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Abstract: Surface wettability is one of the major factors that regulate immiscible fluid
displacement in porous media. However, the role of pore-scale wettability heterogeneity on
dynamic immiscible displacement is rarely investigated. This study investigated the impact of
pore-scale wettability heterogeneity on immiscible two-fluid displacement and the resulting
macroscopic constitutive relations, including the capillary pressure-water saturation (P.-S,,) and
relative permeability curves. A digital Bentheimer sandstone model was obtained from X-ray
micro-computed tomography (micro-CT) scanning and the rock surface wettability fields were
generated based on in-situ measurements of contactangles. A graphics processingunit-accelerated
lattice Boltzmann model was employedto simulate the immiscible displacement processesthrough
the primary drainage, imbibition, and second drainage stages in a CO,-water-rock system. We
found that pore-scale surface wettability heterogeneity caused noticeable local supercritical CO,
(scCOy) and water redistribution under less water-wet conditions. At the continuum scale, the Pc-
Sw curves under the heterogeneous wetting condition were overall similar to those under the
homogeneous wetting condition. This is because the impact of local wettability heterogeneity on
the large-scale capillary pressure-water saturation curvewas statistically averaged outatthe entire-
sample scale. The only difference was that heterogeneous wettability led to a negative entry
pressure at the primary drainage stage under the intermediate-wet condition, which was caused by
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local, scCO,-wetsurfaces. The impactof pore-scale wettability heterogeneity was more noticeable
on the relative permeability curves. Particularly, the variation of the scCO; relative permeability
curve in the heterogeneous wettability scenario was more significant than that in the homogenous
wettability scenario. This suggests that pore-scale wettability heterogeneity enhances the
coalescence and snap-off behaviors of scCO, blobs. This is the first study that systematically
investigated the role of pore-scale contact angle heterogeneity on dynamic immiscible
displacement and associated Pc-S,, curves in complicated, three-dimensional porous media.

Keywords: geological CO,sequestration, immiscible displacement, wettability heterogeneity,

Pc-Sw curve, relative permeability
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1. Introduction

Mitigation of the global climate change has become an urgent and pressing challenge of our time.
The 2015 Paris Agreement aimed to keep the global average temperature increase within 2 °C

compared to pre-industrial period and to achieve net-zero emissions ultimately (IPCC,
2018;Hassanpouryouzband et al., 2021). Geological carbon sequestration (GCS) has proven a
viable solution to mitigating CO,emissions while allowing continued large-scale consumptions of
fossil fuel energy (Michael et al., 2010;Tanget al., 2019). Subsurface saline aquifers have been
considered ideal geological formations for GCS due to their extensive distribution and vaststorage
capacity, which was estimated to be 320 — 10,000 gigatons of CO, across the world (Bachu, 2002).
After the emplacement of CO, in a deep saline aquifer, the CO; exists in the supercritical phase if
the temperature is higher than 31°C and pressure is higher than 1,000 psi (Chenetal., 2013). The
supercritical CO, (scCO,) migrates upward due to buoyancy and then spreads horizontally when
it reaches the impermeable cap rock (Sathaye etal., 2014;Emami-Meybodi etal., 2015;Guo et al,,
2021). Itis critical to understand and predict the migration of scCO, in saline aquifers to ensure
the long-term security of GCS (Changetal., 2020).

The migration of injected scCO; in saline aquifers can be modeled as an immiscible displacement
process, which is regulated by the pore geometry, fluid properties, and rock surface wettability
(Tanino and Blunt, 2013). The surface wettability of a porous medium is usually characterized as
the static contact angle (CA), the distribution of which on rock surfaces can be homogeneous or
heterogeneous. In general, water is referred to as the wetting-phase fluid because its CA is usually
smaller than 90 degrees, whereas another fluid (e.g., scCO, or oil) is referred to asthe nonwetting-


mailto:cchen6@stevens.edu

64
65
66
67
68
69
70
71
72
73
74
75
76
77
78

79
80
81
82
83
84
85
86
87

88
89
90
91
92
93
94
95
96
97
98

phase fluid (Fanetal., 2019). The impactof homogeneous wettability on multiphase flow in porous
media has been intensively studied (Pan et al., 2004;Li et al., 2005;Boek etal., 2017;Leclaire et
al., 2017;Tanget al., 2019;Bakhshian et al., 2021). However, studies on rock samples strongly
suggested that the surface wettability in a natural rock is heterogeneous (Morrow, 1975;Bradford
and Leij, 1995;Hwang et al., 2006;Rucker et al., 2019;Arshadi et al., 2020;Guo et al., 2020).
Previous studies usually modeled heterogeneous surface wettability as a mixture of two types of
surfaces, with one being water-wet and the other being oil-wet. The heterogeneous surface
wettability model can be further classified as fractional wettability and mixed wettability,
depending on whether the distribution of surface wettability is a function of pore size. A fractional
wettability model assumes that the distribution of wetting surfaces is independent of the pore size,
whereas a mixed wettability model assumes that rock surfaces in small pores are water-wet and
rock surfacesin large pores are oil-wet (Valvatne and Blunt, 2004 ;Skauge etal.,2007). The overall
wettability of a porous medium is usually modified by changing the ratio between the wetting and
non-wettingsurfaces fora fractional wettability model and the extent of surface property alteration
for a mixed wettability model (Zhao etal., 2018;Chang et al., 2020).

Recently published studies on in-situ measurements of surface wettability suggested that the
surface wettability of a natural rock can cover a wide range of CAs rather than only two CAs
(Saraji et al., 2013;Andrew et al., 2014;Alhammadi etal., 2017;Mutailipu etal., 2017;AlRatrout
etal., 2018;Arshadietal., 2020;Guo etal., 2020;Liu etal., 2020). Our previouswork (Guo et al.,
2020) modeled the heterogeneous surface wettability in a sandstone sample as a Gaussian random
field with a spatial correlation length based on in-situ CA measurements using X-ray micro-
computed tomography (micro-CT). To adequately leverage the power of pore-scale numerical
simulation of multiphase flow in porous media, it is critical to accurately describe and incorporate
the detailed surface wettability information into the model (Akai et al., 2019).

Constitutive relations, such as the capillary pressure-water saturation (Pc-Sw) relationship and
relative permeability, are critical inputs for continuum-scale simulations of multiphase flow in
porous media. The role of pore-scale wettability heterogeneity on the macroscopic constitutive
relations has attracted significant attention. Previous studies have intensively investigated the
displacement mechanisms under different wetting conditions (Zhao et al., 2016;Hu et al., 2017)
and the effect of surface wettability on capillary pressure and relative permeability (Hwang et al.,
2006;Landry et al., 2014;Zhao et al., 2018;Bakhshian and Hosseini, 2019;Chang et al.,
2020;Nemeretal.,2020). In the studies on fractional wettability, the physical model for fractional-
wet porous media were constructed by mixing sands having different wettability (Bradford and
Leij, 1995;Hwang et al., 2006), mixing beads having designed wettability (Murison et al.,
2014;Hiller etal., 2019), and mapping surface wettability fields to digital rock models (Bakhshian
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and Hosseini, 2019). It was observed that an increasing fraction of non-wetting surface led to
increasing wetting-phase relative permeability and decreasing non-wetting-phase relative
permeability (Bradford and Leij, 1995;Hwang et al., 2006). However, the impact of fractional
wettability on capillary pressure is more complicated. In an oil-water or CO,-water system, it was
observed that increased fraction of non-wetting sand reduces the capillary pressure in both the
primary drainage and imbibition curves (Bradford and Leij, 1995;Hwangetal., 2006). In an air-
water system, Hwang’s results showed that there was no noticeable relationship between the
fraction of non-wetting surface and capillary pressure (Hwang et al., 2006). Studies using beads
with designed wettability patterns showed that the spatial correlation length also had an impact on
capillary pressure; particularly, a smaller spatial correlation length enhanced the hysteresis in the
Pc-Sw curves (Murison etal., 2014;Hiller etal., 2019).

A mixed wettability model assumes that the oil-wet surfaces were caused by the contact with oil.
Mixed-wetporous media were typically constructed using the surface agingmethod, which altered
water-wet surfaces using non-wetting fluids (Masalmeh, 2002;Tanino and Blunt, 2013;Chang et
al., 2020;Qin etal., 2020). The impact of mixed wettability on relative permeability varied, which
depended on the extent of surface property alteration. It was observed that mixed wettability
decreased oil relative permeability and increased water relative permeability (Zou and Armstrong,
2019;Nemeretal.,2020). The influence of mixed wettability on oil relative permeability was more
significant than on water relative permeability. The impact on water relative permeability was
small and sometimes negligible (Landry etal., 2014). In the imbibition stage under the mixed-wet
condition, a non-monotonic relation between the initial oil saturation and remaining oil saturation
was observed (Tanino and Blunt, 2013). Mixed wettability can also cause preferential non-wetting
flow paths (Changetal., 2020).

In the laboratory, itis challengingto constructarock sample havingdesired heterogeneous surface
wettability and to investigate displacement dynamics at the pore scale. Therefore, pore-scale
simulation, such as the lattice Boltzmann (LB) method, has become a powerful tool to unravel the
role of pore-scale wettability heterogeneity on large-scale displacement dynamics (Berg et al.,
2013;Andrewetal.,2015;Nemeretal.,2020). The LB method also hasadvantages in incorporating
complex physicochemical properties, such as surface wettability, solubility, and phase separation,
compared to traditional computational fluid dynamics models (Shi and Tang, 2018;Zhao et al.,
2018;Guo et al., 2020;McClure et al., 2021). In addition, the rapid development of graphics
processing unit (GPU)-based parallel computing technologies makes the LB method an efficient
numerical scheme in simulating large-scale multiphase flow in porous media (McClure et al.,
2010;McClure etal., 2014;Xue and Roy, 2021).
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Although many studies have been conducted to investigate immiscible two-fluid displacements in
porous media, thereisstill alack of fundamental understanding of immiscible displacements under
heterogeneous wettability conditions. This study investigated the impact of pore-scale surface
wettability heterogeneity, which has a wide range of CA distribution, on the dynamic immiscible
displacement process in a Bentheimer sandstone. The heterogeneous wettability fields were
generated based onthe CA variance and spatial correlation length measured from X-ray micro-CT
images of a Bentheimer sandstone, which were then imported into a LB multiphase flow model as
rock surface properties. Compared to one of our recent publications (Guo et al., 2020), which
focused on steady-state two-phase flow in porous media, this work focuses on transient,
immiscible two-fluid displacement in porous media. Particularly, the goal of this study is to
investigate the role of pore-scale surface wettability heterogeneity on large-scale immiscible
displacementdynamics andthe associated Pc-Sw curves, which has extensive applications in many
geo-energy and hydrogeological systems associated with multiphase flow in complicated porous
media (Chen and Ewing, 1997;Hewitt, 2008;Fengetal., 2021;Lietal., 2022).

2. Materials and Methods
2.1. LB method for multiphase flow modeling

The color-gradient LB multiphase flow model was used in this study for numerical simulation of
immiscible two-phase displacement in the sandstone and calculations of the Pc-Sw curves and
relative permeability. The LB method has proven an efficient tool to simulating multiphase flow
in complex 3D porous media (McClure et al., 2014;Guo etal., 2020), and the LB model used in
this study has been validated and published in our previous studies (Fan et al., 2019;Fan et al.,
2020;Guo etal., 2020). In our LB model, the momentum equation is simulated using the D3Q19
lattice structure, which meansthere are 19 velocity directionsin the 3D space. The discrete velocity
vectors in D3Q19 are:

(O, 00) for q=0

(iL0,0) forq=12

(O, +1, 0) forq=34

(0,0£1) for =56 (1)
(iZL +1,0) for q=7,89,10

(¥1,0,+1) for q=11121314

(0.#1,+1) for q =1516,17,18

In order to reduce the computing costs, the mass transfer equation was simulated using a D3Q7
lattice structure (McClure et al., 2014). The corresponding velocity vectors in D3Q7 are the first
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seven vectors in Equation 1. The mass distributions for the wetting fluid and non-wetting fluid are
constructed using their densities, p" and p", and the velocity, U:

gg”:wq[pw(1+eq~u)+ﬁ(eq~n)p”pw/(p”+pw)] q=012,---,6
9; =W, | 2" (e, -u)=Ble,n)p"p" (P74 ") | a=012:-8

(2)

where weightsWq are 1/3ford =0 and 1/9forq=1,2---6,and N isthe unit vector normal to

the fluid-fluid interface. The superscripts w and n refer to the wetting fluid and nonwetting fluid,
respectively.

The fluid densities are then calculated as:

P (x,t+At)=26:g;(x—qut,t) i=w,n 3)

q=0

In the multi-relaxation-time approach, the collision process is simulated in the moment space. The
transformation between moments, M, and the distribution function, f , are written as:

m=M -f, f=M"*-m (4)
where M is the transformation matrix, and M is the inverse of M .

The particle distribution evolution equation is written as:
fy(x+eAtt+at) - f (xt)= 1 MJA (M -m) q=012--18 (5)

where f,(xt) is the particle distribution function at location x and time t travelling in the gt
direction; f, (X+qut,t+At) is the particle distribution function at the adjacent lattice node after
each streaming step in the gt direction; A; is the it relaxation rate of moment m; toward its

corresponding equilibrium value, m*.

To simulate the interfacial tension, additional terms are incorporated into the non-zero equilibrium
moments:
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me? =(2j7 - j; - jf)+a%(2nf—n§—nf)

y
C
gt = (37~ )l (2 -n)
Il (6)

eq _ i i
mg = Jny+a?nxny

.. C
s = iyi, v,

<]

mleg = jij +a?nxnl
where j, I, and |, are fluid momentums in the x, y, and z directions, respectively; @ is the

parameter to adjust the interfacial tension; C is the color gradient; n , n, , and n, are the

components of the unitnormvector, n, in the X, y, and z directions, respectively.

In the LB simulation of immiscible two-fluid displacement, a buffer layer with a thickness of six
lattice units (lus) was placed at both ends of the rock in the main flow direction. The buffer layer
atthe inlet was set as scCO, whereas the buffer layer at the outlet was set as water. The kinematic
viscosity of scCO,is0.1-0.25 of water. Therefore, in thiswork the viscosity ratio of water to scCO,
wassetas4:1 (Fanetal.,2019).The pressureboundary conditionwasappliedatthe inletand outlet,
and the no-slip boundary condition was applied at rock surfaces. In this work, the coefficient, o,
in Equation 6 was set as 0.005. We matched the capillary number (Ca) between the LB model
system and the real system to recover the correctratio of viscous force to interfacial force. Because
the Ca number was low, which indicates that the flow velocity is slow and the interfacial tension
dominates over the viscous force, the impact of density ratio was negligible. Therefore, in this
study the density ratio between scCO, and water was set as one. The rock was initially saturated
with water. We gradually changed the pressure difference betweenthe two ends of the rock sample
to let the system go through the primary drainage (PD), imbibition (IM), and secondary drainage
(SD) stages. The capillary pressure (i.e., pressure difference between the non-wetting fluid and
wetting fluid) and water saturation in the sample were recorded when the flow reached a steady
state at each pressure difference. At each water saturation, scCO, and water distribution in the
three-dimensional (3D) pore space was extracted and then used as the initial condition to simulate
the steady-state relative permeability curves. In the simulation of relative permeability, fluid flow
was driven by applying a constant external body force with a periodic boundary condition in the
main flow direction, which aimed to maintain a constant water saturation in the domain and to
mimic fractional flow experiments typically used to measurerelative permeability in the laboratory
(Fanetal., 2019). To address the high demand of computing costs associated with the LB method,
a hybrid, multicore central processing unit (CPU)/GPU parallel computing acceleration algorithm
was employed in the implementation of the LB modeling (McClure etal., 2014;Chen etal., 2016).

7
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2.2. Generation of heterogeneous surface wettability

The wettability of a rock surface can be characterized using the static CA measured on the
sandstone surface. In our previous study (Guoetal., 2020), we conducted in-situ measurements of
static CAs on the rock surfaces in a Bentheimer sandstone based on high-resolution X-ray micro-
CT scanning (Wang et al., 2022). The measurements showed that the surface CA distribution
follows a lognormal distribution and can be modeled as a Gaussian random field with a spatial

correlation length. The log wettability field, Y, is definedas Y =1og(8), where 0 isthe CA random
field. The mean and variance of 0 are related to the mean and variance of Y by x4 =e** and
o;=(e" -1)-¢ respectively (ChenandZeng, 2015). The correlation function of the log wettability
field between points x and y in the 3D space, c(xy) , is calculated as
& (xy) =07 exp[ (%~ Wil/Li +[% = Y,/ +[% - s|/s ) |, where Ly, Ly, and Ls are the correlation lengths in the
three principal directions (Guo et al., 2020).

We used the Karhunen-Loéve expansion (KLE) method to efficiently generate the heterogeneous

wettability field on rock surfaces, which reduces the time and computer memories required
compared to other methods that directly generate 3D random fields (Zhang and Lu, 2004). In the

KLE method, the correlation function of the log wettability field, ¢, (xy), is decomposed in the
form of eigenvalues and eigenfunctions:

6 (%)= XA (s (v) ™

where 4, and v, (x) are the nth eigenvalue and eigenfunction, respectively.

The wettability fields are then generated using the KLE method:
Y00 ={Y () + 2 EAwa () ®)

where &, are independent zero-mean Gaussian random variables having a unit variance. In
practice, finite terms in the KLE method are employed to approximate the desired random fields
(Chenetal.,2013). The details of thismethod were given in (Zhangand Lu, 2004;Guo etal., 2020).
In the next step, the surface wettability of the sandstone is constructed by mapping the generated
wettability field onto the surface of the Bentheimer sandstone.

2.3. Rock models with heterogeneous surface wettability
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The 3D digital rock model in this study has dimensions of 240 x 240 x 240 voxels, with a micro-
CT resolution of 6.67 um per pixel length. The porosity of the rock is 26%. Iglauer et al. (2015)
classified the rock surface wettability in a CO,-water-rock system into 7 types based on the value
of the static surface CA: completely water-wet (i.e., a CA of 0°), strongly water-wet (0°-50°),
weakly water-wet (50°-70°), intermediate wet (70°-110°), weakly CO,-wet (110°-130°), strongly
CO2-wet (130°-180°), and completely CO,-wet (180°). In this study, we used this classification to
characterize the wetting conditions of rocks. In a saline aquifer, the sandstone is usually water-wet
or intermediate wet. Therefore, we only generated heterogeneous strongly water-wet (SWW),
weakly water-wet (WWW), and intermediate wet (IW) fields having mean CAs of 25°, 60°, and
90°, respectively. The standard deviation and spatial correlation length of the CA distributions
were 9°, and 118.6 um, respectively, which were measured in the Beithermer sandstone core after
two drainage-imbibition cycles of core flooding experiments using in-situ X-ray micro-CT (Guo
et al., 2020). Note that the dimension of the computational domain (240 pixel lengths) was 13.5
times larger than the spatial correlation length (17.8 pixel lengths), which suggests that sufficient
statistical information was included in the generated Gaussian random fields and thereby the
ergodicity requirement was satisfied. The generated heterogeneous wettability fields were then
projected onto the rock surfaces on the Bentheimer rock, as shown in Fig. 1. We then conducted
LB multiphase flow modeling in all of the three rock models to simulate the immiscible two-phase
displacement processes that included the PD, 1M, and SD stages.
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Fig. 1. CA distributions of generated heterogeneous wettability fields and corresponding rock models under
A) SWW, B) WWW, and C) IW conditions. In the rock models, the pore space is white, and the solid is
rendered with a color bar ranging from blue (water-wet) to red (CO2-wet) that represents the range of CA
values.

2.4. Corey model for fitting relative permeability curves

The Corey model was used to fit the LB-simulated water and scCO; relative permeabilities, which
assumes that the relationship between relative permeabilities and normalized water saturations
follows a power law:

Kk, =koSiN 9)
krg = kr(; (1_ S\’:v)Ng (10)
where K, and k., are water relative permeability and end-point water relative permeability,

respectively; K, and Ky are scCO: relative permeability and end-point scCO2 relative
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permeability, respetively; N, and N, are the power-law exponents for water and scCO relative

permeability curves, respectively. S, is the normalized water saturation defined as

*

S =(SW—Swir)/(1—SWir —SW), where S, is water saturation, S, is irreducible water saturation,

and Sy, is residual scCO2 saturation.

3. Results and discussion

3.1. Pore-scale scCO, and water distribution

The pore geometry, rock surface wettability, and saturation history determine the scCO, and water
distribution at the pore scale. Wettability is the competition between scCO,and water to adhere to
rock surfaces (Nemer etal., 2020). Pore-scale heterogeneity of rock surface wettability can cause
redistribution of scCO; and water in the pore space. Figs. 2-4 demonstrate pore-scale scCO, and
water distribution under different wetting conditions in the PD, IM, and SD stages. To better
demonstrate the surface wettability heterogeneity, pore-scale surface wettability distributions were
illustrated in Figs. 2-4 using the color bars that indicated the distribution of surface CAs.

Under the SWW and WWW conditions, the shape and distribution of scCO, blobs were
determined primarily by the pore geometry. The scCO, blobs were more likely to reside on the
less water-wet surfaces. We extracted pore-scale distribution maps of scCO,and water during the
transient displacement process in the PI, IM, and SD stages, as shown in Fig. 2. It can be observed
that the distribution of scCO,under the SWW condition in the PD, IM, and SD stages was almost
identical. In the SWW heterogeneous wettability scenario, all CAs were less than 90°with an
average CA of 25°. This indicated that in this scenario the scCO, always had lower affinity to rock
surfaces comparedto water. Therefore,scCO;blobs had lower mobility because they were trapped
in relatively large pores due to the capillary pressure barrier, leading to similar pore-scale fluid
distribution maps amongthe PD, IM, and SD stages, as shown in Figure 2.

11
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Fig. 2. Snapshots of pore-scale scCO. and water distribution at various dimensionless distances, X", under
the SWW condition with a water saturation of 0.5 during the PD, IM, and SD stages. The scCO- is marked
in black and water is marked in white. The Bentheimer sandstone is demonstrated with a color bar ranging
from blue to red which indicate the distribution of surface CA values. The red ellipse and rectangle mark
the scCO; distributions in intermediate and large pores, respectively.

Fig. 3 demonstrates the distribution of scCO,under the WWW condition with an average CA of
60°. Larger CAs led to lower affinity of water to rock surfaces compared to the SWW condition,
which resulted in enhanced CO, mobility. This was confirmed by the noticeable CO, saturation
changesin intermediate- and large-sized poresamongthe PD, IM, and SD stages, which suggested
that the scCO; blobs were able to move through small pore throats and thus were not trapped in
intermediate- and large-sized pores. This was further confirmed by Fig. 4, where rock surfaces
were under the IW condition. It was noticeable that in this scenario the scCO, saturation variations
in intermediate- and large-sized pores were significant, which suggested that the rock surfaces
were neutral-wet, leading to reduced capillary pressure barriers and consequently enhanced
mobility for both fluids.
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Fig. 3. Snapshots of pore-scale scCO2 and water distribution at various dimensionless distances under the

WWW condition with a water saturation of 0.5 during the PD, IM, and SD stages.
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Fig. 4. Snapshots of pore-scale scCO> and water distribution at various dimensionless distances under the
IW condition with a water saturation of 0.5 during the PD, IM, and SD stages.

Slice-averaged water saturation against the dimensionless distance, x*, were plotted to elucidate
the impactof rock surface wettability on the scCO, distribution in the longitudinal (i.e., main flow)
direction. Fig. 5 illustrates the water saturation distributions under the SWW, WWW, and IW
scenarios, and the overall water saturation was 0.5 for all these scenarios. It is noticeable that the
water saturation profiles were similar between the PD, IM, and SP stages under the SWW and
WWW conditions, which suggested that scCO5, the non-wetting fluid, was trapped in large- and
intermediate-sized pores under the SWW and WWW conditions due to the capillary barrier
pressures in small pores and throats, leading to reduced mobility of scCO, and consequently small
variations of local fluid saturations. Conversely, under the IW condition, the capillary barrier
pressures associated with small pores and throats were mitigated due to the neutral CAs on rock
surfaces, resulting in enhanced scCO, mobility throughout the entire sample and consequently
different water saturation profiles between the PD, IM, and SD stages. This suggested that surface
wettability played a more noticeable role on pore- and large-scale fluid distributions under the IW
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condition compared to the SWW and WWW conditions. These observations were consistent with
the pore-scale fluid distributions shown in Figs. 2-4. Note that during the PD, IM, and SD stages,
the left end of the core (i.e., x*=0) was connected to a scCO; reservoir whereas the rightend (i.e.,
x*=1) was connected to a water reservoir, which explains why the water saturation was equal to
zero atthe leftend and equal to one at the rightend.
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Fig. 5. Snapshots of water saturation profile along the main flow direction under (a) SWW condition, (b)

WWW condition, and (c) IW condition. Average water saturation is 0.5 for all these water saturation

profiles.

3.2. Capillary pressure

The relation between capillary pressure and water saturation, commonly characterized as the Pc-
Sw curve, is a fundamental constitutive equation for predicting CO, migration and capillary
trapping (Tokunaga et al., 2013). The factors regulating the Pc-Sw curve including pore structure,
rock surface wettability, and saturation history (Bakhshian and Hosseini, 2019). In this work, the
Pc-Sw curve under the SWW, WWW, and IW conditions were numerically simulated using the
LB multiphase flow model. During the two-phase displacement, the pressure difference between
the inlet and outlet was gradually increased or decreased, leadingto a varying capillary pressure
in the drainage-imbibition-drainage process. The simulation time at each pressure difference was
adequately long to allow the scCO,-water-rock system to reach a steady state. Toward the end of
the PD stage, when the absolute value of the first-order derivative of the P.-S,, curve (i.e., ratio of
capillary pressure change to water saturation change) was higher than a particular threshold, the
drainage displacement simulation was terminated; this indicates a moment when an adequately
large capillary pressure was applied but no noticeable water saturation change was observed,
leading to the end point of the PD stage. Similar method was used to determine the end points of
the IM and SD stages. Through these dynamic displacement processes, the Canumberranged from
107to 10-3.
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Fig. 6 illustrates the Pc-Sw curves for both homogeneous and heterogeneous surface wettability
under the SWW, WWW, and IW conditions. Under the homogeneous SWW, WWW, and IW
conditions, the contact angles were homogeneous over the entire rock surface and setas 25°, 60°,
and 90°, respectively, which were the mean contact angles for the corresponding heterogeneous
wetting conditions. Fig. 6a-6¢ show that the Pc-Sw curves for homogeneous and heterogeneous
surface wettability were almostidentical. This suggests although pore-scale heterogeneity induced
local redistribution of scCO, and water blobs, it had almost no effecton the large-scale Pc-Sw
curve which was an average property of the entire sample. In other words, the local variations of
scCO, and water distribution caused by surface wettability heterogeneity were statistically
averaged out at the entire-sample scale. One noticeable difference between the homogeneous and
heterogeneous scenarios can be found under the IW condition as shown in Fig. 6¢, where the entry
capillary pressure of the PD section was zero for the homogeneous scenario whereas it was
negative for the heterogeneous scenario. This was because under the IW condition and
heterogeneous surface wettability a large fraction of rock surfaces had CAs larger than 90 degrees,
leading to local, CO,-wet surfaces at these areas; consequently, scCO, can migrate into the rock
spontaneously, leadingto a negative entry capillary pressure. In practice, a negative entry capillary
pressure hassignificantinfluences on field-scale CO, migration and distribution in a saline aquifer
(Singh etal., 2021).

Fig. 6d demonstrates the comparison of the Pc-Sw curves between the SWW, WWW, and IW
conditions in rock samples having heterogeneous surface wettability. When surface wettability
changed from SWW to IW sequentially, the Pc-Sw curves shifted in the left and downward
directions, leading to a lower capillary pressure at the same water saturation, a lower irreducible
water saturation at the end of the PD stage, and a higher residual CO; saturation at the end of the
IM stage.
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Fig. 6. Comparison of Pc-Sw curves between homogeneous and heterogeneous wettability distributions
under (a) SWW, (b) WWW, and (c) IW conditions. (d) Comparison of Pc-Sw curves under heterogeneous
SWW, WWW, and IW conditions.

3.3 Relative permeability

The relative permeabilities under homogeneous and heterogeneous wetting conditions were also
simulated. The Ca number in these simulations was 105, which was in the range of the Ca number
(between 3x10-9and 3x107°) encountered in real CO, aquifer storage projects (Wei etal., 2014).
The relatively low Ca number suggested that the interfacial force dominated the transport of the
two fluids (Fanetal., 2019). Fig. 7 illustrates the relative permeability curves under heterogeneous
rock surface wettability and the SWW, WWW, and IW conditions. When the system moved from
the PD stage into the IM stage, the relative permeability of scCO, decreased whereas the relative
permeability of water increased. In other words, the relative permeability curves rotated in the
counterclockwise direction. This was because in the PD stage, scCO, was injected into the rock,
leadingto enhanced connectivity of scCO,inthe pore space, especially through small pore throats,
which was favorable for the relative permeability of scCO, and unfavorable for the relative
permeability of water. In the IM stage, water returned into the rock, leading to enhanced
connectivity of water and disconnected scCO, blobs trapped in big pores, which enhanced the
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relative permeability of water and decreased the relative permeability of scCO,. Based on the same
mechanism, when the system moved from the IM stage into the SD stage, the relative permeability
of water decreased whereas the relative permeability of scCO, increased (i.e., the relative
permeability curvesrotated in the clockwise direction). These phenomena can be clearly observed
under the IW condition (i.e., Fig 7c) because the average rock surface CA in this case was 90
degrees, leading to enhanced mobility for both fluids. Conversely, under the SWW (i.e., Fig. 7a)
and WWW (i.e., Fig. 7b) conditions these variations were not as noticeable as under the 1W
condition, because the water-wet rock surfaces limited the mobility of both fluids, which was
confirmed in Figs. 2-3. These findings showed that the relative permeability can be influenced by
the saturation history.

Inaddition, it was observed that in all of these wettability conditions (i.e., Figs. 7a-7¢) the variation
of the scCO, relative permeability curves betweenthe PD, IM, and SD stages was more significant
than that of the water relative permeability curves. This was because the viscosity of scCO, was
25% of water viscosity (Chen and Zhang, 2009). During the PD and SD stages, a low-viscosity
fluid (i.e., scCO,) was forced to displace a high-viscosity fluid (i.e., water), leading to scCO,
coalescence and finger-shaped displacement fronts, thereby noticeably enhancing the connectivity
and consequently the relative permeability of scCO,. During the IM stage, scCO, was subject to
snap-off due to its lower viscosity compared to water, leading to isolated scCO, blobs trapped in
large pores, which significantly reduced the connectivity and consequently the relative
permeability of scCO,. Therefore, the variationof the scCO; relative permeability curves was more
noticeable than water when the system went through the PD, IM, and SD stages.
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Fig. 7. Relative permeabilities for water and scCO2 under heterogeneous (a) SWW, (b) WWW and (c) IW
conditions. The scatter data points are LB-simulated relative permeabilities, whereas the solid lines are
fitted relative permeability curves using the Corey model.
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Fig. 8 illustrates the relative permeability curves under homogeneous rock surface wettability and
the SWW, WWW, and IW conditions. The overall evolution pattern of the relative permeability
curves was similar to that in the heterogeneous wettability scenario when the system went through
the PD, IM, and SD stages. However, it can be observed that the variation of the scCO, relative
permeability curves between the PD, IM, and SD stages was less than that in the heterogeneous
wettability scenario, especially under the WWW and IW conditions. This suggests that pore-scale
CA heterogeneity enhances the coalescence and snap-off behaviors of scCO; blobs, as described
before, which consequently leads to more significant variations of scCO relative permeability at
the larger scale.
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Fig. 8. Relative permeabilities for water and scCO2 under homogeneous (a) SWW, (b) WWW and (c) IW
conditions. The scatter data points are LB-simulated relative permeabilities, whereas the solid lines are
fitted relative permeability curves using the Corey model.

To quantify the role of surface wettability heterogeneity on relative permeability, the standard
deviations among the Corey-model-fitted relative permeabilities were calculated. Specifically, the
relative permeabilities in the water saturation range between 0.2 and 0.8 were used. Ateach water
saturation, the relative permeability values fromthe PD, IM, and SD relative permeability curves
were extracted and then the standard deviation of these three values was calculated. The average
standard deviation over the entire water saturation domain was calculated, which indicates the
variation between the PD, IM, and SD relative permeability curves. Fig. 9 illustrates the average
standard deviations for the water and scCO, relative permeability curves under the three surface
wettability conditions. Itis clear that under the WWW and IW conditions the average standard
deviations of the scCO, relative permeability curves between the PD, IM, and SD stages in the
heterogeneous wettability scenario were noticeably higher than those in the homogeneous
wettability scenario, which confirms the observations in Figs 8-9. In addition, itis clear that the
average standard deviations of the scCO;, relative permeability curves between the PD, 1M, and
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SD stages were always higher than those for water in both the homogeneous and heterogeneous
wettability scenarios, which is also consistent with the observations in Figs 8-9.
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Fig. 9. Average standard deviations (SDs) of relative permeability curves for water (a) and scCO2 (b) under
the SWW, WWW, and IW conditions.

4. Summary and Conclusion

Surface wettability is one of the major factors that regulate immiscible two-phase displacements
in porous media. This study modeled heterogeneous surface wettability in a Bentheimer sandstone
sample of which the 3D pore structure information was obtained using X-ray micro-CT scanning.
The pore-scale, heterogeneous surface wettability fields were generated using Gaussian random
fields based on the mean, standard deviation, and spatial correlation length obtained from in-situ
measurements of CAs in the micro-CT images. The immiscible two-phase displacements were
simulated using a LB multiphase flow simulator which was accelerated with a hybrid, multicore
CPU/GPU parallel computing algorithm. The simulation results indicated that pore-scale
heterogeneity of rock surface wettability caused noticeable redistribution of fluids at the pore scale.
Previous investigations suggested that the fraction of the non-wetting fluid occupying small pores
increased as the wettability switched from homogeneous SWW to homogeneous IW conditions
(Bakhshian et al., 2021). This is consistent with the results in this study. Particularly, when the
CO,-water-rock system switched from the heterogeneous SWW condition to heterogeneous IW
condition, scCO, blobs tended to reside in regions having relatively large CAs at the sub-pore
scale. The wettability heterogeneity coupled with different saturation histories (i.e., PD, IM, and
SD stages) enhanced the variations in pore-scale scCO; and water distribution, especially under
the IW condition.

Pore-scale surface wettability heterogeneity influences the Pc-Sw curves, which characterize the
macroscopic properties in immiscible two-phase displacements. Under the heterogeneous IW

20



488
489
490
491
492
493
494

495
496
497
498
499
500
501
502
503
504

505
506
507
508
509
510
511
512

513
514
515
516
517
518
519
520
521

condition, the entry pressure of the PD stage was negative, whereas it was zero under the
homogeneous IW condition. The negative entry pressure in the heterogeneous CA scenario was
caused by local, CO,-wet rock surfaces, which has critical implications to large-scale geological
CO; sequestration. In other stages (i.e., IM and SD), the Pc-Sw curves were almost identical
between the homogeneous and heterogeneous wetting conditions. The finding suggested that the
local effects of surface wettability heterogeneity on the Pc-Sw curve were averaged out at the
entire-sample scale.

The relative permeability curves were affected by the saturation history under both homogeneous
and heterogeneous wetting conditions. The imbibition process increased the relative permeability
of water and decreased the relative permeability of scCO,, compared to the drainage process.
Under the SWW condition, the effects of pore-scale wettability heterogeneity on the relative
permeability curves were not noticeable. Under heterogeneous WWW and IW conditions, the
variation of the scCO, relative permeability curve was more significant than that in the
homogenous wettability scenario. This is because pore-scale wettability heterogeneity enhances
the coalescence and snap-off behaviors of scCO, blobs when the system goes through the PD, IM,
and SD stages, thereby leadingto more significantvariations of scCO; relative permeability curves
at the larger scale.

This study demonstrated the effects of pore-scale surface wettability heterogeneity on microscopic
fluid distribution, macroscopic Pc-Sw relationship and relative permeability. The findings
advanced our understanding of the role of pore-scale wettability heterogeneity on immiscible two-
phase displacement in complicated 3D porous media, which has a wide range of applications in
many natural and engineered processes such as geological carbon storage, contaminated soil
remediation, flow control in micro-chips, and advanced manufacturing.
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522

523  Nomenclature

C Color gradient

C Lattice speed

Cy Correlation function

e, Lattice velocity vector in the g direction

f Particle-distribution function

f, Particle-distribution function in the q direction
g Mass distributions for the wetting fluid or non-wetting fluid
Ji Fluid momentum in the i direction

krg ScCO; relative permeability

Keg End-point relative permeability of scCO,

krW Water relative permeability

kroW End-point relative permeability of water

L Correlation lengths in the i direction

m Moments of particle distribution functions

m; Moments in the i direction

m? Equilibrium moments in the i direction

M Transform matrix

Inverse of transform matrix M

n Unit normal vector of the color gradient

n, Component of unit normal vector of the color gradient in the i direction
N, Non-wetting phase exponent in the Corey model

N, Wetting phase exponent in the Corey model

q Directions in the D3Q9 lattice space

Sy Residual saturation of non-wetting phase

S, Wetting phase saturation

S, Normalized wetting phase saturation

S, Irreducible saturation of wetting phase

wir
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525

526

527

528

Time

Time step

Fluid velocity

Weights for the D3Q?7 lattice model

Location
Coordinate of location x in the i direction

Field of logarithm of CA
Location
Coordinate of location y in the i direction

Parameter linearly related to the interfacial tension
Parameter that controls the width of the interface

relaxation coefficient
Eigenvalue of correlation function

Mean of logarithm of contact angle

Mean of contact angle

Contactangle

Fluid density of non-wetting phase

Fluid density of wetting phase

Standard deviation of logarithm of contact angle

Standard deviation of contact angle

Independent zero-meaned Gaussian random variables with unit variance

Eigenfunction of correlation function
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