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� Two-phase flow in porous media of different geometry complexities are simulated using Volume-of-Fluid (VOF) method.
� Flow patterns and their temporal evolutions are compared between simulations and experiments.
� VOF method reproduced well capillary rise experiment.
� Possible reasons for discrepancy between simulation and experiment with more complex geometries are analyzed.
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Two-phase flow in three porous media with different geometry complexities are simulated using the
Volume-of-Fluid (VOF) method. The evolution of the flow pattern, as well as the dynamics involved
are simulated and compared to experiments. For a simple geometry and smooth solid surface, like single
capillary rise experiment, VOF simulation gives results which are in good agreement with the experi-
ments. For a micromodel, with a relatively simple geometry, we can predict the flow pattern while we
cannot effectively capture the dynamics of the process in terms of the temporal evolution of flow.
With an increase in the geometry complexity in another micromodel, we fail to predict both the flow pat-
tern and the flow dynamics. The reasons for this failure are discussed: interface modeling, pinning of con-
tact line, 3D effects and the sensitivity of the system to initial and boundary conditions. More work
regarding benchmarking of pore-scale methods in combination with experiments with different geome-
try complexities is needed. Also, possibilities and the potential to make better use of the porous media
structure data from advanced visualization methods should be addressed.
� 2018 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Many environmental, industrial and agricultural applications
share the same underlying physics of immiscible multiphase flow
in porous media. Complex geometry and flow events happening
on different spatial and temporal scales make it more difficult to
model and simulate than its single phase counterpart (Wooding
and Morel-Seytoux, 1976), on both continuum and pore-scale.
Continuum-scale modeling usually does not consider the pore
structure explicitly (Richards, 1931; Van Genuchten, 1980), and
only average quantities over a representative elementary volume
(REV) are considered. On the contrary, pore-scale simulations can
give the local velocities and pressures of interest, and provide con-
stitutive relationships for continuum-scale models.

With the development of various visualization techniques
(Kaestner et al., 2008; Bultreys et al., 2016), the pore structure
can be obtained at a quite high spatial resolution, and pore-scale
models can thus better simulate the system utilizing these infor-
mation. As a computationally efficient method, pore-network
model (PNM) has evolved over the last decades (Blunt, 2001) and
quasi-static PNM has been successfully employed for the predic-
tion of the relative permeability and capillary pressure-saturation
relation in multiphase flow system (Oren et al., 1998). When vis-
cous forces need to be considered, dynamic PNM should be
employed. However, simplified porous structures and physics are
usually assumed in dynamic PNM. Numerical simulation methods,
like Lattice Boltzmann method (LBM) (Kang et al., 2002), Smoothed
Particle Hydrodynamic (SPH) method (Hirschler et al., 2016) and
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Computational Fluid Dynamics (CFD) approaches (Raeini et al.,
2012) can resolve the high spatial resolution geometry. In many
works numerical accuracy and/or stability of these methods are
examined, but usually very simple scenarios are considered: like
a droplet resting on a flat/cylindrical surface, free rising bubbles
in quiescent liquids, and moving droplets in uniform velocity field.
For porous media with a complex geometry, different pore-scale
methods have been employed to simulate the two-phase flow in
2D micromodels, where better control, observation and measure-
ment of the system can be achieved.

Horgue et al. (2013) used micromodels to study spreading of a
liquid jet in periodic array of cylinders and they observed flow rate
dependent flow regimes. Their VOF simulation obtained flow
regimes which are similar to those observed in the experiments.
The main difference between simulation and experiment con-
cerned the precise values of the threshold flow rate for regime
transitions from one to another. They proposed that the effects
related to dynamic films and complex menisci are responsible for
the discrepancy.

Ferrari et al. (2015) presented a comparison of VOF simulations
and experiments for unstable primary drainage in porous micro-
models. Same flux boundary conditions were used in the simula-
tion as in the experiment. Different percolation patterns from
experiment and numerical simulation was reported. Three main
sources of error were identified for the mismatch between the
models and the experiments: the uncertainty on the pore space
geometry used so as to simulate the experiment, the inaccuracy
in initial condition and three-dimensional effects.

Kunz et al. (2015) developed an improved SPH model that can
track the moving interfaces during two-phase flow and account
for wall-fluid-fluid interactions. The numerical model was applied
to the simulation of a dynamic micromodel experiment. The simu-
lated flow pattern was found to be in good agreement with the
experiment, while the dynamics of the experiment was not well
reproduced in terms of temporal synchronization of the model
with the experiment.

Ling et al. (2017) investigated the reproductivity of pore-scale
multiphase flow experiments in replicates of the micromodel
under small capillary number. Six replicates were manufactured
and up to five experiments were conducted in each replica. Smaller
variability in flow patterns was observed in drainage experiments.
They then used STAR-CCM+ (using finite volume discretization and
VOF method for interface tracking) to simulate the experiment
deterministically and stochastically by imposing same flow rate
as in experiment or randomly varying flow rate. In this way they
demonstrated that variations in the flow pattern were due to
sub-porescale geometry differences in micromodels and variations
in the boundary conditions.

Xu et al. (2017) proposed a new algorithm for imposing a con-
tact angle in LBM. Furthermore, simulations of drainage and imbi-
bition experiments in a micromodel were conducted. The same
viscosity ratio was used in the simulations as in the experiments
while capillary number employed in the simulations was 4 orders
of magnitude higher than the experimental value. They found
quantitatively good agreement in flow patterns between simula-
tion and experiment.

All the simulations, except the work by Kunz et al. (2015), used
flux boundary conditions as those in experiments, and compared
the resulting flow patterns with experiments. Pressure gradient
boundary conditions were applied in the simulation as in experi-
ments in Kunz et al. (2015). Also, usually only one micromodel
geometry was reported simulated by the pore-scale methods.

In this work, we present pore-scale simulations of multiphase
flow in geometries of different complexities using VOF method in
OpenFOAM (Weller et al., 1998). Both flow pattern and flow rate-
pressure correspondence between experiment and numerical sim-
ulation are addressed.

2. Numerical model description

2.1. Description of VOF method

For single phase flow the Navier-Stokes equations for mass and
momentum balance (assume incompressibility and ignore external
body forces) are used:

r � u ¼ 0 ð1Þ

@qu
@t

þ r � quuð Þ ¼ �rpþ r � 2lEð Þ ð2Þ

where u is velocity, q is density, l is viscosity, E is the deformation
rate tensor, and p is pressure.

For the direct simulation of two-phase flow, we can solve
Navier-Stokes equations for each phase and impose appropriate
boundary conditions at the sharp fluid-fluid interface. But this gen-
erally requires interface fitting grids, which is impractical for cases
involving interface merging or collapsing. An alternative approach,
the VOF method, has been introduced as a diffuse interface model,
in the sense that sharp interface is smoothed over layers of finite
thickness. In this method, the computational domain is divided
into 3 regions: two regions each for a single phase and a transition
layer region for the interface. A volume fraction function, a, is used
to delineate the three regions:

a ¼
1 in the wetting phase
0 in the non-wetting phase
0;1ð Þ in the interface region

8><
>: ð3Þ

The interfacial force fs is responsible for capillary pressure
induced at the interface, and is modeled as a volumetric force,
for a smooth transition region with a continuous a (Brackbill
et al., 1992):

fs � fv ¼ rkra ð4Þ
where r is the interfacial tension between the wetting phase and
the non-wetting phase, and k is the curvature of interface defined
as:

k ¼ �r � n ¼ �r � ð ra
rak kÞ ð5Þ

with n standing for the local normal unit vector.
In order to be consistent with the mass and momentum balance

equations for each single phase, density and viscosity are volume
fraction functions weighted:

q ¼ aqw þ ð1� aÞqnw ð6Þ

l ¼ alw þ ð1� aÞlnw ð7Þ
Momentum balance equation evolves into:

@qu
@t

þ r � quuð Þ ¼ �rpþ r � 2lEð Þ þ fv ð8Þ

In each single phase region, the Navier-Stokes equation still
applies for that phase; while at interface domain where
0 < a < 1, extra volumetric force fv takes into account the capillary
pressure drop across the interface. In OpenFOAM, to maintain the
sharpness of the interface region, an artificial compression term
is added to the transport equation of a:

@a
@t

þr � auð Þ þ r � að1� aÞurð Þ ¼ 0 ð9Þ
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where compression velocity ur is formulated based on maximum
velocity magnitude in the interface domain.

The contact angle, h, is included by condition at contact line:

nds ¼ ns cos hþ ts sin h ð10Þ
where ns is the unit vector normal to the solid wall, nds is the unit
vector normal to the interface and ts is the unit vector perpendicular
to the contact line, tangent to and pointing into wetting-solid inter-
face surface.

2.2. Corrected-two-dimensional model

Micromodel experiments are three-dimensional in nature, con-
sidering the relatively small and uniform depth, it is computation-
ally efficient to solve the problem in two-dimension by taking into
account effects from the depth direction (Horgue et al., 2013).

One effect is the viscous resistance from top and bottom sub-
strates of the micromodel. Assuming trial velocity in the depth
direction, Navier-Stokes equation can be integrated over the depth
resulting an extra term:

@qu
@t

þ r � quuð Þ ¼ �rpþ r � 2lEð Þ þ fv � 12l
h2 u ð11Þ

where h is the depth of the micromodel.
The other effect is interface shape change due to the presence of

top and bottom substrates. This effect can be geometrically
approximated into an extra curvature term for smooth a:

k ¼ �r � ra
rak k

� �
� 2

h
cos h ð12Þ

This corrected-two-dimensional model was implemented into
interFoam solver of OpenFOAM.

3. Experiments simulated in this study

In this study we employ VOF method to simulate two-phase
flow in domains of three different geometry complexities: a
smooth glass tube and two micromodels of different designs.

3.1. Capillary rise experiment

This experiment was taken from Heshmati and Piri (2014),
details can be found there. In the experiment a smooth glass tube
of internal diameter 1 mm was vertically held with a Petri dish
placed below it. To eliminate any curvature effects from edge of
the dish, dish diameter was chosen as 9 cm. The glass tube was
lowered slowly until it touched the water in the dish. The glass
tube is water wet with zero static contact angle. Driven by capillary
force, water will invade upwards into the tube. Water-air front was
Fig. 1. Experimental setup and hyd
recorded during the process. Due to competition of capillary force,
viscous force and gravity, imbibition front moves with decreasing
speed and finally reaches at a steady position where capillary force
balances with gravity.

3.2. Micromodel experiments

The micromodel experimental setup and hydrodynamic part of
the experiment is shown in Fig. 1, details of the experimental sys-
tem can be found at Karadimitriou et al. (2014). Two ends of the
micromodel were connected with reservoirs where pump system
controlled the pressure and pressure transducer measured the
pressure. The image acquisition system can record the fluid distri-
bution in the micromodel over time. Information like saturation,
interfacial area can be obtained from image analysis of the micro-
models. Micromodel was fabricated of Poly-Di-Methyl-Siloxane
(PDMS). PDMS is hydrophobic, so flurinert was used as wetting
phase and dyed water was used as non-wetting phase for better
visualization. Drainage experiments were conducted with fixed
boundary pressure drop. Initially the micromodel was filled with
wetting phase flurinert with its inlet and outlet connected with
non-wetting phase reservoir and wetting phase reservoir, respec-
tively. Then, pressure in the non-wetting phase reservoir was
increased and non-wetting phase invaded into micromodel as wet-
ting phase receded into wetting phase reservoir. Flow distributions
in the micromodels were recorded over time to be used in later
numerical simulation comparison.

Two micromodels of different geometries and topologies were
used in the experiments: (1) The first micromodel (hereafter
referred to as micromodel 1) is shown in Fig. 2 with a random dis-
tribution of round pillars, and depth of the micromodel is 100 lm.
In the dynamic drainage experiment, pressure difference between
inlet and outlet was set as 1860 Pa. (2) The second micromodel
(hereafter referred to as micromodel 2) is shown in Fig. 3 with
depth of 40 lm, the size of the micro-model is 5 mm by 30 mm.
The network topology was generated using Delaunay triangulation,
which is considered to be a good approximation to a natural por-
ous medium. With a total of 3000 pore bodies and nearly 9000
pore throats, geometry of micromodel 2 is bigger and more com-
plex than micromodel 1. In the dynamic drainage experiment,
pressure difference between inlet and outlet was set as 6300 Pa.

4. Simulation results and discussion

4.1. Verification of corrected-two-dimensional model

To test whether the corrected 2D model can adequately account
for effects of the third dimension, it was compared to the full
3-dimensional model. The comparison was done for drainage in a
rodynamic part of the system.



Fig. 3. Micromodel 2.

Fig. 2. Micromodel 1.
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single duct with square cross section under pressure drop of
6000 Pa. The length of the conduct is 600 lm, with cross section
of 40 lm � 40 lm. Half of the domain (600 lm� 40 lm � 20 lm)
is simulated in 3D and mesh independence test for 3D simulations
is shown in Fig. 4. Four sets of mesh size are tested: 300 � 20 � 10,
240 � 16 � 8, 150 � 10 � 5, and 120 � 8 � 4. Data from mesh size
of 300 � 20 � 10 is compared with 2D simulation. Saturation of
flurinert during drainage for 3D and corrected-2D simulation is
shown in Fig. 5.

Snapshots of the interface position at t ¼ 0:004 s are shown in
Fig. 6. Interface in 2D simulation is one-dimensional, while in 3D
it still poses two-dimensional shape, as can be seen in Fig. 7. Here
we zoom into the interface region and only domain with a < 0:99
is shown.

For this simple geometry, corrected 2D model can well recover
the full 3D model. With complex pore geometry, assumption in
Section 2.2 of interface shape and velocity field may fail, and cor-
rected 2D model could introduce errors. However, to save compu-
tational time, corrected 2D model is employed for simulations of
two micromodel experiments.

4.2. Capillary rise experiment

Fluid properties used in capillary rise simulation is shown in
Table 1. Imbibition front position as a function of time from simu-
Fig. 4. Mesh independence test for drainage in 3D duct.
lation and experiment is compared in Fig. 8. For this experiment of
simple geometry, we observed good agreement between simula-
tion and experimental data. This comparison shows fair validity
of the VOF method in this case. This corresponds to the fact that
validity of Washburn equation has been tested for capillary radius
of several lm (Zhmud et al., 2000). One issue to mention: compu-
tational domain should include part of the dish where we impose
hydrostatic pressure boundary condition and simulation with only
capillary tube will result in faster invasion than experiment.

4.3. Micromodel experiments

Same fixed pressure drop boundary conditions were imposed in
simulations as in experiments (See Section 3.2). Table 1 gives fluid
properties used in simulation (Kunz et al., 2015). We are interested
mainly in two aspects: (1) How is the flow pattern agreement
between simulation and experiment? (2) Can we capture the
dynamics of the invasion process?.

4.3.1. Primary drainage experiment in micromodel 1
Micromodel 1 has two long ducts as inlet and outlet. Right

before the experiment, the initial interface position is out of the
camera visualization domain. So, it is difficult to set the same ini-
tial condition as that in experiment. We tested simulations with
Fig. 5. Flurinert saturation during drainage in 2D and 3D duct.



Fig. 6. Interface position at t ¼ 0:004 s for 2D and 3D comparison.

Fig. 7. Domain with a < 0:99 around the interface in 3D.

Fig. 8. Capillary rise comparison between experiment and simulation.
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different initial interface positions, the results are quite close to
each other. Here we select one of the simulations in comparison
with experiment as shown in Fig. 9 and time zero is set based on
close flow patterns between simulation and experiment. Although
the initial conditions between simulation and experiment are dif-
ferent, for this relatively simple geometry, experimental flow pat-
terns are well reproduced. In terms of kinetics we cannot
reproduce experimental results satisfactorily. There are more
energy dissipations and/or higher capillary barriers in experiments
resulting in slower displacement.
4.3.2. Primary drainage experiment in micromodel 2
As shown in Fig. 10, simulation differs much more from exper-

iment in terms of both dynamics and flow pattern. Invasion hap-
Table 1
Material properties used in simulations.

Specification Symbol

C

Contact angle h
Interfacial tension rwn

Wetting fluid viscosity lw

Non-wetting fluid viscosity lnw 1:
pened much slower in experiment than in simulation, which
means that more resistance exists in experiments, the same as in
micromodel 1. Furthermore, flow pattern was poorly predicted
against experiment.
4.4. Discussions

Two-phase flow in three porous media of different geometry
complexities are simulated, both flow pattern and process dynam-
ics are compared with experiment.

For capillary rise experiment, the smooth glass tube, the regular
geometry and the well correspondence of initial condition and
boundary condition between simulation and experiment may help
for satisfactorily reproducing the experimental measurement.

Disagreement in flow dynamics between simulation and exper-
iment measurement may be attributed to possible pressure loss at
connection between computational domain and pressure measure-
ment points. Invisible roughness on the wall may also introduce
Value Unit

apillary Micromodel

0 40 degree
0.072 0.058 kg s�2

0.001 0.047 kgm�1 s�1

81� 10�5 0.001 kgm�1 s�1



Fig. 9. Comparison between simulation and experiment for micromodel 1.
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excess dissipation. Interface modeling, pinning of contact line and
3D effects, may introduce extra errors.

In VOF method, interface is not explicitly tracked and there
exists a interface with several cells thickness. Volume fraction in
this finite thickness layer is used to calculate the interface normal
and curvature for the interface region, which could be inaccurate.
Deshpande et al. (2012) reported a 10% error in interface curvature
Fig. 10. Comparison between simulation
computation by VOF method from analytical value. In addition,
interfacial tension is modelled as a volumetric force, at discrete
level, we may have force imbalance between interfacial tension
and other body forces. These two effects give rise to the so called
‘‘parasitic currents‘‘ (Wörner, 2012). This issue has been addressed
by researchers using new interface reconstruction methods, such
as piecewise linear interface construction method (PLIC) by
Scardovelli and Zaleski (1999), parabolic reconstruction of surface
tension (PROST) by Renardy and Renardy (2002) and contour-level
surface force (CLSF) method by Shams et al. (2018). Spurious cur-
rent is reported reduced effectively for fluid-fluid interface.

Invisible roughness may exist inside micromodel 1 and 2 due to
fabrication. Pinning of contact line can play a role. A threshold
stress value may exist below which there is no displacement of
contact line. Excess force may be needed to move the contact line
and keep it moving, especially for rough surface. de Gennes et al.
(2004) discussed and determined the amount of energy needed
to displace a contact line across a single roughness on an otherwise
smooth surface: the fluid-fluid interface gets deformed until dis-
placement happens and energy stored in the deformed interface
is lost via viscous dissipation. These effects may not only give con-
tact angle hysteresis but also introduce extra viscous losses near
vicinity of interface and especially near the contact line where fluid
may experience very high stress (Dullien, 1992; Kunz et al., 2018).
In drainage experiment higher capillary pressure due to pinning
will slow down the process. So it is rather probable that for same
fixed pressure drop, in experiment more energy was consumed
at the interface and contact line region than in numerical simula-
tion. Numerical model produced faster invasion and this accumu-
late over time to give us the discrepancy in Figs. 9 and 10.

To save computational time, we have used 2D model. The cor-
rected 2D model is derived with the assumption of trial depth-
direction velocity and simplified interface geometry. For simple
geometry, corrected 2D model can well recover the full 3D model.
Modelling complex interface geometry, like merge/coalescence, is
challenging physically and numerically even if 3D models are
and experiment for micromodel 2.



Fig. 11. Part of micromodel 2 showing roughness.
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employed. In VOF method, interface shape change is not explicitly
modelled, instead it comes from mass, momentum and volume
fraction equations. In Fig. 9, the trapping of wetting phase at the
left bottom corner at early time in the experiment is captured by
the corrected 2D model. Later in the experiment, size of this
trapped liquid bulb decreased through corner/film flow, and this
is not captured by corrected 2D model. With corrected 2D model,
we can simulate a relatively large domain and may lose some accu-
racy locally. The 3D effects of roughness inside the micromodel can
give rise more errors (Ferrari et al., 2015).

In terms of flow pattern, for micromodel 1, good numerical
results are probably due to stronger capillary effects than viscous
effects and relatively simple geometry. For failure of flow pattern
prediction of micromodel 2 in Fig. 10, this may be largely due to
the small ‘‘islands”/roughness in the micromodel from fabrication
process as shown in Fig. 11. On one hand, sizes of these
‘‘islands”/roughness are unknown; on the other hand, meshing
around these ‘‘islands”/roughness would be an issue. So these
‘‘islands”/roughness were not included in our computational
domain, and they may induce more viscous resistance and higher
capillary barrier and thus also influence the flow pattern. More-
over, as discussed by Ling et al. (2017) and Fakhari et al. (2018),
displacement in micromodel 2 could be sensitive to initial condi-
tion and boundary condition. Small discrepancy of initial condition
and boundary condition between experiment and simulation may
be amplified and lead to different flow pathways.
5. Summary and conclusion

Two-phase flow in three porous media of different geometry
complexities are simulated, both flow pattern and process dynam-
ics are compared with experiment. For simple geometry and
smooth solid surface, like single capillary rise experiment, VOF
simulation gave good agreement between simulation and experi-
ment. For porous media with relatively simple geometry and pos-
sible rough surface, we may be able to predict the flow pattern
while cannot capture the dynamics of the process like for micro-
model 1. With increase of geometry complexity, we could fail in
both flow pattern and dynamics prediction as in micromodel 2.
Reasons for failure in reproducing experimental data are dis-
cussed: interface modeling, pinning of contact line, 3D effects
and sensitivity of system to initial and boundary condition.

With the development of visualization techniques, high resolu-
tion images of pore structures can be obtained. Direct pore-scale
simulations of multiphase flow using these data are appealing.
However, modeling of interface and pinning of contact line in these
detailed geometry are challenging. Furthermore, the system may
be highly sensitive to boundary condition and initial condition
and difficult to reproduce numerically. More work regarding
benchmarking of pore-scale methods with better controlled exper-
iments of different geometry complexities is needed (Yin, 2018).
Also, how to practically make use of the high resolution structure
data from visualization should be addressed. For capillary domi-
nated situations, flow pattern is more controlled by porous media
geometry. For simplicity, we could use quasi-static method (like
medial axis method) to decide the flow pattern, and then calculate
upscaled properties of interest by assuming appropriate boundary
condition at liquid-liquid interface as done by Berg et al. (2016).
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