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A B S T R A C T

In this work, we provide a physically-consistent modeling approach for two-phase porous media flow, by
including percolating interfacial area and saturation as state variables. For this purpose, we combine two
continuum theories for two-phase flow which have been individually proven to be conditionally valid. This
means the potential use of the connected-to-the-flow interfacial area as a state variable is tested utilizing
time-resolved microfluidic experiments, for various flux boundary conditions. Moreover, we observe and
study a linear relation between the percolating saturation and interfacial area, which is persistent for the
tested boundary conditions. In our microfluidic experiments, we employ optical microscopy to perform cyclic
immiscible displacement experiments. Our results show that a continuum model, where capillary pressure,
saturation , and specific interfacial area of the clusters connected to the flow are considered, is closer to
a universal description of two-phase flow than the common approaches, where the only state variable is
saturation.
1. Introduction

Defining the physical properties of a multi-phase displacement
process in a porous medium is a fundamental prerequisite in many
porous media fluid flow applications. Such applications include, but
are not limited to, many natural phenomena, such as water infiltra-
tion (Parr and Bertrand, 1960; Lipiec et al., 2006), or saline water
intrusion (Todd, 1974; Choudhury et al., 2001), and those of indus-
trial interest. These include enhanced oil recovery (EOR) (Muggeridge
et al., 2014; Alvarado and Manrique, 2010), or fuel cells (Abdelkareem
et al., 2021; Sharaf and Orhan, 2014), among others. However, the
theoretical frameworks under which the underlying physical processes
are attempted to be described and modeled have been efficient to a
specific extent, with the overall image still incomplete. The empirical
closure equations in common continuum theories such as Leverett
(1941), Brooks and Corey (1964), Land (1968) or Van Genuchten
(1980), include saturation or effective/residual (trapped) saturation, as
the only state variable. For example, Land (1968) obtains expressions
for trapped and mobile non-wetting saturation and shows that they
can be used in the calculation of wet-rock/fluid properties, such as
relative permeability. In these approaches, the equations for saturation
vs. capillary pressure must have different coefficients for different

∗ Corresponding author at: Institute for Applied Mechanics (CE), University of Stuttgart, Pfaffenwaldring 7, Stuttgart, 70569, Germany.
E-mail address: samaneh.vahiddastjerdi@mechbau.uni-stuttgart.de (S. Vahid Dastjerdi).

displacement events to capture the history-dependent characteristics of
two-phase flow in porous media.

Given that the aforementioned macroscale, i.e. continuum, ap-
proaches are case- and history-dependent, substantial theoretical, nu-
merical, and experimental efforts have been made to come up with
more physically-based and representative modeling approaches. These
efforts mostly involve adding state variables other than saturation to
the continuum-scale models. Among the list of proposed new state
variables are: The area of the interfaces between the phases (Has-
sanizadeh and Gray, 1990, 1993), a topological measure known as
Euler characteristic number (Herring et al., 2013; Schlüter et al., 2016;
Miller et al., 2019; McClure et al., 2020), and connection of the phases
to the flow path (Hilfer, 2006a,b; Armstrong et al., 2012; Herring et al.,
2017). Moreover, several researchers identify and include more than
one state variable at once (Osei-Bonsu et al., 2020; Vahid Dastjerdi
et al., 2022a). For example Osei-Bonsu et al. (2020), have experimen-
tally shown that parameters such as the Euler characteristic number,
the percolating volume fraction of the fluids, and the fraction of the
wetted solid surface, are adequate to describe the phases’ state in
their microfluidic experiments. These parameters have been shown to
provide practical solutions towards making reservoir simulations more
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efficient (Khorsandi et al., 2021). However, a practical approach based
on continuum theories and their applications are yet to be identified.

In this study, we are focusing on the approaches of Hassanizadeh
and Gray (1990, 1993), who introduce specific interfacial area as a
separate state variable, and Hilfer (2006a,b), where percolating and
non-percolating volume fractions for each fluid phase are included. As
one can see, the additional state variables in these two approaches are
conceptually different. In Hassanziadeh–Gray’s approach, a new mea-
sure that accounts for the existence of interfaces is introduced. Hilfer’s
approach focuses on the connectivity of fluid phases and still works
with the traditional volumetric measure, namely saturation. Thus, they
take different phenomena in multi-phase flow into account and can,
potentially, be complementary. We hypothesize that their combination
can improve our description of multi-phase flow in porous media.

Hilfer points out challenges, such as the inclusion of hysteresis and
multivaluedness, mirroring the dynamic effects in a process, and the
association of pore-scale parameters with macroscale averages as the
reasons behind the inefficiency of the common macroscopic theories.
He tries to overcome them by obtaining the capillary pressure function
as an outcome of his theoretical framework, and not as an input.
In this context, he considers residual saturation as non-percolating
saturation, which depends on the process and the initial/boundary con-
ditions. He also differentiates between percolating and non-percolating
saturation in general. In other words, he introduces four saturation
fields: percolating and non-percolating fractions of wetting and non-
wetting saturations, instead of only wetting and non-wetting. A few
numerical and experimental investigations have shown the potential
of this theory (Hilfer and Doster, 2010; Doster and Hilfer, 2014; Hilfer
et al., 2015). However, the extent of its validity under non-equilibrium
conditions has not been shown yet.

In the extended continuum-mixture theory for porous media, de-
veloped by Hassanizadeh and Gray (1990, 1993), balance equations
are developed for bulk phases, for interfaces, and for exchange pro-
cesses over interfaces. Compared to classical continuum-scale theories
of porous media, the interfaces (per unit volume) between the three
phases (wetting, non-wetting, and solid), as the locus of any poten-
tial phase energy exchange, complement classical bulk state variables.
Through safe assumptions for the fluid–solid interfaces, they reduce the
essential state variables in their continuum theory to saturation and
fluid–fluid specific interfacial area. Many numerical and experimental
investigations have shown that including this extra state variable im-
proves the modeling of the apparent hysteresis in quasi-static displace-
ment events (Held and Celia, 2001; Cheng et al., 2004; Joekar-Niasar
et al., 2008; Niessner and Hassanizadeh, 2008; Porter et al., 2009;
Zhuang et al., 2017). However, the validity of this approach under
transient flow conditions and for a wide range of capillary numbers has
been questioned (Joekar-Niasar and Hassanizadeh, 2011; Shokri et al.,
2022). For example, Karadimitriou et al. (2014) investigate the theory
under transient conditions experimentally, with the use of microfluidics
and direct, real-time visualization. They show that the inclusion of
the specific interfacial area between the two fluids can improve the
hysteretic behavior during cyclic drainage and imbibition events. They
show capillary pressure–saturation–specific interfacial area creates a
unique surface under given boundary conditions. However, different
surfaces for different boundary conditions are needed. This raises the
question of whether another state variable, in addition to specific in-
terfacial area, is needed to account for the effective complex pore-scale
fluid configurations on the macroscale.

Motivated by the results of Karadimitriou et al. (2014) and in-
spired by the theoretical approach of Hilfer (2006a,b), Vahid Dastjerdi
et al. (2022a) perform a set of two-phase displacement experiments
to investigate the role of disconnections in the evolution of the flow.
They follow the extended continuum theory for two-phase flow, where
specific interfacial area between the wetting and the non-wetting phase
is brought into the constitutive equations. Their experiments include
2

flow-controlled cyclic drainage and imbibition with three orders of
magnitude variation in the volumetric fluxes and the corresponding Ca
number (10−7 to 10−5). They conclude that considering both interfacial
area and percolating saturation of the invading phase in two-phase
porous media flow models can model the apparent hysteresis more
efficiently. This signifies that describing two-phase flow with a single
model is more feasible when both percolating saturation and interfacial
area are considered as state variables.

However, in their experiments, the microfluidic cell they use fa-
cilitates strong corner/film flow, by construction. The extent of the
corner/film flow is not observable and quantifiable with their experi-
mental procedure and, therefore a reliable saturation for the connected
wetting phase is not measurable. Thus, they only resolve the drainage
events in terms of saturation, capillary pressure, and specific interfacial
area between the wetting and the non-wetting phase during the flow,
both on the micro- and macro-scale. They imply that further studying of
imbibition processes needs to be carried out in a microfluidic cell with
very well-defined connectivity of the wetting phase. The cell should
also allow for the precise calculation of the wetting phase saturation,
since the shadow (caused by curved channel walls) in glass microfluidic
cells, prevents the wetting phase occupancy from being captured. Thus,
the most feasible solution, to take their investigations further, is a
microfluidic cell in which the permeability of the corners and the extent
of films of the wetting phase is negligible.

Taking advantage of the capabilities of soft lithography (Xia and
Whitesides, 1998; Karadimitriou et al., 2013) and optical microscopy
(Karadimitriou et al., 2013), in the current contribution, we are pre-
senting a set of microfluidic experiments in a porous domain made
of Poly-Di-Methyl-Siloxane (PDMS). The primary motivation behind
these experiments is to investigate our hypothesis during imbibition
while excluding the corner/film flow effect for the wetting phase. The
structure of the pores of the PDMS microfluidic cells, along with PDMS
wetting properties, prohibits the pronounced connection between the
wetting clusters and allows us to define connectivity reliably from
the images and address the imbibition processes as well. However, by
shifting to PDMS micromodels, other aspects of the experiments are
also changed and included. For instance, the geometry of the porous
domain is slightly different in the PDMS microfluidic cell in comparison
to the glass micromodel used in Vahid Dastjerdi et al. (2022a). The pore
throat/pore depth ratio in the PDMS cells differs from this in the glass
microfluidic cells. Thus, the corresponding entry capillary pressure for
the same planar location is different in the two cells. Moreover, due
to the different manufacturing procedures, the channel shapes differ.
The curved walls in the glass cell are replaced with almost perfect
rectangular channels, in cross-section, in the PDMS microfluidic cell.

Another aspect that is different in these experiments is the wet-
ting properties of the employed fluid–solid–fluid system. A concept
known as Lenormand’s phase diagram (Lenormand et al., 1988) should
be mentioned to elaborate further on this matter. Lenormand et al.
(1988) perform drainage experiments with various viscosity ratios (M)
between the non-wetting phase (as the invading fluid) and the wetting
phase (as the defending fluid) and different capillary numbers (Ca),
where

𝑀 =
𝜇𝑛𝑤

𝜇𝑤 , (1)

𝐶𝑎 =
𝜇𝑛𝑤 𝑞
𝜎𝑤𝑛 . (2)

Here, 𝜇𝑛𝑤 and 𝜇𝑤 are the dynamic viscosities of the non-wetting and
wetting phase (Pa s) respectively. 𝜎𝑤𝑛 is the interfacial tension between
the non-wetting and wetting phase (N∕m) and 𝑞 is the Darcy velocity
(m∕s) in the experiments. They categorize primary drainage processes
into three distinguished regimes, known through the shape of the
displacement front, based on the combination of the viscosity ratio and
the Ca number. In a water-PDMS-Fluorinert system, where Fluorinert
(Section 2) is the wetting phase and water is the non-wetting one, the
viscosity ratio between the invading and the defending fluid during a
drainage process is M = 0.21 (LogM = −0.7). In a glass porous medium,
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Table 1
Image acquisition settings.

Volumetric flux Ca Image acquisition rate Number of Image size
(μl∕min) (−) (fps) processed images (Pixels)

Exp. 1 0.18 10−7 1 3453 2141 × 1266
Exp. 2 1.8 10−6 5 3468 2171 × 1271
Exp. 3 18 10−5 20 3415 2173 × 1271
Exp. 4 18 10−5 20 3543 2424 × 1416

Exp. 3 and Exp. 4 are carried out for 12 and 24 displacement events, respectively.
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owever, the wetting properties are inverse, meaning that in a water-
lass-Fluorinert system, water is the wetting phase. In Lenormand’s
hase diagram, one can see that reversing the viscosity ratio can affect
he displacement regime. Hence, we are putting our hypothesis of a
nique surface for all data points of saturation, capillary pressure,
nd specific interfacial area for connected clusters to the test for a
recisely-defined geometry in a hydrophobic microfluidic cell and for
oth drainage and imbibition.

A set of flow-controlled microfluidic experiments consisting of six
rainage and six imbibition events are carried out. Images from the
isplacement processes are recorded at fixed time intervals. The images
re processed with an in-house developed tool based on MATLAB®
2019), and the desired parameters, such as saturation, capillary pres-
ure, and interfacial area, are extracted. Then, Eq. (3) is employed to
it the data points from all terminal menisci between the wetting and
on-wetting phases for all displacement processes.

𝑤𝑛 = 𝛼 (𝑠𝑖𝑛𝑣)𝛽 (1 − 𝑠𝑖𝑛𝑣)𝛾 (
𝑝𝑐𝑅𝐸𝑉
𝑝𝑎𝑡𝑚

)𝛿 , (3)

where 𝑎𝑤𝑛 is the specific interfacial area (1∕m), defined as the total in-
terfacial area of all wetting/non-wetting interfaces normalized over the
bulk volume of the porous medium, 𝑠𝑖𝑛𝑣 is the saturation of the invading
fluid (non-wetting during drainage and wetting during imbibition),
and 𝑝𝑐𝑅𝐸𝑉 is the REV-scale capillary pressure. 𝑝𝑎𝑡𝑚 is the atmospheric
pressure, assumed as constant in all experiments (105 Pa). Parameter 𝛼
has units of 1∕m, and parameters 𝛽, 𝛾 and 𝛿 are dimensionless.

Further, the same fitting process is applied to the same dataset for
the percolating phases only. Comparing the two fits, through R2 (the
coefficient of determination), shows how significant the consideration
of only the percolating saturation of a phase is in the attempt to
uniquely model capillary pressure hysteresis. We also observe a linear
relationship between the saturation and the interfacial area in percolat-
ing clusters. We show that this relationship is persistent, characteristic
of flow rates, and independent of the number of displacement events.

The highly temporally- and spatially-resolved microfluidic exper-
iments and their results, presented here, are complementary to the
investigations published in Vahid Dastjerdi et al. (2022a). Through
these results, we are able to complete our studies for a broader range
of boundary conditions (displacement types, flow rates, viscosity ratios,
and geometrical factors). We show that a combination of two contin-
uum theories (theories from Hassanizadeh and Gray (1990) and Hilfer
(2006a)) has less dependency on the boundary conditions in compar-
ison to each theory alone (displacement types, flow rates, or viscosity
ratios), clearly and concisely.

2. Materials and methods

The experimental methods are similar to the ones described in
Vahid Dastjerdi et al. (2022a). Minor differences are explained in the
following sections:

2.1. Experimental setup

The experimental setup consists of a customized optical microscope,
a microfluidic cell, and a syringe pump. Apart from the microfluidic cell
and the visualization settings, the rest of the setup is similar to the one
used in Vahid Dastjerdi et al. (2022a). In the following, the varying
characteristics of the setup are presented.
3
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2.1.1. Microfluidic cell
A micromodel made of PDMS with cylindrical pillars serves as

the porous medium in microfluidic experiments. PDMS micromodels
are widely used in microfluidic experiments since they are flexibly
producible by photo- and soft lithography (Xia and Whitesides, 1998;
Karadimitriou et al., 2013). In this work, the depth of the cell is
55 μm, and its pore size distribution varies between 75 μm and 250 μm
with a mean size of 180 μm. The CAD design of the cell is available
in Vahid Dastjerdi et al. (2022b). The total pore volume of the cell is
∼3.7 μl, with a porosity of ∼ 50%. The channels’ cross-section is very
lose to perfect rectangles.

.1.2. Visualization
A Basler© acA2440-20gm monochrome camera is used in this work

ith a sensor size of 5 Mpx and an acquisition rate ranging from 0.07 to
3 fps. A 1 W LED light source emitting at 590 nm mounted on an F/3.2
135 mm Canon objective lens serves as the collimated illumination
f the microscope. The light is then redirected and collected through
n Edmund Optics© prism and a Sigma© F/1.8 - 135 mm tele-lens
owards the camera. The region of interest is cut out from the full sensor
ize (2448 × 2050) for further processing. The visualization as well as
he acquisition properties of the experiments, such as image acquisition
ates and image size, are listed in Table 1. The spatial resolution in the
xperiments is ∼9.1 μm∕pixel. A detailed sketch of the setup can be found
n Vahid Dastjerdi et al. (2022a).

.2. Two-phase flow experiments

The wetting and the non-wetting phases are Fluorinert (3M
luorinert™FC-43 Liquid, viscosity 4.71 Pa s, density 1860 kg∕m3) and
ater (viscosity 1 Pa s, density 997 kg∕m3) respectively. Since the two

luids are colorless, water is dyed with a water-soluble ink (Talens
coline 578 Liquid Watercolor) at a concentration of 50%. The ex-
eriments are flow-controlled, and the volumetric flux is chosen to
aintain the desired Ca numbers for primary drainage. The Ca numbers

re 10−5, 10−6, and 10−7 and this is achieved through volumetric fluxes
f 0.18 μl∕min, 1.8 μl∕min, and 18 μl∕min as listed in Table 1.

Starting with primary drainage (micromodel initially fully saturated
with Fluorinert), twelve sequential displacement processes of drainage
and imbibition are performed in the micromodel, by injecting 18 μl
of each fluid into the microfluidic cell. The volume of the fluids is
chosen to be large enough (ca. five times the pore volume) to establish
a steady-state flow after the breakthrough of the injected fluid. Both
fluids are injected from one side of the cell through an inlet tube, which
is filled with fluid pulses before being connected to the micromodel
(Fig. 1). The twelve displacement processes (primary drainage, main
imbibition, and ten scanning curves) are imaged at fixed time intervals,
as listed in Table 1. Moreover, the inlet pressure is logged, while having
a constant head of a water column of ∼10 cm (∼1 kPa) at the outlet, as a
back-pressure. The experiment with the largest Ca number (Ca = 10−5)
as been carried out twice (Experiments 3 and 4), once with twelve
isplacement events and once with twenty-four, to investigate the role

f system history on the variables investigated in this work.
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Fig. 1. (a) Microfluidic cell made of PDMS and inlet/outlet tubes with the fluids pulses inside them (blue is dyed water and transparent is Fluoinert), (b) Pore space saturated
with water/ink (Under microscope with resolution of ∼9.1 μm∕pixel).
2.3. Image processing

Details about image processing can be found in Vahid Dastjerdi
et al. (2022a). The main difference between the two procedures (image
processing in the current work and in Vahid Dastjerdi et al. (2022a))
is the mask used for segmentation. As mentioned in 2.2, the PDMS
microfluidic cell is first saturated with Fluorinert which is transparent,
similar to the solid phase. Thus, segmenting the image into three phases
is done with a mask, where the pore space in an image from a fully
saturated cell is colored and separated from the solid skeleton.

The REV size in the investigations is calculated as the smallest vol-
ume, above which, any changes in the average value of the considered
parameter are negligible. We investigate the REV size for porosity,
interfacial area, and mean curvature. The domain size, which is an
REV for all these parameters is in the order of 1120 × 1120 pixels
(∼10 mm × 10 mm). As the imaged porous domain in our experiments
is ca. 2150 × 1300 pixels (∼11 mm × 20 mm), the middle part of the
micromodel qualifies as at least one REV.

2.4. Post-processing

Proceeding with the image processing techniques, which yield pa-
rameters such as length, curvature, and contact angle of each interface,
REV-scale parameters such as saturation, total interfacial area, and av-
erage capillary pressure, are computed. Eqs. (4) to (6) are employed to
calculate the interfacial area of an interface i (A𝑤𝑛

i ), the local capillary
pressure based on the three-dimensional Young–Laplace equation (pci ),
and the macroscale capillary pressure (pcREV).

𝐴𝑤𝑛
𝑖 =

𝐿𝑖 𝑑
cos 𝛼

(𝜋
2
− 𝛼), (4)

where 𝐿𝑖 is the length of interface 𝑖 (m), 𝛼 is the contact angle in 𝑒𝑧
direction (56 ◦ during drainage and 58 ◦ during imbibition), and 𝑑
is the depth of the cell (55 μm). The collective interfacial area of all
interfaces in one image is the REV-scale interfacial area associated with
one image.

𝑝𝑐𝑖 = 𝜎𝑤𝑛 (𝜅𝑖 + 2 cos 𝛼
𝑑

), (5)

where 𝑝𝑐𝑖 is the local capillary pressure at interface 𝑖, 𝜎𝑤𝑛 is the surface
tension between Fluorinert and water, which is equal to 55 mN∕m2, 𝜅𝑖 is
the curvature of each interface in the ex × ey plane (1∕m). The contact
angle 𝛼 in the ey×ez direction is assumed to be equal to the mean value
of the contact angles calculated in the ex × ey plane for all interfaces
(Fig. 1). Averaging the local capillary pressures over the interfacial area
(Eq. (6)) delivers the macroscale (REV) capillary pressure

𝑝𝑐𝑅𝐸𝑉 =
𝛴(𝑝𝑐𝑖𝐴

𝑤𝑛
𝑖 )

𝛴𝐴𝑤𝑛
𝑖

, (6)

where 𝐴𝑤𝑛 is the area of interface 𝑖 (m2).
4

𝑖

Triplets of data containing the saturation of the invading phase,
the total specific area of the wetting/non-wetting interfaces, and the
REV-scaled capillary pressure are formed for all clusters in the porous
domain during flow. The same procedure is carried out to extract the
data for only the flowing clusters. To quantify the affiliation of the data
point with a single surface, as we hypothesize, a function as Eq. (3) is
used to fit the data. The goodness of fit in the form of 𝑅2 is presented
in Section 3.

3. Results

The first step in our investigations is to ensure that the PDMS
micromodels serve the purpose of this study, for which we need to
determine the connectivity of the clusters to the flow precisely. To
ensure the compatibility of the cell, we observe the volume of several
clusters (detected as disconnected from the images) for both phases
during drainage and imbibition. If a significant change is detected
in their volume, a connection that is not detectable with our image
processing procedure (for example, through corner flow) can be as-
sumed. If the volume of a cluster, which visually looks disconnected
from its neighbors, does not change during flow, it is considered an
isolated cluster. In Fig. 2, four wetting phase clusters are marked with
red circles at different locations. The images show the configuration
of phase clusters in the micromodel at the end of a drainage event
(Fig. 2a) and an imbibition event (Fig. 2b). The volume change of the
four clusters during those drainage and imbibition events is studied.
Since their volume changes only by 0.2% to 0.7%, we assume the
clusters are disconnected. The same analysis is carried out for the non-
wetting clusters, and as expected, the volume change is in the order of
the processing error. Given the above, the connectivity of wetting and
non-wetting clusters (at the scales relevant to this work) is detectable
from the images. Thus, the recorded images during both imbibition and
drainage are processed, and the derived quantities are analyzed and
presented in the following.

With the use of the image processing procedures described in
Vahid Dastjerdi et al. (2022a), specific interfacial area, capillary pres-
sure, and saturation are calculated for each image, initially for all
clusters and then only for the connected ones. Plots of specific inter-
facial area versus saturation gathered from the experiments are shown
in Figs. 3a and 3b for all clusters and connected clusters, respectively.
Similarly, Figs. 3c and 3d show the capillary pressure-saturation data
pairs from all clusters and connected clusters, respectively. It is evident
that the data for connected clusters show better-behaving trends.

The apparent linear dependency of the specific interfacial area on
the saturation for the connected clusters, the increase in the slope of
this linear dependency, and the reduction in the variability motivate
us to look into their relationship more thoroughly. In Fig. 4, this
relation is investigated in the experiment with Ca equal to 10−5 and
for drainage and imbibition separately. During primary drainage, the
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Fig. 2. Four disconnected wetting phase clusters, where the volume is observed during (a) Drainage and (b) Imbibition. The wetting phase (Fluorinert) is recorded as white, and
the non-wetting phase (dyed water) is recorded as black.
Fig. 3. Data gathered from the experiments by image processing: (a) Specific interfacial area for all clusters, (b) Specific interfacial area for connected clusters, (c) Normalized
capillary pressure for all clusters, (d) Normalized capillary pressure for connected clusters.
specific interfacial area grows linearly with saturation with a slope of
675 (1∕m). However, the slope increases as the experiment evolves and
reaches 1540 (1∕m) for the eleventh scanning curve. For imbibition,
the corresponding slope steadily increases from the minimum value
of 610 (1∕m) for the main imbibition to the maximum value of 1370
(1∕m) for the last imbibition process. In addition, it is noteworthy that
the difference between the two processes reduces as the number of
displacements (history of the system) increases. Observations of the
other two experiments also reveal the same pattern: the slope is always
between 230 (1∕m) to 1540 (1∕m), with the lowest value being associated
with the main imbibition of the slowest experiment (Ca = 10−7) and
the highest value corresponding to the last drainage of the fastest
experiment (Ca = 10−5).

The slope of the fitted line for connected clusters seems to stop
increasing after some scanning events, resulting in a unique domain
5

that accommodates all the specific interfacial area values. To verify this
hypothesis, the experiment with the Ca number 10−5 is repeated with
24 cycles instead of 12. In Fig. 5, one can see the specific interfacial
area generated between the wetting and the non-wetting phase for
clusters connected to the inlet during both sets of experiments. Thus,
the domain of the set of state variables (awn, s) seems to be well-defined
for a single Ca number and a given porous medium. With this second
experiment, we also investigate the dependence of the interfacial area
on the pore structure in an experiment where the capillary forces are
not dominant. The Ca numbers for the experiments are chosen so that a
transition between capillary fingering and viscous fingering is expected
(based on Lenormand’s phase diagram). Our results show that even in
an experiment that is not fully capillary dominated (Log(Ca) = −5 and
Log(M) = −0.7), the generation of interfacial area is the same as long
as the porous medium stays the same. We also observe that the more
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Fig. 4. The linear pattern of the specific interfacial area versus saturation for connected clusters (a) Drainage, (b) Imbibition; Experiment 3, Ca = 10−5.
Fig. 5. The linear pattern of the specific interfacial area versus saturation for connected clusters in two experiments (one with 12 events and the second with 24 events) with the
same Ca number (10−5) (a) Drainage, (b) Imbibition.
displacement events happen in the microfluidic cell, the less the change
in the produced interfacial area is, which implies the formation of
preferential flow paths after some cycles. The formation of preferential
paths could be interpreted as forming an effective porous medium,
slightly different during drainage and imbibition events. Although the
displacement events are executed 24 times in the second trial with
Ca = 10−5, the specific interfacial area stays in the range of the first
trial. Investigating this observation in other case studies can help us
estimate the 𝑠− 𝑎𝑤𝑛 curves in various phenomena, where the displace-
ment events happen repeatedly (Fig. 6). Examples are the cyclic wetting
and drying of soil (Zhao et al., 2018), fluids displacement in fuel
cells (Andersson et al., 2016; Niblett et al., 2020), Subsurface storage
of compressed air (CAES) (Zhang et al., 2020) or hydrogen (Tarkowski,
2019).

Following the procedure described in Section 1, Eq. (3) is fitted
to the data point triplets from one displacement process. This work’s
main interest is finding the state variables of a two-phase porous
medium flow independent of the viscosity ratio of the fluids, the
displacement process (drainage or imbibition), and the Ca number.
Putting all the data points from drainage and imbibition during one
experiment together serves the purpose of studying our hypothesis on
the type of displacement process. Moreover, the results from analyzing
the combination of the data from the experiments with various Ca
numbers indicate the dependency of the hypothesis on the Ca number.
In other words, the data from experiments with Ca numbers 10−7 and
6

10−6 are combined, and the same fitting process is applied. Similarly,
combinations of the experiments with Ca numbers 10−6 and 10−5, as
well as the experiments with Ca numbers 10−7, 10−6, and 10−5 are
studied. The experiment with Ca number 10−5 is chosen as an example,
and the goodness of fit in the form of 𝑅2 is presented in Table 2. The
experiment with the capillary number of 10−5 is chosen as a more
representative example since a significant viscous contribution to the
flow regime is expected. Thus, there is a larger number of discon-
nections, and, consecutively, increasing the probability of establishing
preferential flow paths for fewer cyclic events. The 𝑅2 values illustrate
the nearly perfect fitting of Eq. (3) to the single displacement processes
when only the clusters connected to the flow are accounted for. The 𝑅2

values in the last row of Table 2 show how much the fitting is improved
for connected clusters for a dataset containing drainage and imbibition
displacements.

The effect of Ca number on the fitting is presented in Table 3. The
𝑅2 values listed in Table 3 make it clear that the fitting improves when
only the data from connected clusters are considered. This is especially
of interest for the most transient experiment, where the fitting for all
clusters is bad. The better fit in the case of connected clusters supports
the hypothesis that connectedness and specific interfacial area should
both be involved in theories related to two-phase flow. Furthermore,
a glance at the results presented in Vahid Dastjerdi et al. (2022a) for
a viscosity ratio of 0.21 (See Table 4) is an indication of the validity
of the theory independent of the viscosity ratio. Comparing Tables 3
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Fig. 6. The specific interfacial area versus saturation in two experiments (one with 12 events and the second with 24 events) with the same Ca number (10−5) for all clusters.
Table 2
Goodness of fit(𝑅2) for drainage-imbibition processes from the experiment with
Ca number 10−5.

All clusters included Connected clusters

Primary drainage 0.993 0.993
Main imbibition 0.94 0.998
Scanning curve 0.97 0.998
Scanning curve 0.98 1
Scanning curve 0.97 1
Scanning curve 0.93 1
Scanning curve 0.97 1
Scanning curve 0.87 1
Scanning curve 0.98 1
Scanning curve 0.96 1
Scanning curve 0.97 0.999
Scanning curve 0.92 0.996
All data pointsa 0.57 0.87

aAccumulated data points from all twelve displacements in the experiment.

and 4, one can see that the fit improves for the connected clusters in
comparison to all clusters for both viscosity ratios of 4.7 and 0.21. In
addition to the Ca number, viscosity ratio, and displacement process,
there is evidence (in our results) that this hypothesis holds for various
geometries. The evidence comes from the fact that the hypothesis
is consistent in two relatively different geometries, as the geometry
(the pore throat/pore depth ratio and shape of the channels) of the
PDMS cell used in this study is different from the glass micromodel
used in Vahid Dastjerdi et al. (2022a). However, the effects of the
geometry on the fitting parameters must be addressed thoroughly in
future research.

As described in Section 1, in this work, the existence of a single
surface for 𝑃 𝑐 − 𝑠 − 𝑎𝑤𝑛 is investigated. In particular, we have fitted
Eq. (3) to various datasets (with different Ca numbers) and/or their
combinations and have obtained values for the parameters 𝛼, 𝛽, 𝛾, and
𝛿. The resulting equations for all clusters and connected clusters are
given in Eqs. (7) and (8), respectively. These equations are formed by
substituting the values of parameters 𝛼, 𝛽, 𝛾, and 𝛿 as calculated for all
data from the three experiments in Eq. (3).

𝑎𝑤𝑛 = 0.034 (𝑠𝑖𝑛𝑣)1.11 (1 − 𝑠𝑖𝑛𝑣)0.485 (
𝑝𝑐𝑅𝐸𝑉
𝑝𝑎𝑡𝑚

)−2.53, (7)

𝑎𝑤𝑛 = 14.53 (𝑠𝑖𝑛𝑣)1.17 (1 − 𝑠𝑖𝑛𝑣)0.38 (
𝑝𝑐𝑅𝐸𝑉 )−1. (8)
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𝑝𝑎𝑡𝑚
We use these equations to calculate specific interfacial area for all
experimentally measured values of saturation and capillary pressure,
and compare the calculated values with the corresponding measured
values of specific interfacial area in Fig. 7. It can be clearly seen
that Eq. (8) (for connected clusters only) does a better job in pre-
dicting measured values of specific interfacial area than Eq. (7) (for
all clusters). Note that the data from the three experiments are not
distributed in the same pattern. One can see that the experiments with
Ca numbers 10−6 and 10−7 are better-captured by Eq. (8) than the
experiment with Ca number 10−5. This could again be associated with
the growing viscous effects in the experiments and the corresponding
pore-scale velocity fields.

4. Discussion and conclusion

The linear relation between the saturation of the invading fluid and
the specific interfacial area is characteristic of almost all displacement
regimes. The data points include pairs of specific interfacial area and
saturation from four experiments, two of which (with Ca numbers 10−7

and 10−6) seem to be in the capillary regime (based on the work
from Lenormand et al. (1988)) and fall on top of each other. The other
two experiments (with Ca number 10−5) are also similar, regardless of
the number of displacement events (Fig. 6). These observations imply
that the specific interfacial area associated with the connected clusters
in a porous medium fall within a domain boundary by two straight
lines, one corresponding to the main imbibition and the other to the
last scanning drainage event. One can see in Fig. 5, that the rate of
change of the specific interfacial area vs. saturation in the clusters
connected to the inlet stays almost constant after the main events
(main drainage and main imbibition). This is regardless of the number
of displacement events and happens for both experiments 3 and 4.
Moreover, in some processes, the re-connection of some disconnected
clusters causes discontinuities in the data points. However, the slope
of the linear relation of the specific interfacial area, and saturation is
preserved (see main drainage in Fig. 4a or main imbibition in Fig. 4b).

Moreover, with the results presented here, we show that the de-
scription of a two-phase system can be drastically improved from a
continuum perspective when specific interfacial area and, at the same
time, discrimination between connected and disconnected clusters are
considered. For a range of Ca numbers, all triplet data points of
saturation, capillary pressure, and interfacial area can be fitted with a
surface. Although, for increasing boundary flux conditions, considering
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Table 3
Goodness of fit (𝑅2) for accumulative data in single experiments and their combinations for viscosity ratio 4.7.

Log(Ca)

−7 −6 −5 −7 and −6 −6 and −5 −7 and −6 and −5

𝑅2 All clusters 0.82 0.88 0.57 0.58 0.51 0.33
Connected clusters 0.82 0.92 0.87 0.82 0.76 0.70
Table 4
Goodness of fit (𝑅2) for accumulative data in single experiments and their combinations for viscosity ratio 0.21
(Vahid Dastjerdi et al., 2022a).

Log(Ca)

−7 −6 −5 −7 and −6 −6 and −5 −7 and −6 and −5

𝑅2 All clusters 0.67 0.79 0.74 0.66 0.72 0.48
Connected clusters 0.94 0.86 0.86 0.90 0.74 0.70
Fig. 7. Correlation between the calculated specific interfacial area and the measured specific interfacial area from the experiments: (a) Using Eq. (7) for all clusters, (b) Using
Eq. (8) for connected clusters.
only the interfacial area seems to reach a conceptual limitation (See 𝑅2

values for all clusters in Table 3), the 𝑅2 values for connected clusters
show a much smaller dependency on flow rates.

There is, however, a strong deviation from an ideal fitting when
combining various Ca numbers. Thus, to be able to find a single descrip-
tion for two-phase flow that fits all boundary conditions, additional
parameters, or even state variables are needed. Nevertheless, there is
an essential improvement in the fitting when in addition to interfacial
area the connectivity of the phases is also considered. The 𝑅2 increases
from 0.33 to 0.70 (still not ideal), when all experiments are analyzed
as one dataset (Table 3). Given the results of this work, the logical next
step would be to evaluate our proposed combination of two continuum-
scale theories for the effect of the geometrical factors. This includes
the investigation on the pore scale of how local constrictions favor, or
not, disconnections due to the interplay between capillary and viscous
forces. Thus, further research with a variety of pore-scale geometries,
and also the corresponding pore and throat size distributions, as well
as the networks’ correlation lengths and coordination factors should be
carried out.

In correlation to the work from Vahid Dastjerdi et al. (2022a),
we need to emphasize the cross-sectional shape’s comparative effect
on flow evolution, mainly regarding the connectivity of the wetting
phase. The channel properties of the PDMS microfluidic cell and its
wetting properties restrict the connection of the wetting phase, and
thus, allow for the inclusion of imbibition in the results, without any
biasing. The addition of imbibition allows us to create a dataset that
represents better a real-life situation or, even better, a more realistic
displacement scenario in terms of case completeness. Moreover, in the
case of PDMS, where a rectangular cross-sectional shape can safely
8

be assumed, there is an increased certainty in how the contact angle
is calculated and accounted for, especially for the in-plane direction,
which is not optically visible. The experiments in the PDMS cell make
it even possible to emphasize more the potential effect of the pore scale
geometry and its correlation to an increasing deviation of the proposed
fitting function for combining Ca numbers, as manifested in Tables 3
and 4.

5. Research data

The datasets are available in the Data Repository of the University of
Stuttgart (DaRUS). The datasets (Vahid Dastjerdi et al., 2022b) provide
images of optical microscopy (*.tif) together with the pressure data
(*.csv). Moreover, the CAD design of the microfluidic cell is available.
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