capillary pressure, and re-
covery efficiency [8, 15]. In many of the sys-
tems of interest, and, for example, in a drainage
process where oil displaces an initially water-
saturated porous medium, wettability alteration
typically occurs due to polar interactions between
the oil and the solid surface [16]. A similar phe-
nomenon occurs in contaminant transport, where
non-aqueous phase liquid (NAPL) additives ad-
sorb onto the solid surface [17]. As a result, a

heterogeneous wettability distribution (mixed-wet
system) is typically encountered in these systems
and providing a better understanding of its effect
on both the pore-scale and macroscale flow prop-
erties is an important task.

1.1. Background

An understanding of the microscopic physics
serves as a prelude towards determining the
macroscopic transport properties of flow in porous
media. However, characterizing and predicting
the pore-scale physics in porous media involves
many challenges. The most prominent challenge
stems from the heterogeneous, complicated, and
system-dependent topology of porous media [18].
In these geological systems, the size of the highly
heterogeneous pores where the fluids reside is on
the order of micrometers [19]. Therefore, typical
macroscale (Darcy’s-law based) models which ne-
glect the pore-scale flow details fail to effectively
capture many commonly observed physical phe-
nomena such as hysteresis, capillary trapping, and
Haines jump [20, 21, 22, 23]. As a result, in
order to improve our understanding of the mi-
croscale fundamental mechanisms that result in
the macroscale natural processes, correctly captur-
ing and simulating the pore-scale physical behav-
ior in these systems is necessary.

The continuing advancements in computational
tools and the development of image-processing
methods have enabled numerical models to be-
come an attractive solution to quickly and cost-
efficiently simulate and understand the pore-scale
physics in porous media [24]. Several numer-
ical methods have been proposed in order to
investigate multiphase flow within porous me-
dia. These methods include the lattice Boltzmann
method (LBM) [25, 26], pore-scale network mod-
eling (PNM) [27, 28], and grid-based computa-
tional fluid dynamics (CFD) methods such as the
volume of fluid (VOF) method [29, 30], the level
set (LS) method [31], and the phase-field method
[32]. Pore-scale network modeling is implemented
by constructing a sample network of pores and
throats representing the porous medium of interest
and simulating the fluid flow on the extracted net-
work [33, 34, 35]. The main advantage of PNM is
the computational efficiency, making the method
ideal for use on large samples. However, the main
drawback of this approach is that a medium’s het-
erogeneity is incorporated by making simplifica-
tions in the domain representation [36], and there-
fore, the networks do not capture the true pore
structure and connectivity of a sample that can be
obtained by advanced tomographic imaging [37].
As a result, losses in accuracy are expected as
the medium complexity increases [38]. Traditional
grid-based computational fluid dynamics (CFD)
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methods solve the Navier-Stokes equations while
implementing a technique to track and capture
the fluid-fluid interface. The main difficulties asso-
ciated with grid-based CFD methods are captur-
ing and tracking the dynamic fluid-fluid interface
for multiphase flows in addition to incorporating
fluid-solid interfacial effects [37, 38]. As an alter-
native, the LBM is a robust and efficient algorithm
which can be used to simulate flows in geometri-
cally complex porous media. The LBM utilizes
particle distribution functions (PDFs), or simply
particles, to model a group of fluid molecules [39]
and is ideal for use with micro computed tomogra-
phy (micro-CT) scanned images of porous media,
thus enabling the precise determination of trans-
port properties in real porous media. In addi-
tion, capturing the interface is not required in the
LBM since the interface arises automatically due
to phase separation [40]. The LBM also has fur-
ther advantages such as local computation, which
increases the method’s suitability for parallel im-
plementation and improves its computational effi-
ciency [41]. As a result, the LBM is a strong can-
didate for investigating and simulating multiphase
and multicomponent flows in porous media. Vari-
ous multiphase and multicomponent models have
been proposed such as the pseudo-potential model
[42], color-gradient model [43], free-energy model
[44], and mean-field model [45].

The LBM has been gaining in popularity for
simulating multiphase flow in porous media on
both realistic [26, 46] and ideal pore structures
(sphere packs) [47, 48]. Pore-scale LBM simula-
tions investigating the effects of various parame-
ters such as the pore structure, capillary number,
viscosity ratio, interfacial tension, and wettability
on the relative permeability curves have been con-
ducted [5, 25, 49, 50, 51, 52, 53, 54, 55, 56]. How-
ever, LBM investigations of the impact of mixed
wettability systems on relative permeability are
more limited. For example, in the work of [53, 54],
the wettability is altered at the portion of the do-
main in contact with the non-wetting phase at the
end of drainage. Furthermore, a sensitivity anal-
ysis is conducted to investigate the impact of the
degree of wettability alteration for a given initial
fluid saturation in [54]. It was found that the non-
wetting phase is more sensitive to wettability al-
teration, and displays a decrease in relative per-
meability, whereas minimal changes are observed
in the wetting phase relative permeability. This
is in contrast to the pore network modeling study
of [57], which found a significant reduction in both
the non-wetting and wetting phase relative perme-
ability in a mixed-wet limestone. An additional in-
vestigation was conducted in [5], where the relative
permeability curves were obtained for increasing
oil-wet solid fractions of an initially fully water-

wet domain. Similarly, the impact of wettability
heterogeneity on the pore-scale displacement dy-
namics and the capillary trapping mechanism in
a supercritical CO2-brine system was investigated
in [8]. It was found that the heterogeneous wet-
tability distributions have a significant impact on
the fluid distributions, resulting in more tortuous
flow paths and a higher interfacial area between
the fluid phases. Moreover, the impact of wetta-
bility also extends to the fluid entrapment patterns
and the phase connectivity. In all of these inves-
tigations, the wettability is altered to a constant
value. However, in the recent study of [58], in-situ
measured experimental contact angles were incor-
porated into the simulations and compared against
a waterflooding experiment. The assignment of a
constant and non-uniform contact angle was inves-
tigated, and it was found that the constant contact
angle assignment predicted a 54% higher water
effective permeability, while the spatially-varying
contact angle assignment resulted in less than 1%
relative error.

The objective of this study is to investigate the
relative importance of the wettability-altered frac-
tion (the portion of the domain undergoing wet-
tability alteration), the degree of wettability al-
teration (the extent wettability is varied at the
wettability-altered fractions), and the accurate
contact angle assignment, and their effects on rel-
ative permeability and fluid configurations using
the Shan-Chen multicomponent lattice Boltzmann
method (SCMC-LBM). In order to conduct the
investigation, domains of increasing fractions of
wettability-altered pores are created and the im-
pacts on relative permeability and fluid configura-
tion are studied by assigning both a uniform and
spatially-varying contact angle at the wettability-
altered portion of the domain. The goal is to mo-
tivate the need for a time-dependent wettability
alteration algorithm for the LBM. In the next sec-
tion, the Shan-Chen multi-relaxation-time (MRT)
multicomponent lattice Boltzmann model is intro-
duced, and the steps associated with implement-
ing the model are explained. The model is then
validated using standard benchmark tests: static
droplet, contact angle, and layered flow. Following
that, the effects of the capillary number (driving
force), viscosity ratio, and varying homogeneous
wettability are studied in order to confirm that
the model captures the expected trends in rela-
tive permeability. In the heterogeneous wettabil-
ity test, domains of increasing wettability-altered
fractions are used, and the impacts of the degree
of wettability alteration are analyzed using both
a constant and a spatially-varying contact angle
assignment. In the final section, conclusions are
drawn and suggestions for future work are pro-
vided.
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2. Methods: Shan-Chen Multicomponent
Lattice Boltzmann Model (SCMC-LBM)
with Explicit Forcing

In this work, we employ the SCMC-LBM with
the MRT collision model [59, 60]. The MRT col-
lision operator has been used since it has been
demonstrated to be more accurate and stable than
the standard Bhatnagar-Gross-Krook (BGK) col-
lision operator [61]. In the MRT model [62, 63, 64],
the collision process is performed in the moment
space while the streaming process is carried out in
the velocity space. The lattice Boltzmann equa-
tion (LBE) using the MRT collision operator, and
in the presence of external forcing, is presented in
Eq. (1) [65]:

fσ(x+ eiδt, t+ δt)− fσ(x, t) =

− (M−1SσM)(fσ(x, t)− fσ,eq(x, t))

+ [M−1(I− Sσ

2
)M]F

σ
(x, t) (1)

where fσ is the b-dimensional particle distribu-
tion function (PDF) vector of a component σ at
a specific lattice node, ei is the ith component of
the discrete velocity vector, x is the location of
the lattice node, δt is the length of the time step,
fσ,eq(x, t) is the b-dimensional equilibrium par-

ticle distribution function vector, F
σ
(x, t) is the

forcing term, M is a b× b transformation matrix,
and S is a diagonal matrix of the various relaxation
rates given by:

S = diag(sσρ , s
σ
e , s

σ
ε , s

σ
j , s

σ
q , s

σ
j , s

σ
q , s

σ
v , s

σ
v ) (2)

For stability reasons, each relaxation rate occu-
pies a value bounded by 0 and 2. Since the density
(ρ) and linear momentum (jx, jy) are not altered
by collisions and are conserved quantities in the
system, the relaxation rates associated with their
corresponding moments are set to one (s1 = s4 =
s6 = 1) [61]. In addition, the relaxation rates cor-
responding to the x - and y-components of the heat
flow are equal (s5 = s7 = sq). Similarly, the relax-
ation rates associated with the diagonal and off-
diagonal stresses are also equal (s8 = s9 = sv).
The values of se, sε,and sq used in this work are
0.7, 1.25, and 1.2.

For the LBE, the velocity model chosen spec-
ifies the number of discrete velocities. Qian et
al. proposed the most popular group of models:
DnQb, where n and b represent the number of di-
mensions and discrete velocities, respectively [66].
The D2Q9 and D3Q19 models are commonly used
for simulating 2D and 3D flow problems. In this
work, we use the D2Q9 discrete velocity vectors
which are given by:

e = c

[
0 1 0 −1 0 1 −1 −1 1
0 0 1 0 −1 1 1 −1 −1

]
(3)

where the lattice velocity c is given by the ratio of
the lattice spacing (δx) and the time step (δt), as
c = δx

δt
.

The macroscopic density (zeroth-order moment)
of the σ component at a fluid node is obtained by
summing all the PDFs at a specific node as follows:

ρσ(x) =

(b−1)∑
i=0

fσi (x) (4)

The macroscopic velocity is corrected to account
for the presence of internal and external forces and
is given by:

uσ(x) =
1

ρσ(x)

(b−1)∑
i=0

fσi (x)ei +
δt
2
Fσ

 (5)

The collision operator models the relaxation
of fσ towards an equilibrium value fσ,eq. The
Maxwell-Boltzmann equilibrium distribution func-
tion, fσ,eqi , is given by:

fσ,eqi = wiρ
σ [1 +

ei · ueq

c2s
+

(ei · ueq)2

2c4s
−

ueq · ueq

2c2s
] (6)

where wi, shown in Eq. (7), represents the weight
associated with a specific velocity ei:

wi =

[
4

9
,
1

9
,
1

9
,
1

9
,
1

9
,
1

36
,
1

36
,
1

36
,
1

36

]
(7)

and cs is the pseudo speed of sound, which varies
based on the model:

c2s =
1

3
c2 =

1

3

(δx)2

(δt)2
(8)

The equilibrium velocity is the physical veloc-
ity that provides the solution to the Navier-Stokes
equation representing the fluid mixture [67]. The
equilibrium velocity, i.e., the velocity used in com-
puting the equilibrium distribution function, Eq.
6, is given as:

ueq(x) =

∑
σ s

σ
ρρ
σuσ(x)∑

σ s
σ
ρρ
σ

(9)

The kinematic viscosity, v , of the fluid is set by
the relaxation time [60]:

v = c2s(
1

sσv
− 1

2
)δt (10)

The forcing term in Eq. (1) is incorporated us-
ing Guo’s forcing scheme [68]:

Fi
σ
=

Fσ · (ei − ueq)

ρσc2s
fσ,eqi (11)

where Fσ, as shown below, is the total force acting
on a specific component and which incorporates
the fluid-fluid interaction force (Fσf ), the fluid-solid
interaction force (Fσs ), and any desired external
forces (Fσext = ρσg, where g is the external body
force per unit mass such as gravity) [50]:

Fσ = Fσf + Fσs + Fσext (12)
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The Shan-Chen fluid-fluid interaction force be-
tween components σ and σ̃ is given by [67]:

Fσf = −Gσσ̃ρσ(x, t)

(b−1)∑
i=0

wiρ
σ̃(x + eiδt, t)eiδt (13)

where Gσσ̃ is the interaction strength of the flu-
ids, and is positive in order to result in a repul-
sive force between the two immiscible components.
The interaction strength determines the interfacial
tension between the fluid pair, and must be cho-
sen to be large enough to produce phase segrega-
tion. Details regarding the choice of the interac-
tion strength are found in [69].

For the simulation of flows in porous media, the
wetting boundary condition is realized through the
use of a fluid-solid interaction force [50]:

Fσs = −Gσsρσ(x, t)
(b−1)∑
i=0

wis(x+ eiδt, t)eiδt (14)

where s(x + eiδt, t) is an indicator function that
is set to 0 for fluid nodes and 1 for solid nodes,
and Gσs is the interaction strength between a fluid
component σ and the solid boundary. The inter-
action strength should be attractive for a wetting
fluid, and therefore Gσs < 0. Similarly, the in-
teraction strength should be repulsive for a non-
wetting fluid, and therefore Gσs > 0. The con-
tact angle formed by the fluid-fluid interface can
be altered by varying the values of the interaction
strengths of the two fluid components while main-
taining Gσs = −Gσ̃s.

The pressure is computed from the equation of
state for the SCMC-LBM model in the continuum
limit and includes the components’ ideal gas prop-
erties in addition to the phase separation due to
the interactions between the two components [67]:

p = c2s
∑
σ

ρ(σ) +
c2sδt

2

∑
σ,σ̃

Gσσ̃ρ
σρσ̃ (15)

3. Results and Discussion

3.1. Model Validation

In this section, the tests conducted in order to
validate the model are introduced. The SCMC-
LBM model is validated using three standard
benchmarks tests: the Young-Laplace test, the
contact angle test, and layered flow.

3.1.1. The Young-Laplace Test

The aim of the Young-Laplace validation is to
test the model’s capability for accurately defining
an interfacial tension and forming a sharp inter-
face between the two fluid components. Moreover,
it is used to establish a relationship between the

fluid-fluid interaction parameter (Gσσ̃) and the in-
terfacial tension (σ). For a droplet of one fluid sus-
pended in another fluid at mechanical equilibrium,
the difference in pressure inside and outside of the
droplet (∆P ) should be inversely proportional to
the radius of the droplet (R). The constant of pro-
portionality is the interfacial tension. The Laplace
pressure in 2D is given by:

∆P =
σ

R
(16)

A circular droplet of one component is initialized
in the center of the other component and the sys-
tem is allowed to reach steady state in the absence
of any external forcing. The system is periodic
in the x−and y−directions [39, 70]. For each vis-
cosity ratio tested, five droplets are initialized of
initial radii Ri = [15, 20, 25, 30, 50] lu. The viscos-
ity ratio of the system is the ratio of the viscosity
of the non-wetting (NW ) phase to the viscosity of
the wetting (W ) phase and is altered by varying
the relaxation rates (sσv ) of each component. The
simulation domain size is taken to be five times
the initial radius in both the x− and y−directions.
The steady state criterion is given by Eq. (17):

√∑
y [uy(y, t)− uy(y, t− 1, 000)]2√∑

y uy(y, t)2
< 10−5 (17)

Once steady state is reached, the final droplet
formed is plotted, as shown in Fig. 1. The pres-
sure difference across the interface and the final
radius of the droplet are determined and plotted
as shown in Fig. 2. In all of the simulations de-
scribed in this paper, the wetting and non-wetting
fluid densities (ρσ) in lattice units is scaled to 1.0
(ρw = ρnw = 1000 kg

m3 ). The viscosity ratios inves-
tigated are M = 0.1, 1.0, 10 and 100. The value of
the fluid-fluid interaction parameter resulting in
a sharp interface between the two fluids is deter-
mined and utilized in all of the remaining simula-
tions (Gσσ̃ = 3.1), The resulting interfacial tension
in lattice units is 0.0925 (σ = 15mNm ). The proce-
dure for converting lattice units to physical units
involves determining scaling quantities for length
(l), time (t), and fluid density (m) and is detailed
in [5, 48, 71]. Due to the diffusive nature of the
pseudo-potential model [47, 72], both wetting and
non-wetting phases coexist at each fluid node. For
example, at a fluid node where the W phase den-
sity is much larger than the NW phase density,
the minor phase (NW phase) can be considered
to be dissolved in the major phase. Therefore,
the minor phase has a finite and negligible den-
sity at fluid nodes with a much larger major phase
density. Typically, major to minor phase density
vary by over 3 − 4 orders of magnitude so that
the presence of the minor phase can be assumed
to be negligible. As observed in Fig. 2, the model
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indeed satisfies Laplace’s law, and as expected, a
linear function relating the pressure difference and
the radius of the droplet is obtained. Further-
more, the interfacial tension is a function of the
fluid-fluid interaction parameter only (Gσσ̃) and
roughly independent of the viscosity ratio of the
fluids.
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Figure 1: Steady state droplet of one component sur-
rounded by the second component.

0 0.02 0.04 0.06 0.08 0.1

1/R

0

0.001

0.002

0.003

0.004

0.005

0.006

0.007

0.008

0.009

0.01

p

M = 0.1
M = 1
M = 10
M = 100

 = 0.0925

Figure 2: Young-Laplace test (M = 0.1, 1.0, 10, 100).

3.1.2. Contact Angle Test

A contact angle test is conducted in order to test
the wetting boundary condition introduced earlier,
and to obtain the resulting contact angles under
different values of the fluid-solid interaction pa-
rameter (Gσs). A semicircular droplet of one com-
ponent is initialized at the center of the channel
wall surrounded by the second component. The
domain used is 125×127 lu2 and the bounce-back
boundary condition (no-slip zero velocity) [73] is
implemented at the channel walls, while the pe-
riodic boundary condition is implemented at the
inlet and outlet of the domain. Similar to the
Young-Laplace test, the system is allowed to reach
steady state in the absence of any external forc-
ing. Once the interfacial tension value is set by
Gσσ̃, the value of Gσs is varied, and the result-
ing contact angle measured. In Fig. 3, a sample

droplet is shown for a weak wetting case. For dif-
ferent values of Gσs, the resulting contact angles
are plotted in Fig. 4. A linear fit of the contact
angle data is used in order to obtain a relationship
between Gσs and θ for the given interfacial tension
value (θ = 157.26 ∗ Gσs + 91.731). This relation-
ship can prove useful when simulating a domain
with heterogeneous wettability.
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x [lu]
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120

y 
[lu

]
Figure 3: Contact angle formed for a weak wetting case
(Gws = −0.2; θ = 61.9◦;M = 1.0; ρw

ρnw
= 1.0).
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Figure 4: Contact angle test: the contact angle is measured
from the solid surface to the fluid-fluid interface through the
wetting fluid (Gσσ̃ = 3.1, M = 1.0).

3.1.3. Layered Flow

For the final validation test, the layered flow
problem is chosen since it tests the model’s capa-
bility of obtaining accurate velocity profiles, and,
as a result, relative permeability curves for differ-
ent viscosity ratios under varying saturations of
the two fluids. In the layered flow problem, the
NW fluid is initialized in the center of the do-
main while the W fluid flows along the boundary
as shown in Fig. 5. Periodic boundary conditions
are implemented at the inlet/outlet ends of the do-
main while the bounce-back boundary condition
is utilized along the solid walls. An external body
force is used to drive the flow (Fb = 1×10−6) in the
x−direction. The simulation domain is 20 × 201

6



lu2. The analytical velocity profile and the result-
ing relative permeability curves are obtained using
the equations presented in [5, 74, 75, 76]:

ux,nw = A1y
2 + C1, 0 ≤ |y| ≤ a (18)

ux,w = A2y
2 +B2y + C2, a ≤ |y| ≤ b (19)

where ux,nw and ux,w are the velocities of the
non-wetting and wetting fluids in the x−direction.
The parameters are computed as follows: A1 =

− Fb
2ρnwvnw

, A2 = − Fb
2ρwvw

, B2 = −2A2a + 2MA1a, C1 =

(A2 −A1)a2 −B2(b− a)−A2b2, and C2 = −A2b2 −B2b,
where vnw and vw are the kinematic viscosities of
the non-wetting and wetting fluids, and M = µnw

µw

is the dynamic viscosity ratio.
In Figs. 6 and 7, we demonstrate the model’s

capability of handling a wide range of viscosity ra-
tios. As shown, an excellent fit between the sim-
ulated and analytical velocity profiles is observed.
However, the more important validations associ-
ated with the layered flow problem for the appli-
cation of flow in porous media are the relative per-
meability curves obtained. We focus on a viscosity
ratio equal to 10, and conduct the simulation for
varying initial values of the W fluid saturation.
The velocity profiles are obtained and the relative
permeability curves are generated from the inte-
gration of the velocity profiles using Eqs. (20) and
(21):

krw(Sw) =

∫ L
|y|=a uwdy∫ L
|y|=0 uwdy

(20)

krnw(Sw) =

∫ a
|y|=0 unwdy∫ L
|y|=0 unwdy

(21)

The theoretical relative permeability curves are a
function of the viscosity ratio and initial fluid sat-
uration, as shown in Eqs. (22) and (23) [77]:

krw =
1

2
S2
w(3− Sw) (22)

krnw = Snw[
3

2
M + S2

nw(1−
3

2
M)] (23)

where Snw = a
b is the saturation of the non-

wetting phase, and Sw = 1 − a
b is the saturation

of the wetting phase.
Similarly, an excellent agreement is observed be-

tween the theoretical and computed relative per-
meability values, as shown in Fig. 8. For the W
fluid at lower saturations, we observe very thin lay-
ers which flow very slowly, which in turn explains
the low relative permeability. As the saturation is
further increased, the relative permeability value
approaches the absolute permeability (kr = 1) as
if the W fluid is the only fluid in the system and
experiences no impediment to flow due to the pres-
ence of the NW fluid. For the NW fluid, we ob-
serve more interesting results where the relative
permeability values are greater than one. This is

Figure 5: Layered two-phase flow in a single capillary hor-
izontal channel.
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Figure 6: Layered two-phase flow velocity profile for a wet-
ting fluid saturation equal to 0.5 (M = 0.1). The non-
wetting fluid is the less viscous fluid.

due to the lubricating effect that the W fluid pro-
vides to the NW fluid. Since the NW fluid is
confined to the center of the domain, the W fluid
flows in layers adjacent to the solid boundaries and
enhances the movement of the NW fluid through
the center of the channel for all intermediate sat-
uration values [1].

3.2. Relative Permeability of a Sphere Pack

In order to conduct more representative simu-
lations, the remaining simulations are performed
on the sphere pack slice shown in Fig. 9 ob-
tained from the Digital Rocks Portal [78]. The
sphere pack image is obtained by X-ray micro-
tomography with a resolution of 5.7µm and the
porosity of the sphere pack sample is 0.3421. The
pore-size distribution of the sample is presented
in Fig. 10 [79]. The density and viscosity ratios
are both set to unity for all the remaining simu-
lations, except for when the effect of the viscos-
ity ratio is studied, which is adequate for approxi-
mating a water-NAPL system in a capillary force-
dominated regime where the density and viscosity
of the two components are of the same order of
magnitude [47]. The interfacial tension is 15mNm .
Periodic boundary conditions are implemented in
the x− and y−directions, and the fluids are ini-
tialized according to [47] as shown in Fig. 11. The
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Figure 7: Layered two-phase flow velocity profile for a wet-
ting fluid saturation equal to 0.5 (M = 100). The non-
wetting fluid is the more viscous fluid.
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Figure 8: Layered two-phase flow relative permeability
(M = 10).

width of the wetting/non-wetting fluid regions are
varied in order to adjust the saturations. The pro-
cedure for determining the final fluid saturations
and the resulting relative permeability is obtained
from [47]. In the following three sections, we fo-
cus on the effect of the capillary number, viscosity
ratio, and wettability in order to observe whether
the model captures the expected trends.

Figure 9: Sphere pack domain (Dark portion of the domain
is the pore space). Domain Size: 788× 788 lu2.

3.2.1. Effect of Capillary Number

The effect of the capillary (Ca) number, i.e. the
ratio of viscous forces to capillary forces, is tested
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Figure 10: Pore-size distribution of the sphere pack domain.

Figure 11: Initial fluid configurations of the wetting (green)
and non-wetting (yellow) fluids [Sw = 0.5]. Domain Size:
788× 788 lu2.

by varying the force driving the fluids, which
is equivalent to changing the pressure gradient.
Three driving forces (Fb = 9 × 10−6, 4 × 10−5 and
6×10−5) are applied on both theW andNW fluids
which are roughly equivalent to capillary numbers
of Ca ≈ 9.7 × 10−5, 4.3 × 10−4, and 6.5 × 10−4.
The effect of the Ca number is tested on a strong
wetting domain (θ = 20◦) and under the same ini-
tial fluid saturations and configurations. A strong
wetting domain is chosen to simulate a drainage
process where oil (NW ) displaces water (W ) in a
strong water wetting medium.

Due to the large computational burden of the
simulations and the numerous investigations to be
conducted, we performed the Ca number test on
the two subset domain sizes shown in Fig. 12 in or-
der to obtain a representative elementary volume
(REV) capable of capturing the expected trends.
The simulation domain sizes are 401 × 401 lu2

(por=0.3924) and 601 × 601 lu2 (por=0.3439) re-
spectively. The porosity of the original sphere
pack sample is 0.3426. The relative permeabil-
ity values are computed across the whole satura-
tion range tested for the three Ca numbers inves-
tigated and are plotted in Fig. 12. As observed,
the two domains are capable of capturing qualita-
tively similar trends with increasing Ca numbers.
However, the trends are more pronounced in the
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Figure 12: Effect of capillary number on the relative permeability of the wetting (krw) and non-wetting (krnw) fluids in a
strong wetting medium (θ = 20◦). Left: 401× 401 lu2, Right: 601× 601 lu2.

401×401 lu2 domain owing to the higher porosity
and lower tortuosity of the sample. Since porosity
and permeability do not vary significantly between
the subset domain (601 × 601 lu2) and the origi-
nal sample (788 × 788 lu2), we conclude that the
601× 601 lu2 domain is a suitable REV. However,
since the correct trends are captured using both
subset domain sizes, we conclude that both do-
mains can be used in order to capture qualitatively
the effect of different parameters on relative per-
meability. Therefore, we will utilize the 601 × 601
lu2 subset domain in order to test the effect of the
capillary number, viscosity ratio, and wettability,
and investigate the model’s capability of captur-
ing the expected behavior. Following that, we will
investigate the role of heterogeneous wettability
on both the 401 × 401 lu2 subset domain and the
original sphere pack image (788×788 lu2) in order
to analyze the effect of pore geometry and obtain
results of the highest accuracy.

As shown in Fig. 12, the relative permeabil-
ity values of both the W and NW fluids increase
for a higher Ca number across the whole satura-
tion range. Moreover, the cross-over saturation
is greater than 0.5 for both Ca numbers which is
expected in a wetting system. The relative per-
meability curves generated demonstrate a similar
trend with the changing Ca number as was ob-

served in [80, 81]. The relative permeability curves
for both phases increase and approach a straight
line as the capillary number is increased towards
the viscous limit and the effect of capillary forces
is overcome [82]. The relative permeability val-
ues of both fluids show a smaller variation with
saturation for low saturation values of a specific
component with a more abrupt increase in relative
permeability as the saturation is increased further
beyond the cross-over saturation.

In order to better understand and explain the
observed relative permeability curves, the fluid dis-
tributions at equivalent increasing time steps for
the three Ca numbers are investigated at Sw ≈
0.5, and provided in Fig. 13. By comparing
the fluid distributions at equivalent time steps
(columns), evidence of a faster evolution is ob-
served throughout the domain for a higher Ca
number as is expected. However, in order to bet-
ter understand the pore-scale flow details which
are resulting in these larger relative permeability
values, a closer look at the pore-scale behavior is
needed. The NW fluid takes the form of discon-
nected blobs or ganglion, which are trapped ei-
ther in dead-end pores or the larger pores, a con-
sequence of the wettability condition. Capillary
forces ensure that the NW fluid remains trapped
in these large pores. However, as the driving force
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Figure 13: Effect of Ca number on fluid configurations of the wetting (green) and non-wetting (yellow) fluids at equivalent
time steps (column) in a strong wetting medium (θ = 20◦) [Sw = 0.5]. Top row: Ca ≈ 6.5 × 10−4, Middle row:
Ca ≈ 4.3× 10−4, Bottom row: Ca ≈ 9.7× 10−5. Domain Size: 601× 601 lu2.

(Ca number) increases, evidence of the NW fluid
overcoming the entry capillary pressure of tighter
pore spaces is evident in Fig. 13. As a result,
the connectivity of the NW fluid increases and
additional flow paths are created, which results in
an enhancement of the overall relative permeabil-
ity of the NW fluid across the whole saturation
range [75, 83]. The W fluid is found adjacent to
the solid surface entrapped in the tighter regions
of the pore space due to the wettability condition,
and demonstrates increasing relative permeability
values with a larger driving force.

3.2.2. Effect of Viscosity Ratio

In the second investigation, the effect of the vis-
cosity ratio (M) is tested. The capillary number is
set at Ca ≈ 6.5 × 10−4 and the wettability of the

porous medium is set to a strong wetting condi-
tion (θ = 20◦). The viscosity ratios simulated are
M = 1.0 and 10. The fluid saturations and config-
urations are initialized similar to the Ca number
investigation in order to ensure consistency of re-
sults. The relative permeability values are deter-
mined for the viscosity ratios investigated and are
plotted in Fig. 14.

As shown in Fig. 14, the lubricating effect men-
tioned earlier is apparent in this study, but to a
lesser extent due to the increased tortuosity of the
domain in comparison to the layered flow investi-
gation. A higher viscosity ratio leads to larger and
smaller relative permeability values for the NW
and W fluids respectively. The W phase is relative
permeability curve is less affected by the change in
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Figure 14: Effect of viscosity ratio on the relative perme-
ability of the wetting (krw) and non-wetting (krnw) flu-
ids in a strong wetting medium (θ = 20◦). Domain Size:
601× 601 lu2.

the viscosity ratio. This is explained by the fact
that the W fluid flows in layers along the pore
walls and in the smaller pore spaces, thus improv-
ing the flow of the NW fluid through the center
of the larger pores [19]. The lubricating effect is
proportional to M and is more prominent in sys-
tems with smaller pores and larger viscosity ratios
[80]. As shown in Fig. 14, the lubricating effect
is very significant at intermediate saturations. In
the previous study of [80], it was found that the
relative permeability of the W fluid is not heav-
ily affected by the viscosity ratio. However, this
is due to the fact that the viscosity ratio in that
study was altered by varying only the viscosity of
the NW fluid. In our study, the viscosity ratio
is varied by changing the viscosity of both the W
and NW fluids, which explains why we observe
changes in the relative permeability values of the
W fluid. These relative permeability trends can
be further explained by observing the fluid con-
figurations for the two viscosity ratios studied at
Sw ≈ 0.5 in Fig. 15. As M is increased, it is ap-
parent from the front position that the higher vis-
cosity NW fluid traverses the domain slower [56].
The lower viscosity W fluid is entrapped against
the walls of the porous medium domain, which de-
celerates the flow of the W fluid and results in the
lower relative permeability values observed. As a
result, the larger relative permeability values of the
more viscous NW fluid are due to two effects: the
improved connectivity of the NW fluid and the
better coating of the solid walls by the W fluid
which enhances the lubricating effect on the NW
fluid.

3.2.3. Effect of Homogeneous Wettability

In order to test the effect of a homogeneous wet-
tability distribution on the flow behavior and rel-
ative permeability curves of oil and water, we con-
duct a series of simulations where the wettabil-
ity of the porous medium is set to be strongly oil

wetting (θ = 160◦), neutral wetting (θ = 90◦),
or strongly water wetting (θ = 20◦). In order
to focus on the effect of wettability, the simula-
tions are performed under a constant Ca number
(Ca ≈ 6.5×10−4) and constant initial fluid satura-
tions and configurations. The relative permeabil-
ity curves of the oil and water phase as a function
of the wettability conditions investigated are pre-
sented in Fig. 16. The initial saturation of the
fluid pair has a major effect on the relative perme-
ability of both phases. We observe increasing rela-
tive permeability for the two phases with increas-
ing phase saturation beyond a critical saturation,
but to varying extents depending on the wettabil-
ity of the sample. This is due to the greater phase
connectivity brought about by increasing the fluid
saturation.

As the wettability state of the domain is varied
from an oil wetting to a water wetting condition,
the relative permeability of the oil phase increases
and the water phase decreases across the whole
saturation range. In strongly wetting conditions,
there is an increase in the fluid-solid interfacial
area for the W fluid, which results in a decrease
in the relative permeability (and vice versa for the
NW fluid) [47]. As the medium becomes more
wetting, the W fluid flows through wetting layers
and becomes increasingly confined to the narrower
regions of the pore space, thus allowing the NW
phase to flow with a higher conductance through
the wider regions of the pore space [1]. In addition,
the cross-over saturation in a wetting system oc-
curs beyond a wetting fluid saturation of 0.5 [84].
As shown in Fig. 16, the cross over saturation in
the oil wetting condition occurs at So > 0.5 and
the cross-over saturation in the water wetting case
occurs at So < 0.5 or Sw > 0.5. This is consistent
with a wetting system where the relative perme-
ability of the NW phase is equal to that of the
W phase when the saturation of the NW phase
is lower than the saturation of the W phase. As
mentioned earlier, this is a result of the greater re-
sistance to flow experienced by the W phase due to
the stronger interactions between the W fluid and
the solid walls. As explained in the observations
and reported in [80], the effect of wettability on the
relative permeability behavior of the fluid pair is
a balance between the enhancements to flow due
to higher phase connectivity and the resistances
due to larger fluid-solid interfacial areas. How-
ever, our observations of the relative permeabil-
ity curves at neutral wetting conditions highlight
the complex nature of intermediate wetting sys-
tems. As the wetting state is varied from an oil
wetting condition to a neutral wetting condition,
the relative permeability of the oil phase increases
as expected because it is no longer confined to flow
strictly in the narrow regions along the surfaces of
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Figure 15: Effect of viscosity ratio on fluid configurations of the wetting (green) and non-wetting (yellow) fluids at equivalent
time steps (column) in a strong wetting medium (θ = 20◦) [Sw = 0.5]. Top row: M = 10, Bottom row: M = 1. Domain
Size: 601× 601 lu2.
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Figure 16: Effect of homogeneous wettability on the relative
permeability of oil (kro) and water (krw) in oil wetting (θ =
160◦), neutral wetting (θ = 90◦), and water wetting (θ =
20◦) conditions as a function of increasing oil saturation
(So). Domain Size: 601× 601 lu2.

the domain. However, a lower extent of reduction
in the water relative permeability was observed as
the wettability state was changed from an oil wet-
ting to a neutral wetting condition. It seems that
changes in the W phase relative permeability are
influenced by wettability and the flow is enhanced
by relaxing the wetting condition. On the other
hand, the pore morphology is such that no signifi-
cant reductions in the relative permeability of the
NW phase occur as we transition from a strong
wetting to a neutral wetting condition, except at

higher saturations of the NW phase. Only once
the wettability of the sample has been transformed
such that the NW phase is now the W phase do
we begin to observe significant reductions in the
phase relative permeability in the high porosity
domain being investigated.

In order to better illustrate the effects of wetta-
bility on phase connectivity and flow behavior, the
fluid configurations at the same time step are pre-
sented in Fig. 17 for the three wettability states
investigated. As demonstrated, by increasing the
strength of one fluid’s affinity to the solid sur-
face, improved phase connectivity is observed for
the W fluid which flows in layers adjacent to the
solid surfaces thereby allowing the NW fluid to
flow through the center of the pores. As a result,
the W fluid is found in the tighter regions of the
pore space adjacent to a solid surface, thus leaving
large amounts of the NW fluid in the wider re-
gions of the pore space. Therefore, as the domain
becomes more wetting, lower relative permeability
values for the W phase are expected due to the
resistance to the flow caused by the adjacent solid
surfaces, in comparison to the NW phase which
flows more easily through the larger portions of
the pore space [2, 80]. As the wettability is var-
ied to a neutral wetting condition, the flow be-
havior becomes more complicated, and we observe
a combination of concave and convex interfaces.
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Figure 17: Effect of wettability on fluid configurations of water (green) and oil (yellow) in water wetting (θ = 20◦), neutral
wetting (θ = 90◦), and oil wetting (θ = 160◦) conditions [So = 0.5]. Domain Size: 601× 601 lu2.

The two components equally wet the surface and
the relative permeability values are dependent on
the interaction between pore geometry and wetta-
bility. In intermediate-wet conditions, the inter-
face curvature is a function of the pore geometry
and the angularity of the pores as shown in [30].
Consequently, under intermediate-wet conditions,
the co-existence of concave and convex interfaces
signifies the simultaneous occurrence of imbibition
and drainage in various regions of the pore space
[85, 86]. By comparing the NW fluid configura-
tions presented in Fig. 17 (green component) in
neutral and oil wetting conditions, we can see that
the NW phase maintains a similar degree of con-
nectivity in both situations as a consequence of
the pore geometry. As a result, the NW phase
relative permeability becomes a stronger function
of the phase connectivity and less dependent on
the wettability condition due to the large poros-
ity of the sample which allows the NW phase to
be located in the larger pore spaces, even under
neutral-wet conditions. As a result, the reason for
the smaller changes in the NW phase relative per-
meability after wettability alteration is the effect of
phase connectivity, as a result of pore morphology,
and the smaller fluid-solid interfacial area. Once
the originally NW phase begins to wet the sur-
face, water in a water wetting domain, we observe
a reduction in the relative permeability at all satu-
rations as expected. These observations highlight
the importance of accurately capturing both the
domain and wettability heterogeneity in a porous
medium sample due to their combined influence
on the pore-scale fluid displacement mechanisms.
In the next section, the effect of a heterogeneous
wettability condition will be investigated in order
to further analyze the factors contributing to wet-
tability heterogeneity.

3.3. Heterogeneous Wettability

Although it is algorithmically simple and ap-
pealing to assume that the wettability distribution

is uniform across the whole domain, this is not rep-
resentative of the true nature of wettability in real
reservoir systems. In fact, most reservoirs display
mixed wettability characteristics, and, moreover,
the wettability-altered fractions of the reservoir
cannot be expected to have uniform wetting char-
acteristics. Therefore, in this section, the effect of
heterogeneous wettability is investigated by gener-
ating domains with increasing wettability-altered
fractions (25%, 50%, 75%, 100%). The wettability
heterogeneity is generated by randomly assigning
locations where wettability is altered and perform-
ing different equal sized perturbations in all di-
rections such that bounded regions of wettability-
altered locations with various sizes are created,
until the wettability-altered fraction threshold is
reached. Assuming an initially water-wet domain,
the fractions altered are wetting with respect to
oil, thus resembling a drainage process where oil
displaces an initially water-wet medium. The sim-
ulations are performed for a constant Ca number
(Ca ≈ 6.5x10−4) and under constant initial fluid
saturations and configurations. In the following
sections, the effects of the wettability-altered frac-
tion, the degree of wettability alteration, and the
spatially-varying contact angle assignment on the
flow behavior are investigated.

3.3.1. Effect of Fraction Altered

In order to test and demonstrate the importance
of wettability alteration and specifically the effect
of varying the wettability-altered fraction in the
domain, the following sets of simulations are car-
ried out. The relative permeability curves and the
fluid distributions are obtained for a fully water-
wet domain (θ = 20◦), three domains of increas-
ing wettability-altered fractions with respect to
oil (25%, 50%,and 75%), and a fully oil-wet do-
main (θ = 160◦). It should be noted, however,
that in the intermediate domains with fractional
wettability alteration, the portions of the domain
that have not undergone wettability alteration re-
main strongly wetting with respect to water. For
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Figure 18: Effect of wettability-altered oil wetting fraction on the relative permeability curves of oil (kro) and water (krw)
as a function of increasing oil saturation (So). Domain Size: 401× 401 lu2.
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Figure 19: Effect of wettability-altered oil wetting fraction on the relative permeability curves of oil (kro) and water (krw)
as a function of increasing oil saturation (So). Domain Size: 788× 788 lu2.

example, in the 25% wettability-altered domain,
the wettability state of 25% of the total solid sur-
face area is altered to become strongly oil wet-
ting (θ = 160◦) while the remaining 75% remains
strongly wetting with respect to water (θ = 20◦).
We conduct the investigations on the 401 × 401
lu2 and 788 × 788 lu2 domains to ensure that our
observations are a consequence of wettability al-
teration and not artifacts of the domain size used.

The relative permeability curves obtained for
the two subset domains investigated with the dif-
ferent wettability-altered fractions are presented
in Figs. 18 and 19. Similar trends are observed
in the relative permeability curves for the two do-
mains investigated. However, the extent of the
differences are more pronounced in the smaller do-
main due to its higher porosity and lower tortuos-
ity. As the evolution from a completely water wet-
ting domain (0%) to an oil wetting domain (100%)
occurs, the relative permeability of water and oil
increase and decrease respectively for all satura-
tion values. This occurs because water transitions
from being the W fluid to the NW fluid, and the

opposite occurs for oil, where the W fluid resides
on the solid surface and flows in the narrower re-
gions of the pore space while the NW fluid flows
in the wider regions of the pore space. A closer ob-
servation of kro at low oil saturations (So) shows
that it declines sharply in the 0% case, indicating
water-wet conditions. Very low water relative per-
meability at low water saturations (high So) with
a sharp rise at high water saturations is indicative
of mixed-wet/oil-wet conditions. Although we ex-
pect the fractional wettability curves to be located
between the two completely wetting cases, this is
only partially observed. This trend is observed
for So > 0.5 and Sw > 0.8. Generally speaking,
at high saturations of each fluid, the relative per-
meability trend with the fractional values located
between the two completely wetting cases is ob-
served. In other words, once the saturations are
high enough to overcome any microscale effects oc-
curring due to initial saturation or wettability dis-
tributions, the relative permeability curves con-
form to the expected behavior due to improved
phase connectivity. However, at low and interme-
diate saturations of each fluid, the resistance to
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Figure 20: Effect of wettability-altered oil wetting fraction on the relative permeability sum. Left: 401 × 401 lu2, Right:
788× 788 lu2.

Figure 21: Effect of fractional wettability alteration on fluid configurations of water (green) and oil (yellow) in domains of
increasing fractions of oil wetting surfaces [So = 0.5]. Top row: Domains of increasing oil wetting fractions (Surfaces in
dark blue are strongly water-wet and surfaces in yellow are strongly oil-wet), Bottom row: Fluid configurations. Domain
Size: 788× 788 lu2.

flow in the fractional wettability domains does not
necessarily follow a pattern as we increment the
portion of the domain being wetted. Therefore,
situations can arise where the resistance to flow
to the oil phase in a fractionally wetting domain
with respect to oil is greater than in a completely
oil wetting domain [5]. For example, oil relative
permeability values in a domain that is fraction-
ally wetting with respect to oil (25%, 50%) are
lower than those in a completely oil wetting do-
main (100%) for So < 0.5 as shown in the oil rela-
tive permeability curves in Fig. 19. Similarly, wa-
ter relative permeability values in a domain that
is fractionally wetting with respect to water are
lower than those in a completely water wetting
domain (0%) for Sw < 0.8 as shown in the wa-
ter relative permeability curves in Fig. 19. Our
results demonstrate very similar characteristics to
those in reported [5, 87], especially for the higher

tortuosity domain.
An alternative approach to determining and

quantifying the restrictions to flow of a fluid sys-
tem comprised of two phases is a plot of the sum
of the relative permeability of the two phases,
kro + krw. In these plots, the lower the sum of
the relative permeability of the two phases, the
larger the resistance to flow. The plot of the rel-
ative permeability sum as a function of increasing
oil saturation for the domains investigated is pre-
sented in Fig. 20. Our results are consistent with
what has been reported in [5]. At high oil satura-
tions, So > 0.85, the resistance to flow is highest in
the completely oil wetting domain (100%) and low-
est in the completely water wetting domain (0%),
with the resistance to flow in the fractional wet-
tability domains occurring in order between the
two extremes. Similarly, for higher water satura-
tions, So < 0.15, a similar phenomenon is observed
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where the resistance to flow is highest in the com-
pletely water wetting domain (0%) and lowest in
the completely oil wetting domain (100%), and the
fractional wettability curves are located between
them. However, as we approach intermediate sat-
uration values, we observe in the fractional wet-
tability domains a larger resistance to flow than
in the completely wetting domains in the form of
lower relative permeability sums. An analysis of
the pore-scale flow details is needed in order to jus-
tify the macroscale relative permeability behavior
observed.

The wettability distributions assigned in addi-
tion to the fluid configurations at equivalent time
steps for the fractional wettability alteration test
are presented in Fig. 21. As we transition from
a strongly water-wet domain to a strongly oil-
wet domain, increasing fractions of the domain
undergo wettability alteration from water-wet to
oil-wet, represented by the yellow surfaces. Since
oil is the NW phase in the water-wet domain, it
flows in the form of ganglia of varying sizes through
the center of the large pores surrounded by the W
phase. In samples with a larger fraction of wetta-
bility alteration, the oil phase, now the W phase
with respect to the portion of the domain that has
undergone wettability alteration, becomes increas-
ingly connected and attached to the wettability-
altered surfaces. The oil phase now begins to in-
crementally flow in layers along the wettability-
altered portions of the domain while still retain-
ing some of the NW phase flow features in the
portions of the domain that have not undergone
wettability alteration. Finally, in the strongly oil
wetting domain, the oil phase has now completely
transitioned from the NW phase to the W phase
and flows in thin connected layers along the solid
surfaces. As the fraction of oil wetting regions in-
creases, we observe an increasing amount of en-
trapped oil clusters controlled primarily by the
wettability distribution and the pore morphology.
In the fractionally-altered domains, the oil phase
displays random distributions and forms more tor-
tuous flow paths than in the completely wetting
domains as a consequence of the wettability alter-
ation that has occurred. Moreover, we also confirm
the presence of both concave and convex interfaces
in the fractionally-altered domains which have im-
plications on the pore-scale flow mechanisms as
has been observed in [8, 85]. The more tortu-
ous flow paths, especially at intermediate satura-
tions, provide insight into the larger resistance to
flow observed in the domains that have undergone
fractional wettability alteration in comparison to
the completely wetting domains. As a result, this
demonstrates the importance of accurately deter-
mining the locations where wettability alteration
occurs, since it has a significant effect on the gen-

eral flow behavior of the system and the resulting
pore-scale and macroscale flow properties.

3.3.2. Effect of Degree of Alteration

In a real flow system, the degree of wettability
alteration is largely dependent on the time dura-
tion of the wettability alteration process. As a re-
sult, the portions of the domain that undergo wet-
tability alteration will not necessarily transform
from being water-wet to oil-wet and vice versa.
Furthermore, we expect to observe a distribution
of contact angles after wettability alteration where
the new wetting state of the wettability-altered do-
mains is proportional to the time that specific re-
gion interacted with wettability altering agents.

In this section, in order to isolate the effect of
the degree of wettability alteration, the portions of
the domain that have undergone wettability alter-
ation will instead demonstrate a neutral wetting
(θ = 90◦) preference in comparison to the oil wet-
ting (θ = 160◦) preference from the previous sec-
tion. The portions that have not undergone wetta-
bility alteration will remain water-wet (θ = 20◦).
For example, in the 25% fractionally altered do-
main, 75% of the domain remains strongly water-
wet whereas 25% of the domain displays neutral
wetting characteristics. In the 100% domain, the
whole domain is modeled to have undergone wetta-
bility alteration and displays neutral wetting char-
acteristics with respect to both fluids. The relative
permeability curves are obtained and compared to
those obtained in the previous section in order to
test the effect of the degree of wettability alter-
ation. The investigations are conducted on the
401 × 401 lu2 and 788 × 788 lu2 domains and the
relative permeability curves are shown in Figs. 22
and 23.

The oil phase demonstrates expected behavior.
By altering the wetting property of the wettability-
altered regions from a strong oil wetting condition
to a neutral wetting condition, the relative per-
meability of the oil phase increases as expected as
shown in Figs. 22 and 23 due to the decreased
fluid-solid interfacial area and the lower likelihood
of flowing in the narrower regions of the pore space.
However, what is more important to note is that
the extent of the variation in the relative perme-
ability curves is also dependent on the fraction
of the domain undergoing wettability alteration.
As the wettability-altered fraction increases, the
variation in the oil relative permeability increases.
The more interesting observations are those asso-
ciated with the behavior of the water phase, the
NW phase with respect to the wettability-altered
regions. Since the water phase strongly wets a
portion of the domain, we do not observe signif-
icant changes in the relative permeability curves
as shown in Fig. 22. Moreover, the high poros-
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Figure 22: Effect of degree of wettability alteration on the relative permeability curves of oil (kro) and water (krw) as a
function of increasing oil saturation (So) for increasing wettability-altered fraction percentages. Domain Size: 401 × 401
lu2.

ity nature of the domain means that there exists a
significant amount of large pore spaces which the
NW phase occupies. Therefore, the flow behavior
of the NW phase in a large porosity domain be-
comes less dependent on the solid-fluid interfacial
area and consequently, the wettability alteration.
In the higher tortuosity domain (788×788 lu2), we
do not observe significant variations in the water
relative permeability curves for the domains that
are predominantly wetting with respect to water,
i.e. the 25% domain that is 75% strongly wetting
with respect to water and the 50% domain that is
50% strongly wetting with respect to water. The
mobility of the water phase is still dictated by the
portions of the domain that have not undergone
wettability alteration (water-wet regions). How-
ever, in the 75% domain that is only 25% strongly
wetting with respect to water, wettability alter-
ation effects at a significant portion of the domain
begin to overcome the effects of the smaller wet-
ting portion of the domain and we begin to ob-
serve variations in the water relative permeability
curves. As a result, we conclude that the flow pat-
tern of the water phase and the resulting relative
permeability curves in high porosity domains that
are becoming less water wetting are dominated by

the large pore spaces and the regions that remain
strongly water wetting and become affected by the
portions of the domain that have undergone wet-
tability alteration once a significant percentage of
the domain has undergone wettability alteration.
In addition, it was also observed that a neutral
wetting condition improved the mobility of both
phases in the 788×788 lu2 but only the oil phase in
the 401× 401 lu2. A similar discrepancy has been
previously reported in literature [54, 80] which can
be attributed to the competition between the im-
proved mobility of the NW phase due to a smaller
fluid-solid interfacial area and the reduced mobil-
ity due to a decrease in connectivity. In addition,
as mentioned earlier, the co-existence of concave
and convex interfaces in neutral wetting conditions
is heavily influenced by the pore geometry and an-
gularity and influences the pore-scale displacement
mechanisms governing the flow and the mobility
of the phases [30, 85, 86, 88]. In summary, for
an initially water saturated porous medium, as in-
creasing portions of the domain undergo varying
degrees of wettability alteration towards an inter-
mediate or oil wetting condition, the mobility of
the oil phase is sensitive to the degree of wettabil-
ity alteration and the difference is proportional to
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Figure 23: Effect of degree of wettability alteration on the relative permeability curves of oil (kro) and water (krw) as a
function of increasing oil saturation (So) for increasing wettability-altered fraction percentages. Domain Size: 788 × 788
lu2.

the fraction altered. On the other hand, the mo-
bility of the water phase in a high porosity domain
which continues to strongly wet the unaltered por-
tions of the domain is less sensitive to the degree of
alteration until a significant portion of the domain
has undergone wettability alteration, which also
indicates that the degree of alteration effects are
proportional to the fraction altered. The observa-
tions in this section demonstrate the correlations
between the wettability-altered fraction, the pore
geometry, and the degree of wettability alteration,
and highlight the need to constantly assess this for
realistic predictions in a porous medium sample.

A heterogeneous wettability investigation was
conducted in [54] by altering the wettability of
the nodes in contact with the NW phase at the
end of homogeneous-wet simulations for Sw = 0.5.
The wettability of the nodes was altered to pref-
erentially wet the NW phase and a number of
mixed-wet states was created. The authors ob-
served a significant reduction in the NW phase
relative permeability since portions of the domain
were altered to become wetting with respect to
the originally NW phase. Moreover, it was de-
termined that the degree of wettability alteration
also impacted the extent of the relative permeabil-

ity variation of the originally NW phase. This is
consistent with what we observed in Sec. 3.3.1
and Sec. 3.3.2. As larger portions of an initially
water wetting domain were altered to become oil
wetting, we observed a reduction in the oil relative
permeability and a dependency on the fraction of
the domain undergoing wettability alteration as
shown in Figs. 18 and 19. This was also con-
firmed in [87] where an experimental study on the
effects of fractional wettability on capillary pres-
sure and relative permeability relations was con-
ducted. However, we also observed at low oil sat-
urations, lower oil phase relative permeability in a
domain with fractional wettability than in a com-
pletely oil wetting domain as has been reported
in [5], where oil/water two-phase flow was sim-
ulated in domains of increasing oil wetting frac-
tions and the relative permeability was computed.
Additionally, in Sec. 3.3.2, we saw a dependence
in the oil phase relative permeability on the de-
gree of wettability alteration. In [54], wettability
alteration was implemented for a specific initial
saturation and only one specific case of fractional
wettability alteration was studied. Therefore, we
also added an additional observation that the de-
pendency of the oil phase relative permeability on
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the degree of wettability alteration increases when
a larger fraction of the domain has undergone wet-
tability alteration in an originally water-wet sys-
tem as shown in Figs. 22 and 23. In terms of
the water phase, initially W phase in a water wet-
ting domain, it was reported in [54] that the W
phase (water in our simulations) was insensitive
to wettability alteration. This was observed be-
cause wettability was unaltered at the locations in
contact with the W phase and the relative per-
meability of the W phase was dependent on the
established flow paths. Since we alter the wettabil-
ity randomly at increasing portions of the domain
in Sec. 3.3.1, we eventually observe an increase in
the water phase relative permeability. In addition,
we also observe lower water phase relative perme-
ability, at certain saturations, in a domain with
fractional wettability than in a water wetting do-
main, as shown in Figs. 18 and 19 and observed in
[5]. Moreover, we confirm that the water phase rel-
ative permeability is less sensitive to the degree of
wettability alteration for lower wettability-altered
fractions and we conclude that the flow of the wa-
ter phase remains controlled by the unaltered por-
tions of the domain (water wetting potions) and is
not severely impacted by the fluid-solid interfacial
area in a high porosity domain until a significant
fraction of the domain has undergone wettability
alteration. By conducting simulations in a more
tortuous pore space (788 × 788 lu2), we observe a
dependency between the extent of change in the
water phase relative permeability due to the de-
gree of wettability alteration and the fraction of
the domain undergoing wettability alteration. As
larger portions of the domain undergo wettability
alteration, the water phase relative permeability
becomes more sensitive to the degree of wettabil-
ity alteration at the portion of the domain that is
not water wetting, as shown in Fig. 23. These ob-
servations shed insight into the complex nature of
mixed-wet flows and the conflicting observations
in the literature with regards to flow ability and
residual trapping in mixed-wet systems as a con-
sequence of the strong dependence between wet-
tability and pore geometry and highlight the need
for additional investigations.

3.3.3. Effect of Contact Angle Assignment

As mentioned earlier, once wettability alteration
has occurred, the wetting state in the domain, and
even more specifically in a pore can vary. As a
result, in this section, we investigate the effect of
assigning a non-uniform contact angle distribution
by comparing the results with those obtained ear-
lier when a constant contact angle was assigned.

In the first investigation, a conservative distribu-
tion of contact angles is investigated; that distribu-

tion will be expanded in the second investigation.
For all of the domains that have undergone wetta-
bility alteration, the two wettability states investi-
gated are neutral wetting and strong wetting. For
the neutral wetting case, the constant contact an-
gle assignment is performed by assigning a θ = 90◦

contact angle while the non-uniform assignment is
done by randomly assigning contact angles from
the following Gaussian distribution θ = 90◦ ± 15◦.
Similarly, in the strong wetting case, the constant
contact angle assignment is performed by assign-
ing a θ = 20◦ contact angle while the non-uniform
assignment is done by randomly assigning contact
angles from the following Gaussian distribution
θ = 25◦ ± 15◦. The resulting relative permeability
curves are presented in Fig. 24, and we observe
very minor differences between the constant and
non-uniform contact angle assignment. However,
this is attributed to the very narrow distribution
of contact angles assigned. Furthermore, similar
to what has been observed in the degree of alter-
ation test, the extent of the variation in the rela-
tive permeability curves also is dependent on the
fraction of the domain undergoing wettability al-
teration. Although the differences are minor, the
variation in the relative permeability increases as
the wettability-altered fraction increases.

In a real and more heterogeneous porous me-
dia system, where the fluids in place reside for a
very long time and in larger volumes, a larger con-
tact angle distribution usually exists. For exam-
ple, in [89], an automatic algorithm which mea-
sures the contact angle between immiscible flu-
ids directly on pore-scale X-ray images was de-
veloped. The algorithm was validated and then
implemented on a Ketton sample for both a water-
wet and a wettability-altered system. In the ini-
tial water-wet system, the sample showed a Gaus-
sian distribution with a mean contact angle equal
to 71◦ and a narrow standard deviation of 12◦.
In the altered wettability system, the contact an-
gles were more widely spread with a mean con-
tact angle equal to 90◦ and a standard deviation
of 26◦. Similarly, in [90], three wettability aging
protocols were performed on three samples from
the same carbonate core plug. As a result, three
different wettability states were obtained with the
following distributions: 77◦ ± 21◦(weakly water-
wet system), 104◦ ± 26◦(mixed-wet system), and
94◦ ± 24◦(mixed-wet system). In order to test the
wider contact angle distribution, the following in-
vestigations are conducted. For the neutral and
strong wetting cases, the contact angle distribu-
tions are 90◦±45◦ and 35◦±25◦. The new and old
contact angle distributions are tested on the origi-
nally water-wet (0%) and oil-wet (100%) domains
in order for the results to be comparable. The re-
sulting relative permeability curves are presented
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Figure 24: Effect of non-uniform contact angle assignment on the relative permeability curves of oil (kro) and water (krw)
as a function of increasing oil saturation (So) for increasing wettability-altered fraction percentages. Domain Size: 401×401
lu2.
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Figure 25: Effect of a wider distribution of contact angles when implementing a non-uniform contact angle assignment on
the relative permeability curves of oil (kro) and water (krw) as a function of increasing oil saturation (So). Domain Size:
401× 401 lu2.
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in Fig. 25. By comparing the relative permeability
curves obtained when a narrow and wide contact
angle distribution is assigned, we observe that the
differences in the relative permeability curves do
indeed increase but not significantly. For the neu-
tral wetting case, the distribution is centered at
the same value used in the constant contact an-
gle assignment (90◦) and, therefore, the difference
is less than that observed in the strong wetting
case where the distribution is centered at a differ-
ent value than that used in the constant contact
angle assignment. This is also attributed to the
pore geometry effect where the NW phase rela-
tive permeability in the domain studied is strongly
correlated with phase connectivity and the smaller
fluid-solid interfacial area. As a result, in the con-
text of a spatial contact angle assignment, the im-
portance of capturing the specific contact angle in
every pore is dependent on the pore geometry in
addition to the contact angle distribution and the
severity of the standard deviations. For example,
in a tortuous sample where a very wide distribu-
tion of contact angles with a large standard devia-
tion is observed, it is recommended to capture the
spatial variation in the contact angles.

4. Conclusions and Future Work

In this work, the SCMC-LBM model was able to
simulate the expected trends for multiphase flow
in porous media under varying capillary numbers,
viscosity ratios, and homogeneous wettability con-
ditions. It was also utilized to isolate and analyze
the different factors that contribute to wettability
heterogeneity. The effect of the fraction of the do-
main undergoing wettability alteration, the degree
of wettability alteration at the wettability-altered
pores, and the assignment of a spatially-varying
contact angle distribution were investigated in or-
der to determine their relative importance. In or-
der to conduct the investigation, we generated do-
mains of increasing fractions of wettability-altered
pores from a completely water-wet domain to an
oil-wet domain. The main conclusions drawn from
this study are:

• The effect of wettability on the relative per-
meability behavior and the fluid configura-
tions observed acts through two opposing
mechanisms: enhancement and resistance to
flow due to increased connectivity and larger
fluid-solid interfacial areas, respectively.

• In a fractional wettability system, the same
two mechanisms are present but to varying ex-
tents depending on the amount of pores that
have undergone wettability alteration, the ex-
tent of the wettability alteration, and the vari-
ance in the contact angle assignment.

• We observe that a larger resistance to the
overall flow and more tortuous flow paths,
specifically at comparable saturations of the
two fluids, exist in a domain that has under-
gone wettability alteration in comparison to a
completely water/oil-wet domain.

• As we fractionally transition from a water-wet
to an oil-wet domain, the degree of wettabil-
ity alteration becomes more important with
the increasing fractions, and its effect more
prominent on the flow behavior and relative
permeability curves of the oil phase.

• On the other hand, the flow of the water phase
in a high porosity domain remains dictated by
the large pore spaces and the regions of the
domain that have not undergone wettability
alteration (water-wet) until a significant por-
tion of the domain undergoes wettability al-
teration.

• The accurate spatial contact angle assignment
also demonstrates a dependence on the frac-
tion altered and becomes more important for
domains that display large deviations in the
contact angle values.

• We find that the relative permeability and the
flow behavior, in the context of wettability al-
teration, are influenced primarily by the frac-
tion of the pores undergoing wettability al-
teration after primary drainage, followed by
the degree of alteration and the contact angle
assignment which are also dependent on the
wettability-altered fraction.

• The interactions between pore morphology
and wettability heterogeneity, especially un-
der neutral wetting conditions, strongly in-
fluence the pore-scale displacement mecha-
nisms and highlight the importance of lattice
Boltzmann simulations which easily incorpo-
rate domain and wettability heterogeneity.

• The observations in this study demonstrate
the intricate interplay and co-dependence of
many factors when studying wettability alter-
ation, and enhance the argument for an all-
encompassing algorithm which can correctly
capture the time-dependent wettability state
of every pore in order to better understand
the relationship between domain and wetta-
bility heterogeneity and the resulting pore-
scale flow mechanisms. That will be the focus
of future work.
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