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Abstract
Multiphase �ow in porous media is important in a wide range of industrial and envi-

ronmental processes. It is well-known that the �uids' relative a�nity to the porous

media (i.e., wettability) is a crucial factor controlling multiphase �ow in porous me-

dia. Despite having a good understanding of multiphase �ow in porous media under

uniform wettability conditions, our knowledge of how �uids �ow in mixed-wet porous

media is more limited. Mixed-wet porous media (i.e., porous media with spatially het-

erogeneous wettability) is prevalent in nature, from groundwater aquifers to oil-bearing

rocks. This Thesis aims to better understand the complexities of multiphase �ow in

mixed-wet porous media. The study begins with investigating �uid-�uid displacement

in mixed-wet micro�uidic �ow cells. We performed experiments over a range of capil-

lary numbers and mixed-wettability conditions, and our results show that the �uid-�uid

interface in mixed-wet pores resembles an S-shaped saddle with very low capillary pres-

sure. In the next step, we derive analytical expressions for �uid-�uid interface evolution

through mixed-wet pore throats. These analytical expressions are incorporated into a

dynamic pore network model, which enables us to develop a numerical framework capa-

ble of simulating �uid-�uid displacement in mixed-wet porous media. Next, we leverage

our model to simulate multiphase �ow in simple mixed-wet porous micro-models consist-

ing of distinct water-wet and oil-wet regions whose fractions are systematically varied

to yield a variety of displacement patterns over a wide range of capillary numbers. Our

simulations reveal that mixed-wettability impacts are most prominent at low capillary

numbers, and it depends on the complex interplay between the wettability fraction and

the intrinsic contact angle of the water-wet regions. We also investigate the dynamics of

multiphase �ow in mixed-wet porous media under quasi-static conditions and discover

that it exhibits self-organized criticality (SOC). Finally, we determine the correlation

between spatial and temporal aspects of this dynamical system.
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Chapter 1

Introduction

Simultaneous �ow of immiscible �uids (referred to as "multiphase �ow" in the context

of this Thesis) is a phenomenon observed in a wide variety of applications at various

length scales (Brennen and Brennen; 2005). This Thesis focuses on multiphase �ow in

porous media, which has a wide range of applications in natural as well as engineering

processes, including water in�ltration into soil (Cueto-Felgueroso and Juanes; 2008),

carbon capture and sequestration (CCS) (Szulczewski et al.; 2012), and enhanced oil

recovery (Orr and Taber; 1984; Lake; 1989). Several physical and chemical properties of

the �uids as well as the porous media have been demonstrated to a�ect multiphase �ow

in porous media (Lenormand and Zarcone; 1985; Primkulov et al.; 2021; Holtzman and

Segre; 2015), including:

1. Geometrical properties of porous media (e.g., pore size distribution, shapes of the

grains)

2. Capillary number Ca: the ratio between viscous and capillary forces

3. Viscosity ratio � : the ratio between the viscosities of the �uids

4. Wetability: the tendency of a �uid to adhere to a surface in the presence of another

�uid

2
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Figure 1.1: Illustration of wettability

Wetability is among one of the key factors that control multiphase �ow in porous

media and is primarily characterized by contact angle,� (i.e., the angle formed by two

�uids interface on a solid surface). A �uid is considered as wetting to a surface if the

contact angle between the �uid and the solid surface is less than 90°. Otherwise, it will

be considered as non-wetting to the surface (�g. 1). A major impact of wettability on the

multiphase �ow process was evident in classical experiments (Stokes et al.; 1986; Cieplak

and Robbins; 1988), but the details of the physics behind the phenomenon have only

recently been studied. For instance, it is well-established today that the morphology

of the �uid-�uid displacement pattern is dramatically di�erent in regimes where a non-

wetting �uid enters a porous media initially �lled with a wetting �uid (i.e., drainage)

than in the opposite case (i.e., imbibition) (Zhao et al.; 2016; Primkulov et al.; 2019,

2021). While both cases result in �nger-like displacement patterns, their widths are

di�erent, with the former's comparable to pore sizes, and the latter's much wider. The

impact of wettability is more pronounced at low Ca, where capillary forces dominate.

The state of wettability in natural rocks is usually more complicated than can be

represented by just one contact angle (Blunt; 2017). In recent years, in-situ measurement

of contact angles has allowed us to study wettability within natural porous media, which

revealed that wettability is not uniformly distributed in most rocks (Andrew et al.; 2014).

In other words, natural porous media have spatially heterogeneous wettability. Also,

in most cases the range of contact angles in the system is so wide that it cannot be

represented by one average contact angle (Blunt; 2017; AlRatrout et al.; 2018; Blunt

et al.; 2019). In the context of this Thesis, we call porous media with these properties

3
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"mixed-wet".

Multiphase �ow in mixed-wet porous media has been surprisingly understudied de-

spite its widespread application and prevalence of mixed-wet porous media in nature.

In the existing literature, the majority of studies dealt with multiphase �ow in uniform-

wet porous media, and little attention was given to the e�ect of mixed-wettability on

this process, particularly at the pore level. Despite the fact that it has been demon-

strated in several experiments that multiphase �ow has signi�cantly di�erent behavior

in mixed-wet rock cores than in uniformly wet porous media (Lin et al.; 2019; Alham-

madi et al.; 2020; Scanziani et al.; 2020; Al-Menhali and Krevor; 2016; Al-Menhali et al.;

2016; Kovscek et al.; 1993). In addition, the �uid-�uid interfaces in mixed-wet pores

have been shown to be important during �ooding of mixed-wet cores (Lin et al.; 2019;

Scanziani et al.; 2020; Armstrong and Wildenschild; 2012). Hence, This thesis explores

"multiphase �ow in mixed-wet porous media" using experimental and numerical methods

and provides insight into the process by studying the macro- and micro-scale behavior

of the system as well as its dynamics.

The �rst portion of our research (Chapter 2) focuses on understanding the physics

behind the advancement of �uid-�uid interfaces in mixed-wet pores. The �rst step of our

study is to perform �uid-�uid displacement experiments in mixed-wet micro�uidic �ow

cells. Using a series of soft-lithography techniques, we fabricate quasi-2D micro�uidic

cells with precisely tuned spatially heterogeneous wettability. Our cells consist of water-

wet or oil-wet regions, and their exact contact angles are also precisely controlled. The

cell is initially �lled with silicone oil, and then water is injected into it at a constant

rate. We are able to capture the process simultaneously at both macro and micro scales

due to the high resolution of our camera as well as the transparency of the cell.

Over a wide range of Ca, we perform experiments for di�erent pairs of contact angles.

Based on our results, we discovered that the �uid-�uid interface in mixed-wet pores

4
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resembles an S-shape saddle with low capillary pressure. Our results also reveal that the

macroscopic �uid-�uid displacment pattern is highly in�uenced by contact angles. In the

next step, we present an analytical solution for �uid-�uid interface evolution in a mixed-

wet porous. We combine our analytical solutions with a dynamic pore network model

and introduce an e�cient pore network model capable of capturing the complexities of

�uid-�uid displacement in mixed-wet porous media.

The next part of our research (Chapter 3) describes our dynamic mixed-wet pore

network model in detail. We present relations to calculate the capillary entry pressure

a �uid requires to invade a mixed-wet pore based on various micro-scale pore invasion

mechanisms. There are three micro-scale mechanisms of pore invasion: burst (i.e., Haines

jump), touch, and overlap. Burst events occur when there is no stable �uid-�uid interface

at the pore throat. This causes the interface to suddenly invade the adjacent pore and

split into two interfaces. Touch events happen when a �uid-�uid interface meets another

grain's body which also leads to the invasion of the neighboring pore. Overlap events

occur when two adjacent interfaces meet. Thus, these interfaces are combined into one.

Leveraging this highly e�cient model, we perform hundreds of numerical simulations

and investigate �uid-�uid displacement patterns over a wide range of Ca, contact angle

pairs and wettability fractions, f w (i.e., the fraction of porous media that is water-wet).

We then quantify the macroscopic properties of the �uid-�uid displacement patterns

to understand the impact of the mentioned parameters on the displacement process.

Quantitative measures such as �nger width and fractal dimension of di�erent mixed-wet

cases helps to explain several observations reported previously at mixed-wet rock's core

such as the controversy about the role of mixed-wettability on oil recovery e�ciency.

Mixed-wettability also has a profound in�uence on the injection pressure of a system,

which is of paramount importance in a variety of industrial processes. The e�ects of

mixed-wettability on the pressure signal are highly dependent on Ca,f w . Our results
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demonstrate that viscous forces play a considerable role in displacing porous mixed-wet

media, even at low Ca. The �nal part of the chapter includes a scaling analysis that

uses weighted average descriptions of wetting states in mixed-wet systems to capture

morphological variations in displacement patterns.

In the last portion of this research (Chapter 4), we focus on the dynamics of �uid-�uid

displacement in mixed-wet porous media under quasi-static conditions. Multiphase �ow

in porous media is a complex and dynamic process that involves interactions between

�uids and the rock matrix across a range of spatial and temporal scales. For instance, to

comprehensively explore CO2 sequestration, research e�orts span a wide range of length

scales from micro- (Andrew et al.; 2014) to macro- (Jackson et al.; 2018) and �eld-scales

(Alnes et al.; 2011)) and time scales from seconds to millions of years (Juanes et al.;

2010). The main application of understanding the dynamics of �uid-�uid displacement

in mixed-wet porous media is to gain insight into how the process evolves over di�erent

time and length scales and correlate the various spatial and temporal aspects associated

with the system (Spurin et al.; 2022).

The dynamics of these processes are explained through the lens of self-organized

criticality (SOC). Self-organized criticality describes dynamical systems situated at a

critical point in which perturbations have scale-free consequences. SOC behavior can be

found in a variety of natural systems, from earthquakes to our brains' neural networks.

Quali-static displacement of multiphase �ow in a drainage regime is also one of the

known examples of SOC.

In this work, we demonstrate for the �rst time that mixed wet porous media also ex-

hibit self-organizing criticality behavior. We analyze the dynamics of �uid displacement

in large mixed-wet porous media over a variety of wettability correlation lengths. We

�nd that the system's dynamics follow super-universal trends. Moreover, for a variety

of wettability correlation lengths, we demonstrate that the spatial and temporal aspects

6
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of this process are correlated.

In the �nal chapter of this thesis (Chapter 5), the numerous questions remaining in

multiphase �ow in mixed-porous media are discussed, as well as future research that

should be conducted in order to further develop and explore the �ndings.
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Abstract

It is well-known that wettability exerts fundamental control over multiphase �ow in

porous media, which has been extensively studied in uniform-wet porous media. In con-

trast, multiphase �ow in porous media with heterogeneous wettability (i.e., mixed-wet)

is less well-understood, despite its common occurrence. Here, we study the displace-

ment of silicone oil by water in a mostly oil-wet porous media patterned with discrete

water-wet clusters that have precisely controlled wettability. Surprisingly, the macro-

scopic displacement pattern varies dramatically depending on the details of wettability

alteration�the invading water preferentially �lls strongly water-wet clusters but encir-

cles weakly water-wet clusters instead, resulting in signi�cant trapping of the defending

oil. We explain this counter-intuitive observation with pore-scale simulations, which

reveal that the �uid-�uid interfaces at mixed-wet pores resemble an S-shaped saddle

with mean curvatures close to zero. We show that incorporation of the capillary entry

pressures at mixed-wet pores into a dynamic pore-network model reproduces the exper-

iments. Our work demonstrates the complex nature of wettability control in mixed-wet

porous media, and it presents experimental and numerical platforms upon which further

insights can be drawn.

2.1 Introduction

Multiphase �ow in porous media is of great importance in many natural and industrial

settings, including water in�ltration (Cueto-Felgueroso and Juanes; 2008), enhanced oil

recovery (Orr and Taber; 1984), geologic carbon sequestration (Szulczewski et al.; 2012),

and electrochemical devices (Zhao et al.; 2021). The displacement of one �uid phase by

another in porous media has long been viewed through the lens of Lenormand's diagram,
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which states that the �ow behavior is governed by the viscosity ratio between the �u-

ids, and the relative importance between capillary and viscous forces (Lenormand et al.;

1988). Concurrent studies (Stokes et al.; 1986; Cieplak and Robbins; 1988) demonstrated

that the �uids' relative a�nity to the porous media (i.e., wettability) also has a profound

in�uence on the �ow behavior. Speci�cally, the displacement of a less wetting �uid by

a more wetting �uid (i.e., imbibition) yields more compact displacement patterns com-

pared to the displacement of a more wetting �uid by a less wetting �uid (i.e., drainage).

More recently, a systematic study of �uid-�uid displacement in micro�uidics (Zhao et al.;

2016) illustrated wettability control over a wide range of wettability conditions, which

culminated in the extension of Lenormand's diagram to include wettability (Primkulov

et al.; 2021). A common theme between these studies is the spatial uniformity of the

porous media's wettability. In contrast, multiphase �ow in porous media with spatially

heterogeneous wettability (i.e., mixed-wet) condition is less well-understood.

Mixed-wet porous media is a common occurence in many settings � for exam-

ple, parts of a groundwater aquifer become water-repellent after contacting a non-

aqueous phase liquid (NAPL) (Powers et al.; 1996), and portions of a gas di�usion

layer become water-repellent after the addition of polytetra�uoroethylene (PTFE) Sinha

and Wang (2008). Mixed-wettability is particularly prevalent in oil-bearing reservoir

rocks (Salathiel; 1973; Kovscek et al.; 1993). High-resolution in situ wettability charac-

terizations of reservoir rocks demonstrated the presence of a wide range of contact angle

within a single millimeter-sized core sample, and the existence of distinct water-wet and

water-repellent regions (Andrew et al.; 2014; AlRatrout et al.; 2018; Blunt et al.; 2019).

Recent experiments in mixed-wet reservoir rocks demonstrated signi�cant di�erences

in �ow behavior compared to their homogeneously-wet counterparts. For instance, imbi-

bition in oil-saturated mixed-wet core sample displaced more oil (Lin et al.; 2019; Alham-

madi et al.; 2020; Scanziani et al.; 2020), and imbibition in CO2-saturated mixed-wet
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core sample resulted in less residual trapping (Al-Menhali and Krevor; 2016; Al-Menhali

et al.; 2016). Additional features of multiphase �ow in mixed-wet core samples include

increases in ganglion �ow (Zou et al.; 2018; Rücker et al.; 2019) and the presence of

�uid-�uid interfaces with very low mean curvature (Lin et al.; 2019; Scanziani et al.;

2020).

Here, we use patterned micro�uidic �ow cells to study viscously unfavorable displace-

ment of silicone oil by water in mixed-wet porous media. This system allows for simulta-

neous visualization of the macroscopic displacement front and the pore-scale �uid-�uid

interface. Additionally, the �ow cells are designed with precise pore geometries and

mixed-wettabilities in the form of discrete water-wet clusters, which eliminate the un-

certainty associated with natural media and enable direct mapping of observations to

the interfacial �uid dynamics at the pore scale. Our results show that the macroscopic

displacement pattern is sensitive to the exact wettability of the water-wet clusters�

while the invading water preferentially �lls strongly water-wet clusters, it encircles weakly

water-wet clustersinstead and traps a signi�cant amount of the defending oil. We show

that this dramatic di�erence is caused by the unique morphology of the �uid-�uid in-

terface in mixed-wet pores, which resembles an S-shaped saddle with mean curvature

close to zero. The pore-scale �uid-�uid interfaces dictate the capillary entry pressures,

which lead to the preferential �lling of mixed-wet pores over weakly water-wet pores,

but not strongly water-wet pores. We incorporate the pore-scale insights into a dynamic

pore-network model, which reproduces the experiments across di�erent �ow rates and

wettability conditions.

2.2 Experiments in Mixed-wet Micro�uidics

We conduct �uid-�uid displacement experiments in micro�uidic �ow cells with spatially

heterogeneous wettability conditions (i.e. mixed-wet). Each �ow cell contains � 16,000
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Figure 2.1: The �ow cell is made of a photocurable polymer
(NOA81) that is oil-wet in nature, but becomes more water-wet
after exposure to high-energy UV radiation. We cover the NOA81
surface with a photomask during UV exposure to achieve water-wet
clusters. The border between oil-wet and water-wet regions are de-
lineated by connecting the centers of mixed-wet pores (inset)

cylindrical posts and it is fabricated with a photocurable polymer (NOA81, Norland

Optical Adhesives) (Bartolo et al.; 2008). The NOA81 surface is oil-wet in nature, but

becomes increasingly water-wet with exposure to high-energy UV irradiation (Levaché

et al.; 2012; Levaché and Bartolo; 2014; Zhao et al.; 2016; Odier et al.; 2017; Masouminia

et al.; 2023). We expose the �ow cell locally to high-energy UV via the application of a

UV-blocking mask. The mask is patterned with cutouts that yields four distinct water-

wet clusters (Fig. 2.1). We characterize the wettability of the �ow cell using the static

advancing contact angle� of water immersed in silicone oil. The bulk of the �ow cell is

oil-wet ( � = 120� ), while the clusters are either weakly water-wet (� = 60 � ) or strongly

water-wet (� = 30 � ). We fabricate a new �ow cell for each experiment to ensure precise

control over its wettability (Fig. 2.2). Furthermore, the wettability condition of the �ow

cell remains constant over the duration of our experiments, since the contact angle of

UV-treated NOA81 surface is stable over many days (Levaché et al.; 2012).

16



Ph.D.� Ashkan Irannezhad; McMaster University� Department of Civil Engineering

Figure 2.2: The top half of the �ow cell consists of a �at sheet of
NOA81 patterned with the same spatially heterogeneous wettability
and it is precision aligned with the bottom half.

To perform an experiment, we �rst saturate the �ow cell with a viscous silicone oil

(� oil = 50 mPa�s). We then inject deionized water (� water = 0 :99 mPa�s) into the center

of the �ow cell at a constant volumetric rate Q to displace the ambient silicone oil.

This is a viscously unfavorable displacement, with viscosity ratio M = � oil =� water �

50. We characterize the relative importance between viscous forces and capillary forces

using the macroscopic capillary numberCa = � oil vinj =
 Lenormand et al. (1988), where


 = 13 � 2 mN/m is the interfacial tension between the �uids and vinj = Q=(bd) is the

characteristic injection velocity as constrained by the gap thicknessb and the median

pore-throat size d. We conduct experiments at varying injection rates (Q = 0 :0003,

0:03 and 0:3 mL/min), which correspond to capillary numbers spanning three orders

of magnitude (Ca = 6 � 10� 4, 6 � 10� 2, and 6 � 10� 1, respectively) for both types of

mixed-wet �ow cells. We provide a detailed description of the fabrication process and

the experimental procedure in Section 2.5.2.
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Figure 2.3: Experimental displacement patterns of water (yellow)
displacing silicone oil (black) in mixed-wet micro�uidic �ow cells at
three distinct capillary numbers. The bulk of the �ow cell is oil-wet
(gray posts, � = 120� ), and it is interspersed either with strongly
water-wet clusters (blue posts, � = 30 � ), or with weakly water-
wet clusters (green posts,� = 60 � ). The patterns correspond to
when the invading water reaches the perimeter of the �ow cell and
they are oriented in the same way to aid visual comparison. The
invading water saturates the strongly water-wet clusters (top row),
but encircles the weakly water-wet clusters (bottom row).
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2.3 Results and Discussion

Intuitively, one would expect that the invading water preferentially �lls the water-wet

clusters in its path, especially at low Ca where capillary forces dominate. This is in-

deed the case for experiments in the mixed-wet �ow cells withstrongly water-wet clus-

ters (Fig. 2.3a-c and Movie S1). Surprisingly, we observe the opposite behavior in the

mixed-wet �ow cells with weakly water-wet clusters, where the water advances by encir-

cling the weakly water-wet clusters instead of saturating them (Fig. 2.3d-f and Movie

S2).

To provide quantitative insight into �uid-�uid displacement through the water-wet

clusters, we calculate two metrics for each experiment: (i) The water-wet pore preference

index I p, which is the ratio of the number of invaded water-wet pore throats to the

number of invaded mixed-wet pore throats at the end of the experiment (Fig. 3.5a). We

de�ne a mixed-wet pore throat as one that is between an oil-wet post and a water-wet

post (Fig. 2.1); (ii) The water-wet cluster displacement e�ciency Ed, which is de�ned

as the fraction of the defending �uid displaced from the water-wet cluster closest to the

injection port at the end of the experiment (Fig. 3.6). We con�ne Ed measurements

to the water-wet cluster closest to the injection port because not all water-wet clusters

come in the path of the invading water during the experiment.

We calculate the ratio between the total number of water-wet pore throats and the

total number of mixed-wet pore throats in the entire �ow cell as the upper bound for

I p (i.e., I max
p = 5 :8), which correspond to the case where all encountered water-wet

clusters are completely saturated by the invading water. We �nd high water-wet pore

preference index (I p > 5) in the �ow cell with strongly water-wet clusters at all Ca.

Decreasing the a�nity of the water-wet clusters to the invading �uid (i.e., increasing �

from 30� to 60� ) dramatically decreasesI p. This is especially distinct at low Ca (I p < 3),
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where the invading water enters the mixed-wet pore throats along the perimeter of the

water-wet clusters without saturating them (Fig. 2.3d-e). However, I p in the �ow cell

with weakly water-wet clusters does increase at high Ca, when viscous forces become

more important compared to capillary forces (Fig. 3.5). Similar observations have been

reported by Armstrong & Wildenschild (Armstrong and Wildenschild; 2012), whose X-

ray computed microtomography (micro-CT) imaging of water �ooding in oil-saturated

mixed-wet cores showed that �uid-�uid interfaces are preferentially located in the mixed-

wet pores.

At low Ca, the displacement e�ciency is much higher in the �ow cell with strongly

water-wet clusters (Ed = 0 :78) compared to the �ow cell with weakly water-wet clusters

(Ed = 0 :38), since the preferential �lling of mixed-wet pores along the perimeter of

the weakly water-wet clusters traps a signi�cant amount of the defending oil. As Ca

increases,Ed decreases in the �ow cell with strongly water-wet clusters as a result of

viscous �ngering. In contrast, Ed increases in the �ow cell with weakly water-wet clusters.

We �nd similar Ed values between the two types of mixed-wet �ow cells at the highest

Ca, where viscous forces dominate (Fig. 3.6).

2.3.1 Pore-scale Physics

The signi�cant I p and Ed di�erences between �ow cells with strongly water-wet clusters

and those with weakly water-wet clusters at low Ca indicate that capillarity at mixed-

wet pores play a fundamental role. To gain a deeper understanding of wettability control

at the pore-scale, we investigate the �uid-�uid interface using Surface Evolver , which

is a �nite element solver that minimizes the overall surface energy of a �uid-�uid-solid

system (Brakke; 1992). Speci�cally, we simulate the quasi-static evolution of the �uid-

�uid interface in 3D through a typical uniform-wet pore throat versus a typical mixed-

wet pore throat. Mixed-wet pore throats exist between a water-wet post and an oil-

wet post, and we assign the wettability of the top and bottom surfaces such that the
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Figure 2.4: Water-wet pore preference indexI p as a function of
Ca, whereI p is de�ned as the ratio between the number of invaded
water-wet pore throats and the number of invaded mixed-wet pore
throats. Experimental I p for �ow cells with weakly water-wet clus-
ters (green circles connected by solid lines) and strongly water-wet
clusters (blue circles connected by dashed lines) are plotted along-
side numerical I p (squares) obtained from our pore-network model
(see Fig. 2.8). The gray dashed line represents the ratio between
the total number of water-wet pore throats and the total number
of mixed-wet pore throats in the entire �ow cell. The �lled circles
represent additional experiments conducted at the same conditions.
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Figure 2.5: Water-wet cluster displacement e�ciency Ed as a
function of Ca, whereEd is de�ned as the fraction of the defending
�uid displaced from the water-wet cluster closest to the injection
port. Ed for �ow cells with weakly water-wet clusters (green cir-
cles connected by solid lines) and strongly water-wet clusters (blue
circles connected by dashed lines) are plotted alongside numerical
Ed (squares) obtained from our pore-network model (see Fig. 2.8).
The �lled circles represent additional experiments conducted at the
same conditions.
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boundary between water-wet and oil-wet regions bisect the pore throat, which is similar

to the experimental con�guration (Fig. 2.1 inset). We report the 3D shape of the last

stable �uid-�uid interface, which occurs at the point beyond which no viable solution

is possible (Fig. 2.6). Due to the equilibrium condition, each �uid-�uid interface has

constant mean curvature � in space.

The morphology of �uid-�uid interfaces at mixed-wet pore throats are distinct from

those at uniform-wet pore throats. Speci�cally, the �uid-�uid interfaces at mixed-wet

pore throats resemble an S-shaped saddle with mean curvatures close to zero (Fig. 2.6b,

d). Pore-scale imaging of our experiments indeed shows the existence of S-shaped �uid-

�uid interfaces at mixed-wet pore throats (Fig. 2.7c). We note that saddle-shaped �uid-

�uid interfaces with zero mean curvature have recently been observed in X-ray micro-CT

imaging of water�ooding in oil-saturated Bentheimer sandstone cores (Lin et al.; 2019).

For the �ow cell with weakly water-wet clusters, the mean curvature of the �uid-�uid

interface at a mixed-wet pore throat is lower than that at a uniform-wet pore throat

(Fig. 2.6a, b). Since capillary entry pressure is given byPc = 
� , the lower mean

curvature is responsible for the preferential �lling of mixed-wet pore throats in weakly

water-wet clusters. For the �ow cell with strongly water-wet clusters, the mean curvature

of the �uid-�uid interface at a mixed-wet pore throat is higher than that at a uniform-

wet pore throat (Fig. 2.6c, d), which is responsible for the preferential �lling of water-wet

pores.

2.3.2 Numerical Simulation of Fluid-�uid Displacement in Mixed-Wet

Porous Media

Among di�erent classes of computational approaches to simulate pore-scale �uid-�uid

displacement in porous media, pore-network models stand out in their relative simplicity

and low computational demand (Blunt; 2001). Additionally, the pioneering work of

Cieplak and Robbins demonstrated that pore network models with interface tracking
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Figure 2.6: Three-dimensional visualization of the last stable
�uid-�uid interface through (a) a uniform-wet pore consisting of
a pair of weakly water-wet posts, (b) a mixed-wet pore consisting
of an oil-wet post next to a weakly water-wet post, (c) a uniform-
wet pore consisting of a pair of strongly water-wet posts, and (d)
a mixed-wet pore consisting of an oil-wet post next to a strongly
water-wet post. The colormap shows the local mean curvature of
the meniscus.

can capture the impact of wettability on the macroscopic displacement pattern (Cieplak

and Robbins; 1988, 1990). To capture the pore-scale physics in our experiments, we

derive analytical expressions for the �uid-�uid interface evolution through both uniform-

wet and mixed-wet pore throats (See details in section 3.2). This allows us to calculate

the critical capillary pressure at each pore throat along the invasion front, which takes

place when the �uid-�uid interface encounters a burst, touch or overlap event (Cieplak

and Robbins; 1988, 1990). Finally, we incorporate the critical capillary pressure in the

dynamic pore-network model framework of Primkulov et al. (Primkulov et al.; 2018,

2019, 2021) to arrive at a pore-scale model of �uid-�uid displacement in mixed-wet

porous media.

We apply the pore-network model to simulate the constant rate displacement of

silicone oil by water in our experiments (Fig. 2.8). Qualitatively, the simulations capture
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Figure 2.7: In-plane curvature of the �uid-�uid interface at (a)
a typical uniform-wet pore and (b) a typical mixed-wet pore. The
circles represent simulation results obtained viaSurface Evolver ,
whereas solid lines represent our analytical solutions described in
section 3.2). (c) Experimental snapshot of the meniscus at a mixed-
wet pore consisting of an oil-wet post next to a weakly water-wet
post at Ca = 6 � 10� 4.

the salient features of the experiments�the invading water preferentially �lls the strongly

water-wet clustersbut encircles theweakly water-wet clustersat low Ca. Quantitatively,

the water-wet pore preference indexI p and water-wet cluster displacement e�ciency Ed

extracted from the simulations reproduce the experimental measurements across all Ca

(Fig. 3.5 and Fig. 3.6).

2.4 Conclusions

We have developed a unique experimental platform to study multiphase �ow in mixed-

wet porous media via the displacement of silicone oil by water in predominantly oil-wet

micro�uidic �ow cells patterned with well-controlled water-wet clusters. Our results show

the macroscopic �uid-�uid displacement pattern is highly sensitive to the the details of

wettability alteration�while the invading water preferentially �lls strongly water-wet

clusters, it encircles weakly water-wet clustersinstead and traps a signi�cant amount of

the defending oil (Fig. 2.3). This surprising �nding stems from the unique morphology
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