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Abstract: Greenhouse gases such as CO2 can be safely captured and stored in geologic formations,
which in turn can reduce the carbon imprint in the Earth’s atmosphere and therefore help toward
reducing global warming. The relative permeability characteristics in CO2/brine or CO2/water
systems provide insight into the CO2 trapping efficacy of formations such as sandstone rocks. In
this research, CO2/water imbibition relative permeability characteristics in a typical sandstone core
sample are numerically evaluated. This work uses transient computational fluid dynamics (CFD)
simulations to study relative permeability characteristics, and a sensitivity analysis is performed
based on two different injection pressures and absolute permeability values of the sandstone rock
material. Results show that when the irreducible water fraction remains unchanged, the imbibition
relative permeability to the non-wetting phase decreases with an increase in injection pressure within
the sandstone core sample. Also, with the irreducible water fraction being unchanged, relative
permeabilities to both non-wetting and wetting phases decrease with an increase in the absolute
permeability of the rock material. Finally, at irreducible water saturation, relative permeability to the
gas phase decreases with an increase in injection pressure.

Keywords: relative permeability; imbibition; computational fluid dynamics

1. Introduction

The presence of excessive CO2 in the atmosphere due to emissions and other anthro-
pogenic causes induces greenhouse effects and poses extreme challenges to the Earth’s
system. Based on an estimation by The United States Energy Information Administration, in
2019, the country emitted 5130 million metric tons of CO2 from industries. During the same
year, a staggering total of 33,625 million metric tons of CO2 were emitted worldwide [1].
One potential solution to this problem is geologic carbon capture and sequestration (CCS).
The process of geologic carbon sequestration involves capturing CO2 from industrial fa-
cilities, power plants, and the atmosphere. The captured CO2 is transported and securely
stored in deep geologic formations to prevent its release into the atmosphere [2–6].

CO2 can be stored in geologic formations such as deep saline aquifers through both
physical and chemical trapping mechanisms. Using physical trapping mechanisms, CO2
retains its physical and chemical structure [7,8]. Chemical trapping involves mechanisms
such as ionic and mineral trapping resulting in CO2 changing its physical and chemical
structure [9]. The process of physical trapping includes mobile and immobile trapping.
When CO2 is in the pore space and remains at saturations higher than the irreducible
saturation, it forms a continuous phase and flows through the formation. While viscous,
capillary, and interfacial forces oppose its flow, pressure and buoyancy forces enable it.
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During this process, CO2 continues to migrate upward until it is trapped. On the other
hand, immobile trapping of CO2 occurs when the capillary, viscous, and interfacial forces
are larger than pressure and buoyancy forces, and CO2 exists in its irreducible saturation
in pore spaces [9,10]. With the injection of CO2 into the small pores of rocks naturally
containing saline groundwater, the simultaneous process of two or more fluids flowing
within the rock pores creates a very complex system. After CO2 is injected, it continues to
move in an upward direction due to the buoyancy forces. While at the leading edge of the
plume, CO2 displaces water or brine through a process called drainage, at its trailing edge,
water displaces CO2 again through a process called imbibition.

The relative permeability of the CO2/brine or CO2/water system is an extremely
important characteristic that determines the storage efficacy of geologic formations [11–18].
As shown by Equation (1), relative permeability to non-wetting or wetting phases in a
two-phase or multiphase system is expressed as the ratio of the effective permeability to
the not-wetting or the wetting phase, to the absolute permeability to the wetting phase in
single-phase flow [19].

kri =
ki
k

, (1)

where kri is the relative permeability of phase ‘i’, ki is the effective permeability of phase ‘i’
in two-phase or multiphase flow, and k is the absolute permeability to the wetting phase.

The effective permeability to a given phase is obtained using Darcy’s equation [19]:

qi = − ki
µi
∇Pi (2)

where ∇Pi is the pressure gradient associated with the phase across the domain of flow, qi
is the flowrate, and µi is the dynamic viscosity of the fluid.

Traditionally, the relative permeability measurements are performed through core
flooding experiments in the laboratory. The core flooding experiments typically use real
rock cores from target brine formations [7]. The drainage experiment involves injecting
CO2 to displace the host fluid, which is either brine or water. On the other hand, during
the imbibition experiment, CO2 is displaced by brine or water.

Until the early 2000s, very few researchers studied relative permeability in CO2/brine
systems. Through this period, much of the focus was on CO2/oil systems due to the
potential usage of CO2 in enhanced oil recovery systems. The pioneering studies in
CO2/brine systems were performed by Bachu and his research group during the mid-2000–
2010s [4,14,15,20–22]. Following this period, many research groups studied CO2/brine
or CO2/water systems to establish relationships between variables such as relative per-
meability to the phases, injection pressure or flowrate, porosity, absolute permeability,
temperature, and irreducible fractions of water/brine or CO2 [8,23–28].

Several articles suggested a maximum irreducible CO2 saturation of approximately
40% when CO2 saturation varied between 60% and 80% during core-flooding experi-
ments [12,29–32]. Additionally, the relationship between relative permeability and the
irreducible non-wetting phase saturation is well established, as it varies with parameters
such as rock composition, grain architecture, and fracturing [12].

While most articles discussing relative permeability reported experimental results,
numerical studies on core flooding experiments and relative permeability are far too few.
Also, many of these articles discussed relative permeability characteristics in oil–water
flows [33–38]. Less published literature exists that reports numerical studies on CO2 versus
brine or water relative permeability characteristics. In addition, almost all published nu-
merical studies on CO2 vs water/brine relative permeability characteristics use pore-scale
models [39–42]. For instance, Najafi et al. performed CFD simulations to obtain relative per-
meability characteristics of CO2/brine systems at the pore level [39]. Mohammadmoradi
and Kantzas used both CFD and DSMC methods to study relative permeability at the
pore level, and they revealed that the continuum assumption is strongly dependent on
the size of the pores and gas pressure ranges [40]. Presently, CFD data reporting relative
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permeability characteristics at the Darcy scale are extremely limited [43–45]. At the Darcy
scale, fluid flow through porous media is studied at the macroscopic level, where the
porous medium properties are averaged over the volume, which is large enough to contain
many pores but small enough to be considered homogeneous [46]. The authors in their
previous article reported CFD data on drainage relative permeability characteristics and
showed how endpoint relative permeability to the non-wetting phase varied with viscosity
ratio [44]. Also, currently, there is no published literature reporting Darcy scale CFD results
on CO2–water imbibition. CFD research in carbon sequestration is cost-effective and yet
provides valuable data that otherwise require expensive experimentation. Results obtained
using the CFD code can be validated against experimental results in similar conditions.

Finally, for both drainage and imbibition processes, very few published articles exist
that discuss how relative permeability to the phases is influenced by injection pressure or
flowrate, and absolute permeability. Injection pressure and flowrates are closely related and
an increase in injection pressure generally results in an increase in flowrate [47–50]. Among
the earliest researchers, Bachu reported that no clear relationships were observed between
relative permeability and commonly measured rock characteristics such as porosity and
absolute permeability [11]. In addition, although in drainage processes, it is generally
accepted that relative permeabilities are independent of flowrates or pressure gradients,
published articles reporting similar relationships in CO2/water imbibition processes are ex-
tremely rare. Akin and Demiral performed three-phase relative permeability measurements
and suggested that the wetting phase relative permeability curves were more affected than
the gas relative permeability curve. In addition, the gas’s relative permeability decreased
with an increase in flowrate or pressure drop [51]. Tang et al. performed experiments to
assess the influence of pressure on the relative permeabilities of the different phases. They
reported that the relative permeability of CO2 was reduced by 57% when the pressure was
increased from 12 MPa to 20 MPa [52].

Therefore, it is evident that currently the body of knowledge lacks information about
the interrelationships between relative permeabilities to the non-wetting and wetting
phases, and commonly measured parameters such as pressure drop across the core, injection
flowrate, and the absolute permeability of the rock material. In this research, the authors
perform computational fluid dynamics (CFD) simulations to assess the effects of pressure
drop and absolute permeability of the rock material on the relative permeabilities to the
phases in a CO2/water system during a typical imbibition experiment.

2. Materials and Methods

In this work, CFD simulations are performed using ANSYS Fluent 18.2 [53]. The
authors study imbibition relative permeabilities to the non-wetting phase, CO2, and the
wetting phase, water, as a function of pressure drop across the core and the absolute
permeability of the core material. One of the inputs to the code is the porosity of the
sandstone core sample, which was measured experimentally on a Vedder sandstone core
sample in a co-author’s research laboratory. The details of this work are provided in the
principal investigator’s previous article [44].

2.1. CFD Methodology

The CFD process can be divided into three stages, which are pre-processing, obtaining
the solution, and post-processing.

Pre-processing involves creating the geometry and generating the mesh. Before
running simulations, the code requires the setting up of physics, selecting the solver, and
specifying boundary and initial conditions. The other tasks involved in this step are the
selection of the computational algorithm, specification of the discretization method, and
setting up of the criteria for convergence.

The final stage of post-processing involves performing analyses on the converged
solution and performing comparisons against relevant experimental data. Figure 1 shows a
flowchart explaining the CFD methodology [54].
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Figure 1. CFD Methodology.

2.2. Simulation Geometry and Meshing

The simulation geometry is a cylindrical sandstone core with a diameter of 38 mm
and a length of 79 mm. The mesh elements used are hexahedral in shape and mesh
independence is obtained with 1.24 million mesh elements. Figure 2 shows the mesh used
in this work.
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The mesh independence study is conducted by evaluating the water volume fraction
1 s after CO2 injection during a typical drainage experiment. Figure 3 shows the mesh
independence test results.
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2.3. Model Description and Solver Settings

Transient simulations are performed with the core initially filled with CO2 during
the process of imbibition. The laminar flow model along with the ‘Volume of Fluid’
(VOF) multiphase flow model is used. The VOF model is useful for tracking the interface
between the wetting and non-wetting phases during steady-state or transient simulations.
Navier–Stokes equations are solved in three dimensions and the relative permeability to
the phases is evaluated every second. Equations (3) and (4) show the mass and momentum
conservation equations, respectively [44,52]:

∂

∂t
(
αqρq

)
+∇.

(
αqρq

→
vq

)
= 0, (3)

where αq is the qth phase volume fraction, ρq is the qth phase density, and
→
vq is the qth

phase velocity.
The code works by solving a single momentum equation through the domain of flow

and both phases share the resulting velocity field [44,53].

∂

∂t

(
ρ
→
v
)
+∇.

(
ρ
→
v
→
v
)
= −∇p +∇.

[
µ

(
∇→

v +∇→
v

T
)]

+ ρ
→
g +

→
F (4)

where
→
g is acceleration due to gravity, p is pressure, and

→
F is body force.

The energy equation is only required in non-isothermal flows, and it is used by both
phases. It is given by Equation (5).

∂

∂t
(ρE) +∇.

(→
v (ρE + p)

)
= ∇.

(
ke f f∇T

)
+ Sh (5)

where ke f f is the effective thermal conductivity, E is energy, and T is temperature. The
source term Sh includes any contributions from radiation or other heat sources [52]. The
porous media within the simulated core sample is modeled using the following terms:
(a) viscous resistance, and (b) inertial resistance. The source term that includes the viscous
and inertial resistance terms is given by Equation (6):

Si = −
(

∑3
j=1 Dijµvj + ∑3

j=1 Cij
1
2

ρ
∣∣vj

∣∣vj

)
(6)
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where C and D are the matrices for inertial and viscous losses, respectively, and Si is
the source term for the ith momentum equation. The model is calibrated by providing
empirical values of inertial and viscous resistance coefficients for the targeted absolute
permeability of the core sample. In addition, the model also uses the desired value of
porosity that is shared by both phases. The model also uses pressure boundary conditions
at the inlet and the outlet to replicate the pressure drop across the core. In addition, the
model uses an irreducible water fraction of 48.6% as was obtained at the end of the drainage
experiment [44]. The convergence criteria for residuals are set as 10−5 for all equations.
Table 1 shows the boundary and initial conditions used in simulations.

Table 1. Boundary and Initial Conditions.

Locations Boundary Type

Inlet Pressure Inlet
Boundary Conditions Outlet Pressure Outlet

Body Wall

Initial Condition At t = 0, volume fraction of
water at inlet = 1

At t = 0, volume fraction of CO2 in
the core other than the inlet = 1

The model used in this research is validated against experimental results reported by
previous researchers [45]. The details of this work are provided in the authors’ previously
published article [44].

2.4. Experimental Conditions

Although permeability generally increases with porosity, it is proportional to the
square of pore throat size [55]. Moreover, with the same porosity in two different rock
samples, pores may not be equally effective toward facilitating fluid flow. Therefore, it is
possible to have rock samples with the same porosity and different permeabilities [56]. For
this work, two rock samples having the same dimensions, same porosities, and different
permeabilities are simulated. In this study, two identical sandstone core samples with
different permeabilities, have a porosity of 18.8%. Also, at both the core inlet and outlet,
the temperature is maintained at 50 oC to mimic typical reservoir conditions [57]. At each
injection pressure, the absolute permeability values are categorized as high and low based
on the classification used by Bachu [11]. The irreducible water saturation at the end of
drainage is 48.6% [44].

Table 2 shows the injection pressure and absolute permeability values of the sandstone
core samples [11].

Table 2. Injection pressure and absolute permeability to the wetting phase.

Injection Pressure (Pa) High Absolute Permeability (mD) Low Absolute Permeability (mD)

400 469 9.89
1000 332 9.56

The dynamic viscosity of CO2 in the gas phase remains constant during all simulations.
Table 3 shows the material properties of fluids used in this work.

Table 3. Material properties of fluid used in the simulations.

Fluid Density (kg/m3) Dynamic Viscosity (Pa.s)

carbon dioxide 1.7878 1.37 × 10−5

water 998.2 0.001003
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3. Results and Discussion

Transient CFD simulations are performed to evaluate the water imbibition process in
the sandstone core samples using two different pressure drops across the geometry.

At time t = 0, CO2 in the gas phase occupies the remaining pore volume of the core
while water enters through the inlet.

3.1. High-Permeability Sandstone Core Sample

The absolute permeability to single-phase flow of the wetting phase ranges from
100 mD to 500 mD. Two different injection pressures, 400 Pa and 1000 Pa, are studied.

Figure 4 shows the pressure profile across the high-permeability core, 1 s after start,
with an injection pressure of 400 Pa. The core outlet is maintained at atmospheric pressure.
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Figure 5 shows the pressure profile in the high-permeability core 1 s after the start
with an injection pressure of 1000 Pa. While the inlet is set at a gauge pressure of 1000 Pa,
the outlet is left open to the atmosphere.
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Figure 6 shows the CO2 volume fraction after 1 s, 60 s, and 240 s with an injection
pressure of 400 Pa in the high-permeability core.
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Figure 6. CO2 volume fraction in the high-permeability core with ∆p = 400 Pa.

One second after the start, the volume fraction of CO2 is nearly one throughout the
core, except in the entrance region. The volume fraction of water (the wetting phase) is
one at the inlet. After 60 s and 240 s from the start, water displaces CO2 within the core
suggesting imbibition. Figure 7 shows the CO2 volume fraction after 1 s, 60 s, and 240 s
with an injection pressure of 1000 Pa within the high permeability core.
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As expected, a larger injection pressure of 1000 Pa across the core sample results in
more water entering the core after 240 s.

3.2. Low-Permeability Sandstone Core Sample

The low-permeability sandstone core, with the same dimensions, is simulated for
water imbibition using the same injection pressures of 400 Pa, and 1000 Pa. The absolute
permeability to single-phase flow of the wetting phase is less than 10 mD. With the core out-
let maintained at atmospheric pressure, Figures 8 and 9 show the pressure profile across the
low-permeability sandstone core at injection pressures of 400 Pa and 1000 Pa, respectively.

Figures 10 and 11 show the CO2 volume fraction after 1s, 60s, and 240s in the low-
permeability core with injection pressures of 400 Pa and 1000 Pa, respectively. The results
show that less water enters the sandstone core with lower absolute permeability.

Figure 10 shows that, at an injection pressure of 400 Pa, after 240 s, less water enters
the low-permeability sandstone core compared to the high-permeability core under the
same injection pressure.

Figure 11 shows that, even in the low-permeability core, more water enters the core
when the injection pressure is increased from 400 Pa to 1000 Pa.
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3.3. Evaluation of Relative Permeability with Varying Injection Pressures for Each Core

Relative permeability curves are obtained as a function of the wetting phase saturation
during the process of imbibition. Figure 12 shows the relative permeability curves for the
non-wetting and wetting phases with the increase in wetting phase saturation at injection
pressures of 400 Pa and 1000 Pa across the high-permeability core.
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In the high-permeability sandstone core, the imbibition relative permeability to CO2
marginally decreases as the pressure drop across the core increases. The relative permeabil-
ity to water, the wetting phase, also decreases slightly with an increase in injection pressure.

Figure 13 shows the relative permeability curves for both the wetting and non-wetting
phases across the low-permeability sandstone core at injection pressures of 400 Pa and
1000 Pa.

While the wetting phase relative permeability is zero at the start of the imbibition
process, the non-wetting phase relative permeability slowly tends to zero toward the end
of the process. The process is faster in the sample core with high absolute permeability.

Results show that as the injection pressure increases from 400 Pa to 1000 Pa, the relative
permeability to both the non-wetting and wetting phases generally decreases.

However, in the high-absolute-permeability core, at wetting phase saturations of 50%
or less, the relative permeability to water is marginally higher at 1000 Pa than 400 Pa. As
the wetting phase saturation increases, the relative permeability to water at an injection
pressure of 1000 Pa gradually becomes lower than at 400 Pa. These observations are also
consistent with those in the low-absolute-permeability sandstone core.



Processes 2024, 12, 2176 11 of 15

Processes 2024, 12, x FOR PEER REVIEW 11 of 15 
 

 

permeability to water, the wetting phase, also decreases slightly with an increase in injec-

tion pressure. 

Figure 13 shows the relative permeability curves for both the wetting and non-wet-

ting phases across the low-permeability sandstone core at injection pressures of 400 Pa 

and 1000 Pa. 

 

Figure 13. Imbibition relative permeability curves at low absolute permeability. 

While the wetting phase relative permeability is zero at the start of the imbibition 

process, the non-wetting phase relative permeability slowly tends to zero toward the end 

of the process. The process is faster in the sample core with high absolute permeability. 

Results show that as the injection pressure increases from 400 Pa to 1000 Pa, the rel-

ative permeability to both the non-wetting and wetting phases generally decreases. 

However, in the high-absolute-permeability core, at wetting phase saturations of 50% 

or less, the relative permeability to water is marginally higher at 1000 Pa than 400 Pa. As 

the wetting phase saturation increases, the relative permeability to water at an injection 

pressure of 1000 Pa gradually becomes lower than at 400 Pa. These observations are also 

consistent with those in the low-absolute-permeability sandstone core. 

In both sandstone core samples, the relative permeability to CO2 or the gas phase 

decreases as the injection pressure or flowrate increases. This observation agrees with the 

results reported by previous research groups [51,52]. Also, the relative permeability to 

CO2 decreases with an increase in injection pressure at irreducible water saturation. This 

may be explained by the more pronounced interaction between the phases at higher in-

jection pressures leading to reduced permeability to the gas phase. The decrease in rela-

tive permeability to CO2 with an increase in injection pressure at irreducible water satu-

ration is higher in the low-permeability sandstone core sample. 

3.4. Evaluation of Relative Permeability with the Variation in Absolute Permeability at Each In-

jection Pressure 

Figures 14 and 15 show relative permeability to the non-wetting and wetting phases 

in both high-absolute-permeability and low-absolute-permeability cores at injection pres-

sures of 400 Pa and 1000 Pa, respectively. 

Figure 13. Imbibition relative permeability curves at low absolute permeability.

In both sandstone core samples, the relative permeability to CO2 or the gas phase
decreases as the injection pressure or flowrate increases. This observation agrees with
the results reported by previous research groups [51,52]. Also, the relative permeability
to CO2 decreases with an increase in injection pressure at irreducible water saturation.
This may be explained by the more pronounced interaction between the phases at higher
injection pressures leading to reduced permeability to the gas phase. The decrease in
relative permeability to CO2 with an increase in injection pressure at irreducible water
saturation is higher in the low-permeability sandstone core sample.

3.4. Evaluation of Relative Permeability with the Variation in Absolute Permeability at Each
Injection Pressure

Figures 14 and 15 show relative permeability to the non-wetting and wetting phases in
both high-absolute-permeability and low-absolute-permeability cores at injection pressures
of 400 Pa and 1000 Pa, respectively.
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With the pressure drop held constant at 400 Pa across the sandstone cores, the relative
permeability to both the non-wetting and wetting phases decreases as absolute permeability
increases at a given wetting phase saturation level.

Like 400 Pa, at a pressure drop of 1000 Pa, the relative permeabilities to both the
non-wetting and wetting phases are lower in the high-absolute-permeability sandstone
core at each level of wetting phase saturation.

4. Conclusions

In this study, CFD simulations are used to analyze the imbibition relative permeability
characteristics in a CO2/water system. The study follows the principal investigator’s
previous article where CFD results on drainage relative permeability curves in an identical
sandstone core sample were reported [44]. This work uses data such as the porosity
and irreducible water fraction at the end of the drainage experiment from the earlier
article. While published literature on CFD results for relative permeability in CO2/water
or CO2/brine systems is limited, data on how key parameters such as pressure drop,
or injection pressure and the absolute permeability of the rock material influence the
relative permeabilities are extremely scarce. With little to no published simulation data on
Darcy scale core flooding experiments, this is the only article that uses CFD to perform
a sensitivity analysis on the influence of injection pressure and absolute permeability on
the relative permeability to the phases during imbibition. Simulations are performed by
varying the injection pressure in two identical sandstone cores with different values of
absolute permeability.

CFD results replicate a typical core flooding imbibition experiment and show that as
wetting phase saturation increases, the relative permeability to the wetting phase increases,
while the relative permeability to the non-wetting phase decreases. Additionally, as the
injection pressure increases from 400 Pa to 1000 Pa, the relative permeability to the gas
phase decreases. This effect is more pronounced in the sandstone core sample with lower
absolute permeability. These results are consistent with the experimental findings of
previous researchers. At irreducible water saturation, the relative permeability to CO2
reduces with an increase in injection pressure.

Finally, CFD results show that relative permeability characteristics are also affected by
the absolute permeability of the rock material when irreducible water saturation, following
a drainage experiment, is held constant. The relative permeability to both the non-wetting
and wetting phases decreases as the absolute permeability of the rock to the CO2/water
system increases.
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