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a b s t r a c t
Wettability is an important factor controlling the displacement of immiscible ﬂuids in porous media
and therefore affects the ﬂow and transport of supercritical (sc) CO2 in geologic carbon sequestration.
Because few studies have focused on the wettability effect in scCO2 -brine ﬂow systems, we experimentally and numerically tested inﬂuences of wettability on drainage at the pore network scale. Using a
high-pressure micromodel-microscopy system, we performed experiments of scCO2 invasion into brinesaturated water-wet and intermediate-wet micromodels, and recorded the scCO2 invasion morphology
under reservoir relevant conditions. We also performed pore-scale numerical simulations to infer 3D
details of ﬂuid–ﬂuid displacement processes. During drainage under intermediate-wet conditions, we
found higher scCO2 saturation, wider scCO2 ﬁngering, and more compact displacement patterns. The
simulation results are qualitatively consistent with the experiments. Through quantitative analyses of the
experiments, we found that the reduced wettability decreases the displacement front velocity, promotes
non-wetting phase pore-ﬁlling events in the longitudinal direction, delays the breakthrough time of
invading ﬂuid, and increases the displacement efﬁciency. Simulated results also show that the ﬂuid–ﬂuid
interface area follows a uniﬁed power-law relation with scCO2 saturation, and show smaller interface
area in intermediate-wet case which suppresses the mass transfer between the phases. These pore-scale
results provide insights for the wettability effects on CO2 –brine immiscible displacement in geologic
carbon sequestration.
© 2017 Elsevier Ltd. All rights reserved.

1. Introduction
Immiscible two-phase ﬂuid ﬂow in porous media is an important process in natural and engineering systems, including water
inﬁltration through soils, geological carbon sequestration (Krevor
et al., 2015; Pachauri et al., 2014), enhanced oil/gas recovery (Patzek
et al., 2013; Simjoo et al., 2013), and groundwater contamination
(Dawson and Roberts, 1997). The non-compact displacement pattern of ﬂuid–ﬂuid interfaces in porous media limits the efﬁciency
of phase displacement. Understanding and controlling the immiscible displacement is vitally important for optimizing subsurface
ﬂuid management. In geological carbon sequestration (GCS), injection of CO2 into deep geological formations displaces the native
ﬂuid (brine) from pore spaces (drainage) but only partially dis-
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placement of brine due to the non-compact displacement pattern
(e.g., Wang et al., 2012). In enhanced oil recovery, the oil recovery
efﬁciency using water ﬂooding (imbibition) is limited by the noncompact displacement pattern (Bikkina et al., 2016; Godec et al.,
2013; Nobakht et al., 2007; Orr and Taber, 1984).
Immiscible ﬂuid ﬂow in porous media has been studied in depth.
When the gravitational effect can be neglected, the ﬂuid–ﬂuid displacement is governed by the competition between viscous and
capillary forces (He et al., 1992; Lenormand et al., 1988; Wong,
1994; Zhang et al., 2011b), quantiﬁed by the capillary number Ca
(deﬁned as: Ca = i vi /, where i and vi are the viscosity and characteristic velocity of the invading ﬂuid, respectively, and  is the
interfacial tension), and viscosity ratio M (viscosity of the invading
ﬂuid divided by the viscosity of the defending ﬂuid). The displacement patterns range from viscous ﬁngering to capillary ﬁngering to
compact displacement (Lenormand et al., 1988). In addition to Ca
and M, wettability of pore surface (represented by the contact angle
 of brine on the mineral surface) plays a critical role in govern-

130

R. Hu et al. / International Journal of Greenhouse Gas Control 60 (2017) 129–139

Fig. 1. (a) Schematic diagram of the high-pressure micromodel-microscopy system. Red line = scCO2 , blue line = brine. (b) The micromodel used for the experiments. (c) The
ﬁnite volume mesh used in numerical simulations. (For interpretation of the references to colour in this ﬁgure legend, the reader is referred to the web version of this article.)

ing the capillary force and directly impacts the interface stability
(Holtzman and Segre, 2015). Most studies on wettability effects
in ﬂow behavior have been conducted on water-air and wateroil systems (Cottin et al., 2011; Holtzman and Segre, 2015; Trojer
et al., 2015), and reported that increasing contact angle stabilizes
the displacement interface under different ﬂow rates, therefore
increases the displacement efﬁciency. However, investigations into
wettability impacts on the invasion morphology are largely limited to quasi-steady state conditions, due to long acquisition times
required with micro-computed tomography (from 12 s to hours).
The pressures and temperatures needed to represent storage conditions (at least 7.4 MPa and 31.1 ◦ C) further limit the number of
experimental studies conducted on geological carbon sequestration. Thus, dynamic invasion morphology and wettability effects
need to be investigated under geological CO2 storage conditions,
particularly at the pore-scale.
Microscopy of micromodels is an effective method for investigating immiscible ﬂuid ﬂow and the morphology of dynamic
invasion at the pore network scale. Although the micromodel is
quasi-2D systems, it provides direct visualization of the physical
displacement processes (Kazemifar et al., 2015; Kim et al., 2012;
Roman et al., 2015), the immiscible ﬁngering ﬂow pattern (Cao
et al., 2016; Karadimitriou et al., 2014; Lenormand et al., 1988;
Wang et al., 2012; Zhang et al., 2011a,b), and the ﬂuid–ﬂuid interfacial areas (Cheng et al., 2004; Karadimitriou et al., 2014; Liu et al.,
2011). Cottin et al. studied the wettability effect on the ﬁngering
ﬂow pattern and reported that the front width of the invading ﬂuid
is larger under the complete wetting condition (Cottin et al., 2011).
These previous studies indicate that pore scale quantitative analysis of the wettability impact on invading ﬂuid morphology under
supercritical CO2 condition can be better understood through analyses of micromodel experiments.
It should be noted that although images obtained in micromodels are usually two-dimensional, the pores and throats can
be engineered with etched depths similar to pore throat dimensions (Kim et al., 2012; Wan et al., 1996). Thus, information on the
three-dimensional behavior of interfaces within micromodels can
help better understand two-phase ﬂow, and numerical simulations
can help make this understanding more quantitative. Numerous
modeling studies of the immiscible ﬂow have been conducted, for
example those using pore-network models (Joekar Niasar et al.,
2009; Raeesi and Piri, 2009; Valvatne and Blunt, 2004; Yuan et al.,
2016), computational ﬂuid dynamic studies (CFD) (Ferrari et al.,

2015; Ferrari and Lunati, 2013; Hoang et al., 2013; Horgue et al.,
2013; Raeini et al., 2015), Lattice Boltzmann methods (LBM) (Andrä
et al., 2013; Jiang and Tsuji, 2015, 2016, 2017; Liu et al., 2015; Tsuji
et al., 2016; Yamabe et al., 2014), and the smooth particle hydrodynamic method (SPH) (Bandara et al., 2013). The pore-network
modeling is widely used due to its computational efﬁciency. The
LBM and SPH are increasingly used because they are relatively
easy to implement. However, the major disadvantage of these two
methods is the need for calibration of model parameters (Ferrari
and Lunati, 2013). In CFD, the Navier-Stokes equations are directly
solved in a discretized form on an Eulerian mesh, and an interface
capturing technique, such as the Volume of Fluid (VOF) method,
is incorporated to track the movement of interfaces between the
two ﬂuids. In the modeling component of this study, direct numerical simulation of the full 3D Navier–Stokes equations with the VOF
based on the ﬁnite volume method is used to represent the physical
processes.
Here, we studied wettability impacts on scCO2 -brine twophase ﬂuid ﬂow at pore network scale by combining micromodel
experiments with numerical modeling. We performed drainage
experiments of supercritical CO2 displace brine in micromodel,
at 8.5 MPa and 45 ◦ C under three different ﬂow rates. We also
performed direct numerical simulations of the full Navier–Stokes
equations for the drainage process under the same experimental conditions. The combination of experiment and simulation
approaches were pursued in order to improve understanding of
the wettability effect on the dynamic scCO2 invasion morphology at
pore- and pore network- scale under reservoir relevant conditions.
2. Experimental section
2.1. High-pressure micromodel-microscopy system
The high-pressure micromodel-microscopy system (Fig. 1a)
consists of three high-pressure syringe pumps (Teledyne ISCO,
500HP and 65HP), a CO2 cylinder connected to an ISCO pump,
a stirred reactor (Parr, model 4560) for preparing the mutually
saturated brine and CO2 at 8.5 MPa and 45 ◦ C, micromodel, and
imaging system. ISCO pump B was used to ﬁll the micromodel with
scCO2 -saturated brine, and ISCO pump A was used to inject scCO2
(pre-saturated with brine) into the micromodel in the drainage
process. The imaging system has two modes: one is a CCD camera (Carl Zeiss, AxioCam MRc5) that records images at the pore

R. Hu et al. / International Journal of Greenhouse Gas Control 60 (2017) 129–139

131

Table 1
Summary of experiment conditions.
Exp. #

1–4
5–8
9–12
13–16
17–20
21–24

Wettability

water-wet
water-wet
water-wet
intermediate-wet
intermediate-wet
intermediate-wet

Fluid velocitya ,

Volume ﬂow
rate, Q (L/min)

vinlet (mm/s)

12
48
120
12
48
120

0.5
2
5
0.5
2
5

Time per PVb , tpv (s/PV)

Apparent
capillary
numberc , Ca

10
2.5
1
10
2.5
1

2.2 × 10−5
8.7 × 10−4
2.2 × 10−3
2.2 × 10−5
8.7 × 10−4
2.2 × 10−3

a
The ﬂuid velocity is the velocity at the inlet of micromodel, vinlet = Q/Ac , where Q is the volume ﬂow rate, Ac is the cross-section area at near-inlet, Ac = W × d, where W, d
are respectively the micromodel width and pore depth, W = 10 mm, d = 40 m.
b
Time per PV is the time takes for one pore volume of ﬂuid ﬂowing through the micromodel, tpv = [Q/(WLd)]−1 , where L is the length of micromodel, L = 20 mm,  is the
porosity of micromodel ( = 0.246).
c
The apparent capillary number is calculated by Ca = Q/(Wd), where  is the viscosity of invading ﬂuid and  is the interfacial tension between brine and scCO2 at the
given pressure and temperature. The literature values of  and  used in calculations are listed in Table 2.

scale, and the other a DSLR camera (Nikon, 90D) installed over the
stage of an inverted microscope (Carl Zeiss, Observer Z1.m) that
records images of the full pore network of the micromodel. The
whole experimental system was contained in an insulated enclosure, and the temperature was maintained with 45 ± 1 ◦ C during
experiments by 250 W infrared halogen heating lamps, connected
to a PID controller (Cole Parmer, EW-89000-10) and thermocouples
(Omega, Type T).
2.2. Micromodels
Fig. 1b shows the micromodel used in this study, with homogeneous pore network patterns etched on the fused silica plates.
The porous network has a patterned area of 20 by 10 mm composed of 576 discoid silica grains (590 m diameter). The pore
throats are 50 m wide and the depth of the pores and throats
is 40 m. The calculated pore volumes (PV) is 1.97 L and the
porosity of the micromodel is 0.246. To alter the wettability
of a micromodel, a coating solution was prepared by diluting Aquaphobe-CM (PP1-AQCM, Gelest) with hexane (ACS grade,
EMD). 5% (v/v) Aquaphobe-CM solution was used. The coating solution was injected into a micromodel at 1 mL/h for 2 h in order to
saturate micromodel with the coating solution. Then, the inlets and
outlets of the micromodel were kept closed for overnight at ambient pressure and temperature to allow enough time for the coating
solution to react with the surface of micromodel. Then, the micromodel was washed with hexane by injecting 2 mL hexane into the
micromodel at 0.2 mL/min 3 times. And then, 8 mL air was injected
into the micromodel at 0.8 mL/min 3 times in order to remove the
hexane remained in the micromodel. After that, the micromodel
was dried and cured at 100 ◦ C for 1 h. The average contact angle of
the Aquaphobe-CM treated micromodels is about 90◦ , based on the
direct observations obtained from the micromodel.
2.3. Experimental procedures
The brine (0.01 M NaCl) was prepared using deionized (DI) water
(EMD Millipore, Milli-Q) and NaCl (Sigma-Aldrich, ACS grade). Pure
CO2 was used (Airgas, 99.9%). To prepare the mutually saturated
brine and CO2 , the degassed brine was injected into the Parr reactor (Fig. 1a), and then CO2 was transferred to the Parr reactor and
pressurized. After 24 h of stirring at 8.5 MPa and 45 ± 1 ◦ C, the brine
and scCO2 were considered mutually equilibrated and ready for
use. The scCO2 -saturated brine stored in the stirred reactor was
then injected to ISCO pump B (8.5 MPa and 45 ± 1 ◦ C). A clean
micromodel was assembled and ﬁxed on the microscope stage. The
ISCO pump C injected brine (non scCO2 -saturated) into micromodel
(ﬂow path: E → D → C → B → F → H) with a ﬂow rate of 12 L/min
at the atmosphere pressure to completely displace the air. Once the

micromodel was fully saturated with brine, the three-way valve F
was closed and the ISCO pump C increased pressure to the constant pressure of 8.5 MPa. After that the three-line valve F was
connected to ISCO pump B and then the ISCO pump B injected
the scCO2 -saturated brine into micromodel to displace the initial
brine (non scCO2 -saturated) at a ﬂow rate of 8.3 L/s for 20 min
to ensure that the micromodel was saturated with CO2 -saturated
brine (ﬂow path: G → F → B → C → D → E). The three-line valve B
was then opened to the ISCO pump A. The system was then equilibrated at the same pressure and temperature for three hours. After
three hours, the ISCO pump A injected scCO2 into the micromodel at
constant ﬂow rates of 12, 48 and 120 mL/min for 80 s, during which
the constant pressure mode (8.5 MPa) was applied in the ISCO
pump C. During the drainage processes, images of scCO2 distribution in the entire micromodel were recorded at 1 frame/s with the
DSLR camera. Based on the observed scCO2 invasion morphology
and the calculated scCO2 saturation of images, the drainage process approached quasi-steady conditions within several seconds of
scCO2 ﬂooding. At the lowest ﬂow rate of 12 L/min, quasi-steady
conditions for both the water-wet and intermediate-wet cases can
be obtained at 6 s, at which the average changes for the scCO2 saturation of the four replicate experiments became less than 0.1%
per second. To clean a water-wet micromodel, distilled water was
injected at the ﬂow rate 120 L/min for about 5 min, the micromdel
was burned at 650 ◦ C for one hour, and then ﬂushed with distilled
water after it was cooled to the room temperature. Then the micromodel was oven dried at 65 ◦ C. For the Aquaphobe-CM treated
micromodel, the burning step was skipped.
Table 1 lists the sequence of experiments, showing that at the
ﬂow rates of 12, 48 and 240 L/min, one PV of scCO2 is injected
within only 10 s, 2.5 s and 0.1 s, respectively. Each experiment
was repeated four times in the water-wet and intermediate-wet
micromodels. For both un-treated and Aquaphobe-CM treated
micromodels, the contact angles of the silica surface within micromodel were measured with ImageJ software (Abràmoff et al.,
2004) combined with a contact angle plug-in (Marco Brugnara,
marco.brugnara@ing.unitn.it) before and after the experiments. No
signiﬁcant wettability changes resulted from exposure to scCO2 ,
indicating that our silica surfaces (untreated and treated) were
stable under the experimental conditions (8.5 MPa and 45 ◦ C).
The measured contact angles are 22.4 ± 1.1◦ for the water-wet
micromodel (non-treated) and 89.5 ± 1.9◦ for intermediate-wet
(Aquaphobe-CM treated) micromodels. These two values (22◦ and
90◦ ) were used in the numerical simulations. Although Kim et al.
(2012) reported wettability change on an untreated micromodel
from water-wet to intermediate-wet after drainage and a longer
term exposure to scCO2 ﬂow, we did not observe this wettability
change. Differences in wetting may reﬂect the very short exposure
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time of the silica to scCO2 in this study and the higher salinity (up
to 5.0 M) used in the earlier study.
The MATLAB Image Processing Toolbox was used to binarize
images by thresholding. With the binary image, the overall scCO2
saturation (SCO2 ) and the average longitudinal saturation proﬁles
(SCO2,X ) were directly calculated.
3. Numerical simulation
3.1. Basic assumptions
Before introducing the numerical method, the following
assumptions were made for simpliﬁcation: (1) the two ﬂuids
(scCO2 , and brine) are assumed to be incompressible; (2) there is
no mass exchange at the interface of scCO2 and brine, i.e. the dissolution effect is neglected; (3) the two ﬂuids have reached thermal
equilibrium; (4) the gravity effect is neglected because the height
of micromodel (40 m) is small; (5) the wettability effect is represented by the static contact angle; in this study, the dynamic effect
of contact angle and the hysteresis of contact angle are not considered. Assumptions 1 through 4 are reasonable because, both the
pressure and temperature remained constant and the two phases
were pre-saturated with each other. Note that a dynamic contact
angle, or the contact hysteresis may inﬂuence the displacement
processes, but will be left for further study.
3.2. Governing equations

Table 2
Densities, viscosities, and interfacial tension used in simulations.
45 ◦ C and 8.5 MPa

Brine (0.01 mol/L)

scCO2

Density (kg/m3 )
Viscosity (kg/(s m))
interfacial tension (N/m)

993.9a
5.972 × 10−4 b
(33.1 ± 0.5) × 10−3 c

281.8b
2.2758 × 10−5 b

a
The NaCl brine density was calculated based on the regression equations of
Batzle and Wang (1992).
b
The density and viscosity of scCO2 were obtained from CO2 phase diagram in the
National Institute of Standards and Technology (NIST) web-based database. available at http://webbook.nist.gov/chemistry/ﬂuid/. The viscosity of brine (0.01 mol/L)
was set as the same value of water at the same temperature and pressure.
c
Interfacial tensions for scCO2 -brine were measured in our laboratory using the
pendant drop method (Moebius and Or, 2012).

The evolution of ˛ is given by an advection equation:

∂˛
+ ∇ · (˛u) + ∇ · (˛ · (1 − ˛)ur ) = 0
∂t

where ur is an artiﬁcial compression velocity to limit numerical
diffusion (Greenshields, 2015; Rusche, 2003). Therefore the density
and the viscosity in the whole domain can be expressed as:
 = ˛w + (1 − ˛) nw

(6)

 = ˛w + (1 − ˛) nw

Given that n = ˛, the source term fs can be expressed in alternative form (Brackbill et al., 1992):
f s =  ·  · ∇˛ · ı

The processes of scCO2 invasion into brine saturated micromodels can be captured by the Navier–Stokes, i.e. the conservation of

= − · ∇ ·

 ∇˛ 
∇ ˛

−·∇ ·

 ∇˛ 
∇ ˛

· ∇˛

Numerical simulation considers the wettability effect on the
ﬂuid ﬂow by imposing an additional constraint on ␣ at the intersection between the interface and solid surface (e.g., Ferrari and
Lunati, 2013):

momentum:

∂(u)
+ ∇ · (uu) = −∇ p + ∇ [(∇ u + ∇ T u)] + f s
∂t

(1)

with the conservation of mass:

∇ ·u=0

(2)

where u is the ﬂuid velocity, p is the pressure,  is the viscosity,
fs represents the source term of the momentum due to the surface
tension at the interface between the two ﬂuids. fs can be expressed
as:
fs =  ··n

(3)

where  is the surface tension,  is the curvature, n is the normal
vector of the interface. Therefore fs is nonzero at curved interfaces
and represents the effect of the Young-Laplace pressure.
The volume of ﬂuid method (VOF) is used to track the evolution
of the scCO2 -Brine interface. A volume fraction ␣ is introduced as an
indicator function to represent the volume fraction of ﬂuid within
cells, as mentioned:

⎩

(7)

(8)

∇ ·u=0
∂˛
+ ∇ · (˛u) + ∇ · (˛ · (1 − ˛)ur ) = 0
∂t

˛=

· ∇˛

Finally the two-phase immiscible ﬂow was determined by solving the following equations:



∂((˛)u)
+ ∇ · ((˛)uu) = −∇ p + ∇ · (˛) ∇ u + ∇ T u
∂t

⎧
⎨

(5)

0

in the nonwetting ﬂuid

1

in the wetting ﬂuid

0<˛<1

on the interface

(4)

∇˛
:=n = ns cos  + nt sin 
|
∇ ˛ x ∈ wall

(9)

where ns is the unit normal pointing into the solid and nt is the unit
tangent to solid points into the wetting phase.
3.3. Direct simulations
Direct solution for the governing equations (Eq. (8)) has
been implemented in an open-source library software OpenFOAM
(Greenshields, 2015). The main advantage of direct solutions of
Navier–Stokes equations is that relatively few model parameters are required (listed in Table 2). However, larger computing
resources are required for the simulation. We performed the simulation on the Lawrencium cluster, a platform for the Condo Cluster
Computing program in Lawrence Berkeley National Laboratory. We
set up a 3D computational model of the 20 mm × 10 mm micromodel (Fig. 1b), with relatively uniform meshes comprised of
2,712,905 nodes and 1,962,924 cells (Fig. 1c) to permit stable and
fast solution. The third dimension (orthogonal to the plane of
the micromodel) was discretized into four cells. The static contact angle (22◦ for water-wet and 90◦ for intermediate-wet) was
used in OpenFOAM to consider the wettability of micromodels.
The following boundary conditions were applied: the inlet was
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Fig. 2. The observed (representative of the four replicate experiments, a–c and g–i) and simulated scCO2 phase distributions (d–f and j–l) at 1 s of drainage in water-wet (a–f)
and intermediate-wet (g–l) micromodels. In the experiment, the dark color is scCO2 and the light color is brine. In simulations, red color is scCO2 and gray color represents
brine. Three apparent capillary numbers are shown along the top edges and their corresponding ﬂow rates are provided in Table 1. (For interpretation of the references to
colour in this ﬁgure legend, the reader is referred to the web version of this article.)

Fig. 3. The observed (representative of the four replicate experiments, a–c and g–i) and simulated scCO2 phase distributions (d–f and j–l) at 6 s of drainage in water-wet
(a–f) and intermediate-wet (g–l) micromodels. In the experiment, the dark color is scCO2 and the light color is brine. In simulations, red color represents scCO2 and gray
color represents. The enlarged images of the selected regions (a , d , g and j ) are given in Fig. 4. Three apparent capillary numbers are shown along the top edges and their
corresponding ﬂow rates are provided in Table 1. The scCO2 saturation values for these ﬁgures are listed Table 3. (For interpretation of the references to colour in this ﬁgure
legend, the reader is referred to the web version of this article.)

ﬁxed with constant velocity, zero gradient pressure and constant
˛ value (˛ = 1); the outlet was ﬁxed with zero gradient velocity,
constant zero pressure and zero gradient ˛.We added a buffer
layer with width of 100 m to attached onto the inlet to improve
the convergence rate of simulation. The initial time step is set as

2.5 × 10−5 s and the Maximum Courant number and the Maximum
Alpha Courant number are both set as 1.0.
We used 96 cores (four cluster nodes) at a clock speed of 2.6 GHz
to perform parallel computing for each case (6 in total) respectively.
As noted in Experimental Procedures, even at the lowest ﬂow rate
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Fig. 4. The phase distribution at Ca = 2.2 × 10−5 and Q = 12 L/min within multiple pores (a , d , g and j ) and single pore (a  , d  , g  and j  ) recorded with the microscope,
corresponding to the marked regions (a–d) in Fig. 3. The bright yellow and red are scCO2 in the experiment and in simulation, respectively. Flow is from left to right. (For
interpretation of the references to colour in this ﬁgure legend, the reader is referred to the web version of this article.)

Fig. 5. The evolution of scCO2 saturation with injected scCO2 pore volumes and with drainage time at different Ca and ﬂow rates of (a) Ca = 2.2 × 10−5 , Q = 12 L/min, (b)
Ca = 8.7 × 10−5 , Q = 48 L/min, and (c) Ca = 2.2 × 10−4 , Q = 120 L/min. The solid (䊉, , ) and open ( , ♦, ) symbols indicate respectively the water-wet and intermediate-wet
cases. These symbols indicate the average saturation of four replicate experiments, and the error bars indicate standard deviations. The solid and dashed lines are the simulation
for the water-wet and intermediate-wet cases, respectively. The arrows and the circles denote respectively the breakthrough time at water-wet and intermediate-wet cases,
and the values of breakthrough time are presented in Table 3. At 6 s, the injected PVs of scCO2 are 0.6, 2.4 and 6, respectively.

of 12 L/min the drainage processes can approach the quasi-steady
conditions with 6 s of scCO2 ﬂooding. To save computing resources,
we performed parallel computations for the ﬁrst 6 s of drainage
processes, and the parallel computations were terminated if the
change in pressure drop between inlet and outlet, and the scCO2
saturation are no more than 0.01 kPa per 0.1 s and 0.01% per 0.1 s,
respectively. After that time, the simulated scCO2 distribution did
not change, and steady-state conditions were considered reached.
The parallel computations required roughly 4, 7 and 10 days for the

ﬂow rates of 120, 48 and 12 L/min, and total cost was about 96,000
CPU hours.
4. Results and discussion
4.1. Comparison between experiments and simulations
As noted earlier, the scCO2 invasion processes approached
quasi-steady state in less than 6 s in experiments. Thus, we com-
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pared the scCO2 -brine displacement patterns between experiment
and simulation within the range of 0 to about 6 s of drainage.
Given the maximum capture rate (1 s/frame) for high-resolution
photographs obtainable with the DSLR camera, the ﬂow pattern
was captured every second. Here we selected the invasion pattern at 1 s of drainage as a representative example, shown in
Fig. 2. It illustrates the ﬁngering of scCO2 invasion and the resultant non-compact displacement. The wider ﬁngering was clearly
and consistently observed in intermediate-wet case comparing
with the water-wet case in both experiment and simulation. The
observed and simulated scCO2 ﬂow patterns at 6 s are shown in
Fig. 3. Together, Figs. 2 and 3 indicate the ﬁnger growth towards
the outlet and no backward movement of the displacement front,
which are main features of viscous ﬁngering patterns. However,
according to the classic phase diagram by Lenormand et al. (1988),
the experiment conditions (denoted by Ca and M) are located in
the crossover zone including both capillary ﬁngering and viscous
ﬁngering, whereas the conditions are located in capillary ﬁngering zone from the diagram by Zhang et al. (2011b). The classical
phase diagram provides a qualitative presentation only, because
the boundaries of displacement pattern are not only dependent on
Ca and M, but also highly depend on the pore structure and wettability. The phase diagram of Lenormand et al. (1988) and Zhang
et al. (2011b) is based on the conditions that the invading ﬂuid is the
strong wetting phase. In another words, the phase diagram is more
suitable for the water-wet experiments in this work. Currently,
extension of the classic phase diagram (Lenormand et al., 1988) to
elucidate the wettability effect has been reported (Holtzman and
Segre, 2015; Jung et al., 2016; Trojer et al., 2015; Zhao et al., 2016).
Fig. 4a–d shows pore scale images recorded by the microscope.
Again the wider ﬁngering with multiple pores was observed in
intermediate-wet case. The average cross-sectional width of scCO2
ﬁngering in water-wet case is in the range of 1 grain diameter
(∼590 m), whereas in intermediate-wet case the ﬁngering spans
up to 3 grain diameters (∼1770 m). Governed by the wettability of pore surface, the curvature of the scCO2 -brine interface is
very small in intermediate-wet case (Fig. 4g’, g”) and larger interface curvature exists in water-wet case (Fig. 4a’, a”). Through 3D
numerical simulation, we can observe the curve interface in the
third dimension, which cannot be captured by the imaging system. The interface is planar in the third direction in the case of
intermediate-wet micromodel (Fig. 4j’, j”), whereas in the waterwet case the interface is concaved to the phase of brine (Fig. 4d’,
d”).
The measurements of scCO2 saturation within 6 s of drainage
were obtained based on the analysis of 144 captured images. Fig. 5
shows the observed and simulated scCO2 saturations (SCO2 ) with
respect to injected scCO2 PV and drainage time. In accordance
with mass balance of ﬂuids, the scCO2 saturation increases linearly with time before scCO2 phase breakthrough, strictly following
SCO2 / t = 1/tpv , as indicated in Fig. 5. Due to the image capture
rate limitation (maximum capture rate was 1 frame/s), the invasion
morphology before breakthrough can only be captured at 1 s at the
ﬂow rate condition of 12 L/min, as shown in Fig. 2a and g. The measured SCO2 at 1 s under such ﬂow rate condition are 0.088 ± 0.030
for water-wet case and 0.092 ± 0.027 for intermediate-wet case,
whereas the predicted values are both 0.10. As the scCO2 continues to inject, scCO2 phase breaks through the micromodel. The
1 s per frame of image collection prevented accurate capture of
the scCO2 phase breakthrough time, but predicted ﬁner resolution
behavior can be examined in the simulations. The displacement
efﬁciency is usually deﬁned as the scCO2 saturation at its breakthrough time (e.g., Xu et al., 2014). Table 3 lists the breakthrough
times (tb ) and the corresponding scCO2 saturation (SCO2 ), indicating larger displacement efﬁciencies and longer breakthrough times
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Table 3
The scCO2 saturation at the breakthrough time by simulation.
Wettability

Variables

Volume ﬂow rate, Q (L/min)
12

48

120

Water-wet

tb (s)
SCO2 (−)

1.68
0.17

0.64
0.26

0.42
0.42

Intermediate-wet

tb (s)
SCO2 (−)

2.16
0.22

1.06
0.43

0.55
0.55

Fig. 6. The measured and simulated scCO2 saturation at 6 s of drainage under the
constant ﬂow rates of 12 L/min (Ca = 2.2 × 10−5 ), 48 L/min (Ca = 8.7 × 10−5 ) and
120 L/min (Ca = 2.2 × 10−4 ). (a) comparison of experimental and numerical results.
The bars for experiments indicate the average values of four replicate experiments,
and the error bars indicate standard deviations. (b) the error (ε) of numerical results
with respect to the measurement is calculated by SCO2,sim . − SCO2 exp , where SCO2,sim
and SCO2,exp denote the measured and simulated scCO2 saturation, respectively.

were simulated in the intermediate-wet cases, and the displacement efﬁciency increases as the ﬂow rate increases.
The measured and predicted steady state SCO2 (at 6 s of drainage)
are compared in Fig. 6. Fig. 6a shows that the predicted SCO2 values are 0.209, 0.332 and 0.527 for the water-wet case, 0.288, 0.513,
and 0.639 for the intermediate case, with the increased values as
the ﬂow rate increasing. However, the measured steady state SCO2
values are 0.169 ± 0.025, 0.282 ± 0.025, and 0.408 ± 0.019 for the
water-wet case, and 0.336 ± 0.012, 0.475 ± 0.017, and 0.545 ± 0.015
for the intermediate-water case. As shown in Fig. 6b, discrepancies
(ranging from −0.05 to 0.12) exist between the measured and predicted values. The relative errors, εr = (SCO2,sim − SCO2 exp )/SCO2,exp ,
are 23.7%, 17.7% and 29.1% for the ﬂow rates of 12, 48 and
120 L/min in water-wet condition, and are −14.3%, 8.0% and 17.2%
under intermediate-wet condition.
Figs. 5 and 6 summarize the discrepancies between experiment
and simulation. Large discrepancies in saturation (0.12 for waterwet case and 0.09 for intermediate-wet case) were observed at the
high ﬂow rate condition of 120 L/min. Note that the ﬂow rate
of 120 L/min will induce 1 PV injection into micromodel within
one second (Table 1). The ﬁnite time needed for the ISCO pump
to increase the ﬂow rate from 0 L/min (equilibrium state before
scCO2 injection) to 120 L/min is an important factor that complicates experiment-simulation comparisons. At the very beginning
of the scCO2 invasion processes, the actual injecting rate delivered
by ISCO pump is slower than 120 L/min. However, in numerical
simulation, a constant ﬂow rate condition is applied at the inlet
with 120 L/min. This difference in boundary conditions may contribute higher scCO2 saturation in simulations. Ferrari et al. (2015)
presented a detailed comparison of pore-scale simulations with
experiments of air invasion into water-saturated micromodel. As
reported by Ferrari et al. (2015), the errors can be attributed to the
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Fig. 7. The average longitudinal saturation proﬁles at 6 s of drainage for experiment (a, c, e) and simulation (b, d, f). The apparent capillary numbers of 2.2 × 10−5 , 8.7 × 10−5
and 2.2 × 10−4 correspond to ﬂow rates of 12, 48 and 120 L/min, respectively, as listed in Table 1. The data points indicate the average saturation of four replicate experiments,
and the error bars indicate standard deviations. The lines are the simulation results.

As discussed above, the lower ﬂow rate can eliminate the errors
induced by the ISCO pump. However, immiscible ﬂow with lower
injection ﬂow rate (the capillary number lower than 10−5 ) cannot
be simulated accurately by the current simulation techniques. This
is because under such lower capillary number, the capillary force is
dominant and so-called ‘parasitic’ velocities at the ﬂuid–ﬂuid interface reduce the accuracy of simulation results (Roman et al., 2015).
Raeini et al. (2012) reported ﬁltering methods to avoid non-physical
velocities, which can improve the accuracy of simulation results for
pore-scale two-phase immiscible ﬂuid ﬂow.
The overall scCO2 saturation is an integrated variable that does
not provide any information on scCO2 distribution. Here we compare the simulated average longitudinal saturation proﬁle with
experimental results, as shown in Fig. 7. Although the simulated
proﬁle of average longitudinal saturation is higher than the measurement in most cases (except Fig. 7b), the simulation is able to
capture the whole trend of longitudinal saturation proﬁle: it tends
to decrease with the increasing distance from the inlet, similar to
results reported for core-ﬂooding experiments (Al-Menhali et al.,
2015; Niu et al., 2015).
Fig. 8. The dependence of displacement pattern on wettability at the ﬂow rate
of 48 L/min. (a) The simulated relation between the scCO2 saturation (SCO2 ) and
the normalized displacement front location ( ∗) at the ﬂow rate of 48 L/min for
water-wet and intermediate-wet cases. The ﬁt lines are expressed by SCO2 = k *,
k = 0.26 (r2 = 0.99) for the water-wet cases, and by SCO2 = k *, k = 0.43 (r2 = 0.99)
for the intermediate-wet cases. (b)–(d) The dimensionless variable k is a measure
of displacement pattern. As k increases, the displacement pattern becomes more
compact.

difference of pore space geometry, the difference of initial phase
conﬁguration and the three-dimensional effects. They focused on
the invaded area and the interfacial length at the breakthrough and
showed that even when the initial invasion structure was taken
the same as that of the experiment, the relative error for interfacial length can grow up to 32.4% at the breakthrough time, and this
relative error is even larger (39.5%) if the initial invasion structure
was not initialized. In this study, without initialization of the invasion structure, the maximum relative error for the saturation at the
steady-state is 29.1%.

4.2. Quantitative analysis of wettability effects
We performed quantitative analysis to gain insight into how
wettability impacts invasion morphology. Given the limitation of
the imaging system, the quantitative analysis is conducted based on
the numerical simulation that can generally capture the main features of the drainage processes. We characterize the displacement
pattern by introducing a dimensionless variable, k , representing
the increasing rate of scCO2 saturation with respect to the distance
of displacement front to inlet, expressed by:
k =

∂SCO2
∂ ∗

(10)

where ∗ is the normalized distance of displacement front to inlet,
∗= L
/ , is the distance of scCO2 front to the inlet, L is the length
of the micromodel, L = 20 mm. For completely compact displacement pattern, k = 1, whereas the displacement pattern becomes
less compact (an unstable ﬂuid–ﬂuid interface) as k decreases.
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Fig. 9. The displacement front propagation within the drainage time interval of 0.5 s and 0.51 s at the ﬂow rate of 48 L/min in water-wet (a, a’, c) and intermediate-wet
(b, b’, d) cases. (a)–(b), the scCO2 invasion morphology at 0.5 s of drainage and the pore ﬁlled zone is marked by blue in (a’, b’) with the ﬁlling direction represented by the
arrows. (c)–(d), the variation of pressure drop ( P) between inlet and outlet within the 0.01 s. (For interpretation of the references to colour in this ﬁgure legend, the reader
is referred to the web version of this article.)

As indicated in previous section, higher ﬂow rate ampliﬁes the
error induced by ISCO pump whereas lower ﬂow rate presents a
challenge for the numerical simulation. Comparison of experiment
and simulation shows that relatively smaller error was observed at
the ﬂow rate of 48 L/min. Thus, based on the simulation results at
this ﬂow rate, we plot the relation between SCO2 and ∗, as shown
in Fig. 8a. It shows that SCO2 increases roughly linearly with ∗,
indicating a constant k during the drainage processes. Fitting data
of SCO2 and ∗ yields k = 0.26 for water-wet case and k = 0.43 for
intermediate-wet case. As shown in Figs. 8b–d, k captures the stabilizing effect of wettability on displacement pattern: as the pore
surface becomes less water-wetting, a more compact displacement
pattern is expected. As the contact angel continues to increases
( > 90◦ ), the scCO2 is wetting phase and the displacement process is imbibition. Micromodel experiments using water-oil system
(Zhao et al., 2016) reported that increasing  from 90◦ to 120◦ ,
the effective ﬁnger width continue to increase. It indicated that
the ﬂuid–ﬂuid displacement pattern becomes more stable and the
variable k increases (but k < 1). However, if  continues from 120◦
to 180◦ , incomplete pore-scale displacement occurs by thin ﬁlm
of wetting ﬂuid (scCO2 ) that propagates along the solid surfaces
and the defending ﬂuid (brine) is left in the pore body (Zhao et al.,
2016), resulting in a smaller k . Giving the focus of this study is the
scCO2 -brine drainage processes, the wettability effect on imbibition processes is left to the further study.
The dimensionless variable, k also relates the dimensionless
velocity of displacement front, v , given by:

v =

∂ ∗
∂t∗

(11)

where t* is the scaled time variable, t* = t·vinlet /L, t is the time of
scCO2 injection, vinlet is the ﬂuid velocity at the inlet of micromodel
(shown in Table 1). Substituting Eqs. (10) into (11) leads to v = k ,
 is the porosity. Therefore, we have:

v ∝

1
k

(12)

Eq. (12) shows that the dimensionless velocity of displacement
front (v ) is inversely related to k . Therefore, higher k and lower
v reﬂect the stabilizing effect of wettability on ﬂuid–ﬂuid displacement pattern. Radial air-water (Trojer et al., 2015), and water-oil

(Zhao et al., 2016) displacement experiments under ambient conditions also demonstrated this stabilizing effect. In these works, the
fractal dimension of the ﬂuid–ﬂuid interface and the effective ﬁnger
width were introduced for characterize the stabilizing effect. In the
water-oil system, the fractal dimension exhibits a monotonic relation with respect to the contact angle (Zhao et al., 2016), whereas
in the air-water system, as the effective ﬁnger width continues to
increase as the wettability of invading ﬂuid increases (Trojer et al.,
2015).
The 3D simulation enables us to investigate the immiscible
displacement behavior within the time interval similar to time
step of iteration (∼10−5 s), which is shorter than the Haines jump
time of ∼10−3 s (e.g., Berg et al., 2013b). Fig. 9 presents the displacement front propagation within the drainage time interval of
0.5 s and 0.51 s at the ﬂow rate of 48 L/min. From Fig. 9a and
b, within 0.01 s, although the same volume of scCO2 is injected
into micromodel meaning the same incremental value of SCO2 ,
the forward travel distance of displacement front is longer in
= ∼261 m) than that in intermediate-wet case
water-wet case (
(
= ∼240 m), as expected by the front velocity given in Eq. (11).
This indicates that intermediate-wetting promotes pore-ﬁlling in
the longitudinal direction, relative to the water-wet case. On the
other hand, from Fig. 9a’, we can clearly see the Haines jump event
(Berg et al., 2013b; Yamabe et al., 2014), with the scCO2 phase
invading from pore throat to pore body. However, because we
selected the same time scale, t ∈ [0.5, 0.51], in the intermediate-wet
case, Fig. 9b’ did not capture the full range of the Haines jump event.
Nevertheless, the ﬂuctuation of pressure drop ( P) between inlet
and outlet shown in Fig. 9c and d reﬂects this pore-scale ﬂow behavior. High frequency of this ﬂuctuation suggests more pore-ﬁlling
events in intermediate-wet condition. The larger P in water-wet
case (∼350 Pa) is due to interfaces with higher curvature providing
larger capillary pressures. In summary, we can conclude that reducing the pore surface wettability reduces the displacement front
velocity, delays the breakthrough time, promotes the pore-ﬁlling
in the longitudinal direction, and thus stabilize the displacement
pattern.
To gain additional insight on effects of wettability effects on
displacement pattern, we calculated the variation of ﬂuid–ﬂuid
interface area with respect to the scCO2 saturation. The simulated
speciﬁc interface area (anw = Anw /(dWL), where Anw is the area
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Fig. 10. The simulated relation between the speciﬁc scCO2 -brine interface area (anw )
and scCO2 saturation (SCO2 ) for water-wet (䊉, , ) and intermediate-wet cases ( ,
♦, ) at the ﬂow rates of 12 L/min (䊉, ), 48 L/min (, ♦) and 120 L/min (, ).
The breakthrough points are labeled with the dash circles. Fitting of data provides
a power-law relation between anw and SCO2 (given by Eq. (13)).

calculated from the 3D shape of ﬂuid–ﬂuid interface) follows a
power-law relation with SCO2 :
ˇ

anw = a0 SCO

2

(13)

where a0 and ˇ are ﬁtting parameters. The relation shown in Eq.
(13) is consistent with the simulation (Liu et al., 2014) and experimental results (Zhang et al., 2011a). As shown in Fig. 10, this
relation (Eq. (13)) is independent of ﬂow rate and is also valid after
the scCO2 phase breakthrough. In water-wet case, a0 = 1.11 mm−1 ,
ˇ = 1.37 (r2 = 0.99), whereas a0 = 0.35 mm−1 , ˇ = 1.02 (r2 = 0.98), for
intermediate-wet case. Fig. 10 also illustrates that as a given scCO2
saturation, the speciﬁc interface area is higher in water-wet case
than that in intermediate-wet case, similar to the simulation results
in rock fractures (Dou et al., 2013).
In addition to Eq. (13), we introduced another parameter (ka ) to
characterize the displacement pattern via the interface area (Anw )
normalized by the invaded volume (Vinvad ):
ka =

Anw
anw
ˇ−1
=
= a0 SCO
2
Vinvd
SCO2

(14)

This variable ka is a measure of the interface instability. An irregular interface provides higher ka value whereas smaller ka indicates
more smooth and compact interface (Holtzman and Segre, 2015).
The values of a0 and ˇ (ˇ > 1) in water-wet case are both larger than
those in intermediate-wet case. Therefore, it can be seen from Eq.
(14) that a larger ka value is always higher in water-wet condition
that in intermediate-wet condition for the same scCO2 saturation,
reﬂecting a more irregular interface and reduced displacement efﬁciency.
5. Conclusions
We elucidated the wettability effect on the scCO2 -brine
displacement pattern in drainage by performing a series of
micromodel experiments under reservoir-relevant condition, combined with 3D numerical simulations. Through the micromodel
experiment, high resolution images of scCO2 phase distribution from pore-network to multiple pores to single pores were
obtained, and the 3D pore-scale simulation qualitatively agrees
with our experimental results, showing wider ﬁngering, more
compact displacement pattern, and higher scCO2 saturation
in intermediate-wet condition. Numerical simulations provided
detailed information about the immiscible displacement in three
dimensions, as well as the pore ﬁlling behavior resolved within
milliseconds. Quantitative analysis based on pore-scale simulation
suggested that the reduced wettability reduces the displacement

front velocity, promotes the pore-ﬁlling events in the longitudinal
direction, and increases displacement efﬁciency. Simulated results
also show smaller scCO2 -brine interface area in intermediate-wet
case, which suppresses the mass transfer between the phases.
This work provides a more detailed understanding how the wettability affects the displacement pattern at the pore scale. Our
work is important for GCS, because the surfaces of reservoirs and
caprocks range from strongly water wetting to intermediate wetting (Akbarabadi and Piri, 2013; Berg et al., 2013a; Chiquet et al.,
2005; Iglauer et al., 2015) Moreover, transitions from strongly
water wetting to intermediate wetting may occur during exposure to CO2 under reservoir conditions (El-Maghraby and Blunt,
2012; Kim et al., 2012; Plug and Bruining, 2007; Tokunaga and Wan,
2013; Wang and Tokunaga, 2015). Given that a homogenous porenetwork pattern was used in this study, the effects of pore and
pore network heterogeneity need to be investigated to determine
the generality of our ﬁndings.
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