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Abstract: The role of wettability, often characterized by contact angle (6), in two-phase immiscible phases displacement is not
well understood. In this study, the color gradient lattice Boltzmann method (LBM), capable of maintaining the prescribed 6
(from 0° to 180° at intervals of 10°) throughout the numerical simulations, was used to investigate the displacement patterns and
displacement efficiency in a 2D porous medium. The capillary numbers (Ca) used were 0.01, 1, and 100, and the viscosity ratios
(M) used were 0.1, 1, and 10. At M=10, the saturation (S) had a bilinear relationship with 6, while for #/=0.1 and 1, the S-6
relationships were complicated by Ca. A saturation contour in the M-Ca-6 space was proposed to demonstrate the movement of
a traditional 2D M-Ca phase diagram with 0 increments. The value of S continued to increase after the breakthrough, and the
final saturation (0.997) for the hydrophilic condition (§=10°) was higher than that (0.673) for the hydrophobic condition (6=
170°).
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The displacement of two immiscible fluids in a M= M 2)
porous medium is ubiquitous in nature, for example, Vdetending

the wetting front of rainfall in a soil slope (Sorbino
and Nicotera, 2013), enhanced oil recovery (EOR)
(Haugen et al., 2010; Muggeridge et al., 2014), geo-
logical CO, sequestration (Pruess, 2008; Hosseini

where £4,,,..,, denotes the dynamics viscosity of the in-
vading fluid, u,, denotes the inlet velocity of the invad-
ing fluid, and o denotes the surface tension; p,,,q,, de-

. notes the density of the invading fluid, and is 1 in this
et al., 2018), transport of non aqueous phase liquid . . . .
i . i i study; Vi denotes the kinematic viscosity of the in-
(NAPL) in a contaminated underground site (Govin- . . . . .
daras L 2018 4 und p ¢ ol vading fluid, and v, denotes the kinematic viscosity
arajan et al., ), and underground storage of oi of the defending fluid.

and gas (Shakeel et al., 2021). The displacement pat-

. ) . Wettability intuitively favors the improved dis-
terns, namely stable displacement, viscous fingering,

placement efficiency of the invading fluid. However,
and capillary fingering, primarily depend on the capil-  jis effect on displacement efficiency as well as on dis-
lary number Ca and the viscosity ratio M which are  placement patterns is largely unknown. Wettability is
defined as defined by the contact angles at the pore scale and is
measured by the relative permeability curves at the
macroscopic scale (Mirzaei-Paiaman et al., 2022).
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wettability. Lan et al. (2020) presented the phase dia-
gram of displacement patterns in the #-lgCa plane for
M<1 and captured the transitions of fluid invasion pat-
terns with contact angles ranging from 45° to 135°. In
porous media, such as that of underground reservoirs,
wettability is an important factor that influences the
flow patterns of fluids and eventually the macroscopic
properties of multiphase flow, e.g., permeability
and saturation (Karabakal and Bagci, 2004; Fan et al.,
2020). Experimental studies have revealed the occur-
rence of non-local, cooperative pore-filling events,
and the improvement of final relative saturation as a
result of the increased wettability of the invading fluid
(Trojer et al., 2015; Zhao et al., 2016).

The mathematical models for multiphase flow in
porous media (Karimi-Fard et al., 2006; Zhang et al.,
2022), in the continuum scale, can provide a quantita-
tive insight into the displacement process of a naturally
fractured reservoir. Also, pore-scale numerical simula-
tions can accurately describe the multiphase flow pro-
cesses and capture heterogeneity, interconnectivity,
and preferential flow paths. However, traditional com-
putational fluid dynamics (CFD) methods which are
based on the numerical solution of macroscopic vari-
ables in Navier-Stokes equations (NSEs) face chal-
lenges for dividing immiscible fluids by embedding
physical interface tensions with a sophisticated inter-
face reconstruction algorithm or an unphysical reini-
tialization process, such as volume-of-fluid (VOF),
level set (LS) methods, and phase field (PF) methods
(Hirt and Nichols, 1981; Badalassi et al., 2003; Sethian
and Smereka, 2003). The difficulties of simulating
wetting contact angles and contact line dynamics in
complex pore media can be solved by the lattice Boltz-
mann method (LBM). LBM is a pseudo-molecular
method based on mesoscopic kinetic Boltzmann equa-
tions consisting of particle distribution functions that
have higher degrees of freedom where time, space,
and velocity are separated. NSEs can be directly de-
rived from the velocity space by evaluating the mo-
ments of distribution functions, which have lifting re-
lationship with lattice Boltzmann parameters accord-
ing to the multi-scale expansion analysis, such as the
Chapman-Enskog (CE) expansion (Chen and Doolen,
1998; Lallemand and Luo, 2000; Xu et al., 2012). Its
kinetic nature provides LBM with an advantage in
simulating pore-scale multiphase flows and dealing
with complex boundaries (Jiang et al., 2022). The color
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gradient model (CGM) (Gunstensen et al., 1991;
Grunau et al., 1993; Leclaire et al., 2017; Li et al.,
2021), one of the LBM multiphase models, has out-
standing performance including strict mass, momen-
tum conservation, a broad range of viscosity ratios,
and accurate contact angles (Huang et al., 2014;
Leclaire et al., 2016a; Xu et al., 2017; Zhao et al.,
2019). In the CGM, the numerical interface thickness
in the lattice unit is constant and is controlled by a set
of parameters so that, during the time evolution of the
simulation, the two-phase interfaces automatically
converge without diffusing as in the pseudopotential
model. Instead of setting a fictitious density in the solid
boundary lattice (Latva-Kokko and Rothman, 2005),
the desired contact angle can be achieved in the pro-
posed contact angle algorithm (Leclaire et al., 2016a;
Xu et al., 2017), which is suitable for a complex pore
scale structure.

In this study, LBM with the color gradient model
is used to study the effect of wettability in immiscible
two-phase flows. A full range of contact angles from
0° to 180° with 10° intervals, is simulated with the
viscosity ratios M in the range of [0.1, 10] and the
capillary number Ca in the range of [0.01, 100]. The
displacement patterns, displacement ratios, and velo-
city contours are observed and compared with the ex-
isting literature.

2 Methods

2.1 Immiscible color gradient lattice Boltzmann
model

In the CGM, immiscible two-phase fluids are di-
vided into two colors, red and blue, which respectively
are represented by red and blue distribution functions

¥, k=r or b denoting the color of the fluid, and =0, 1,

2, ---, 8 denoting the direction of each distribution
function. The fundamental theory of the distribution
function and the LBM is provided in Section S1 of
the electronic supplementary materials (ESM).

The CGM-LBM equation is:

fix+edt t+8t) =fH(x, 1) +Q(f(x 1)), 3)
where x denotes the spatial location, ¢, denotes the lat-

tice velocity vector, 8¢ denotes the time interval, ¢ deno-
tes the time, and ©Q* denotes the total collision operator:
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which includes a single-phase collision operator (.fo)m,
a perturbation collision operator (%) (2), and a recolor-

ing collision operator (Qf)m. As a result, the original
collision is broken down from one step to three steps:
single-phase collision, perturbation, and recoloring.
Similarly, the separated distribution function still re-
quires that:

> fE=p (5)

i

221 =p. (6)
DS e=pu, (7)

where p* denotes the density of fluid &, p denotes the
total density of fluid, and u denotes velocity for the
color-blind distribution function. In the immiscible
two-phase fluid system, the order parameter is usually
used to represent different phases and to capture the
interface. In the CGM, the phase field is represented as:

P_P

r b
o=Lo Po <<, (8)

PP

+7

Py P

where @=1 represents pure red fluid, while @=-1 rep-
resents pure blue fluid. pj, and pf represent the refer-
ence densities of the red and blue fluids, respectively.

The multiple relax time (MRT) operator is often
used to solve the single-phase collision in the interest
of the stability and robustness of the numerical calcu-
lation. Firstly, the distribution functions are projected
to the moment space with the transformation matrix
and then the single-phase collision is carried out in
the moment space according to the diagonal matrix §
formed by the relaxation coefficient. Finally, the
distribution functions are received under the inverse
transformation of moment:

SM (| f*) — | fre
‘fk.t>:‘fk>_ (‘ iw ‘ >)7 )

where | > denotes the Dirac symbol, f° “> denotes the
post-collision distribution function, f* denotes the

pre-collision distribution function, and f** denotes
the equilibrium distribution function. The transforma-
tion matrix M is provided in Section S2 of the ESM
and the relax coefficient diagonal matrix S is:
S:dia’g[sov S17S27 Ssv S47 S5, S(w S7a S8]7 (10)
where s, denotes the relax coefficient, s,=s,=s.=1.00,
s,=1.64, s,=1.54, 5s,=5,~1.92, and s =5~ @, is the
effective relax rate based on the weighted average of
harmonic densities of viscosity of the two-phase fluid v:

T b

P p{’ “’pb , (11)
v
2%t

= _=eor 12

6V + 25t (12)

where v and V" denote the viscosities of the red and
blue fluids, respectively, c=8x/3¢, dx denotes the lattice
spacing.

The perturbation operator is derived from the
energy definition of surface tension by Chapman-
Enskog expansion:

c,-F

|F|

@

A
k Tk

w; -B,|, (13)

(14)

F=VQ,

where w, denotes the weight of the lattice model. The
relation between the interface controlling parameter
A, and the surface tension is:

A
c,
[

azg (15)

where A=4,.

Depending on the color gradient F, the perturba-
tion operator redistributes the mass near the interface,
it decreases along the lattice link parallel to the inter-
face and increases along the lattice link perpendicular
to the interface while conserving the total mass and to-
tal momentum inside the individual lattice. The distri-
bution function determines an upper limit on the redis-
tribution based on the surface tension and phase field
gradient. In addition, the ratio of redistribution to the
mass in the lattice link direction is determined by the
angle of the phase field gradient to the lattice link. To



ensure that the lattice Boltzmann equation is derived
correctly after adding the perturbation operator, it is
required that:

4
- E s 1= 17

B.= 2 i=2,4,6,8 (16)

i 27 b} T &y ) ) 1)

5 .
m, 1= 3, 5, 7, 9.
Then the distribution function becomes:

ST @) (17)

The recoloring operator proposed by Latva-Kokko
is used to facilitate phase separation, in order to main-
tain an appropriate interface:

r r b

frtt = p;(f;r oy f011) +wiﬁ%cos(¢i)|c, , (18)
b r b

FASS %(](;r g £011) —wiﬂ%cos((piﬂci , (19)

where S controls the interface thickness. To ensure the
stability and accuracy of the values, £ is set to 0.99,
and ¢, is the angle between the color gradient F and
the lattice velocity c.

The above operator allows a moderate mixture
of red and blue fluids in the tangential direction of the
interface while preserving the symmetry of the color
distribution relative to the color gradient (Latva-Kokko
and Rothman, 2005). Thus, it can further reduce the
pseudo-velocity and eliminate the lattice pinning effect
generated by the original recoloring operator pro-
posed by Gunstensen et al. (1991).

After recoloring, the distribution function per-
forms streaming steps:

[ (x+edt t4+81) =f"(x, 1). (20)

Finally, the density and velocity within the time
step (#+0¢) can be obtained by Egs. (5)—(7).

2.2 Boundary condition

There are numerous boundary conditions for
LBM to guarantee the preservation of stability and ac-
curacy to different extents according to simulation
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requirements. The general computational fluid me-
chanics include the Dirichlet boundary, Neumann
boundary, and Robin boundary, which are accom-
plished by controlling the distribution function within
the boundary lattice for LBM. For simplicity of the
simulation, through half-way bounce back (no-slip
boundary condition), mass and momentum are con-
served strictly in every time step near the boundary.
Similarly, by allocating the distribution function, a
constant flow velocity at the inlet and the Neumann
boundary condition is achieved at the outlet to ensure
steady displacement.

For the immiscible two-phase fluid, wettability
is characterized by the contact angle. LBM introduces
a virtual mass or virtual phase field at the solid bound-
ary to describe the contact angle, considered as the
forces between mesoscopic virtual particles. However,
this leads to nonphysical mass transfer at the wetting
boundary (Leclaire et al., 2016b). Thus, setting the
phase field gradient F directly at the three-phase
contact lines guarantees mass conservation, which is
more intuitive and accurate (Xu et al., 2017). This
boundary condition is briefly introduced below and in-
cludes four steps. Firstly, the phase field at the solid
node adjacent to the fluid can be evaluated by approx-
imating with @ of its nearest fluid nodes:

zwifﬁ(x+c,.5t)s(x+c,.81)
D(x) = ,
() zwis(x+c,.8t)

21)

where s(x+c,0f) equals 0 or 1 for a solid or fluid node,
respectively. Secondly, the predicted value of phase
field gradient F" is calculated by Eq. (14) and then the
estimated unit normal vector of the phase interface is
denoted by »n'=F'/|F'|. Thirdly, the theoretical unit
normal vectors of the phase interface, n, and n,, are
computed by the wall normal vector n_ and the con-
tact angle 0

n,= (ns). cos@—nsin0, ngcos0+n, sinH),
(22)
n,= (nsv cosO+nysinf, n,cosf—n sm«9).

In order to obtain the exact unit normal vector of
the phase interface adjacent to at least one solid node,
n, is selected by:
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n, D <D,,
n,=in,, D, >D,, (23)
n, D =D,

where D,=|n'-n,| and D,=|n'-n,|. Finally, the orienta-

tion of the phase field gradient is modified to achieve
the desired contact angle by

F=|F'| -n.. (24)

Based on Egs. (22)—(24), this wetting boundary

condition accurately and directly assigns contact

angles for arbitrary geometries with smaller spurious

currents compared to the widely used fictitious density
boundary condition.

3 Static contact angle and fingering simulation
3.1 Verification of static contact angle algorithm

Depending on the difference in wettability, a set
of static droplets on the horizontal surface present dif-
ferent static contact angles. To verify the accuracy of
the contact angle setting method, a square droplet of
20 [ux20 lu (lattice unit) was initially placed on the
bottom wall in a domain of 60 lux30 lu, and the drop-
let shapes in the equilibrium state were obtained after
50000 time steps (Fig. 1). The halfway bounce-back
method was used at the surrounding walls to obtain
the no-slip boundary condition. The parameter 4 con-
trolling the interface tension was chosen to be 0.01
and the viscosities of both fluids were 0.8. The numeri-
cal simulations present the wetting, middle-wetting,
and non-wetting boundary conditions of the droplet
with three given contact angles. This intuitively veri-
fies the accuracy and convenience of the proposed al-
gorithm without adjusting tedious parameters.

3.2 Flow patterns in a single channel

It is well known that the invading fluid will ex-
hibit a growing fingering effect penetrating into the de-
fending fluid instead of pushing it, especially at vis-
cosity ratio M<1. The effect of static contact angles on
the finger penetration in a channel has been studied
using the Shan-Chen pseudopotential multiphase model
(Kang et al., 2004). Therefore, in this section, we de-
monstrate only the application of the presented color gra-
dient model for two-phase one-channel displacement.

(@)

(d

Fig. 1 Shapes of droplets resting on a flat surface: (a) initial
droplet shapes (yellow color) and (b)—(d) equilibrium
droplet shapes with prescribed wetting angles of 45°, 90°,
and 135°, respectively. References to color refer to the online
version of this figure

As shown in Figs. 2 and 3, the computational do-
main is 160 lux40 lu, and the invading fluid with con-
tact angle #=90° is put in the left section of the do-
main. For the stable displacement case, the viscosity
ratio M is set to 1 with v, . =0.1 and v,,,,~0.1. For
the viscous fingering case, the viscosity ratio M is
0.01 with v, .,,,,=0.005 and v,,,,~0.5. The upper and
lower walls are assigned a no-slip boundary condition
with the half-way bounce-back method. The left wall
is a velocity inlet boundary with the Zou-He scheme

(Zou and He, 1997). The right wall is an outflow



boundary with the Neumann boundary condition,
which is suitable for two-phase flows (Lou et al.,
2013). To avoid boundary effects, a Poiseuille velocity
profile with the maximum value u,, . =0.01 is enforced
at the inlet. In both cases, the parameter controlling
the interface tension is fixed at 4=0.01.

Stable displacement (Fig. 2) occurs with an inter-
mediate viscosity ratio M=1 and a low inlet velocity
U, ..—0.01. The two-phase interfaces (Figs. 2a—2d) are
slightly bent and no finger is formed. The slip of the
contact lines keeps up with the front of the displace-
ment, so that all the defending fluid can be almost dis-
placed, which can be considered as the optimal dis-
placement result.

However, the viscous or capillary fingering occurs
(Fig. 3) at a low viscosity ratio M <1, which is re-
ferred to as a Saffman-Taylor instability (Tabeling
et al., 1987). The finger is formed at the driving ve-
locity, but the finger width and length cannot remain
constant over time as a stable displacement. It is also
obvious that the front of the finger cannot be consis-
tent with the slip of contact lines, and the length of
the two-phase interface continually increases with the
evolution of the fingering process. We can see that the
front part of the finger is wider than the back part, and
the finger has the tendency to snap-off (Fig. 3d). Ap-
parently, the viscous fingering effect could lead to in-
complete displacement or lower recovery efficiency.

The above simulation results show that the pro-
posed color gradient LBM can exactly reproduce the
wetting contact angles and the basic displacement pat-
terns, namely stable and viscous fingering with differ-
ent viscosity ratios. This provides the numerical basis
for the subsequent porous media simulations.

4 Displacement simulation in a porous medium
4.1 Model and simulation conditions

In order to achieve the stable displacement and
viscous fingering effects, capillary numbers Ca of 0.01,
1, 100, viscosity ratios M of 0.1, 1, 10, and contact
angles ranging from 0° to 180° at intervals of 10°
were used in the numerical simulation (Table 1). A sim-
plified model of a porous medium was generated in a
2D region with a size of 200 ux100 lu (Fig. 4). The
porous medium was constructed in the middle domain
with a size of 100 lux100 lu, where non-overlapping
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Fig. 2 Finger evolution for viscosity ratio M=1, with contact
angle 6=90°, changing with time step #: (a) =0; (b) =2000;
(c) =4000; (d) =6000

(b)

(d

Fig. 3 Finger evolution for viscosity ratio M=0.01, with
contact angle §=90°, changing with time step #: (a) =0;
(b) t=2000; (c) =4000; (d) =6000

particles were dropped randomly (Huang et al., 2014).
The outer diameters of these randomly distributed par-
ticles ranged from 5 Iu to 10 lu, and the minimum gap
between any two particles was set to be 5 Iu. The
shapes of particles with outer diameters of 5 lu were
set as squares and the shapes of other particles were
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set as circles. As shown in Fig. 4, the pore space in
the model was initially saturated with the defending
fluid, and the other fluid invaded from the left. The
left side of the domain was the inlet with a fixed ve-
locity u, for which the Zou-He method (Zou and He,
1997) was adopted to implement the exact velocity by
redistributing the unknown distribution function. The
right side was the outlet with outflow boundary condi-
tions (Junk and Yang, 2008). The top and bottom
sides of the domain were assigned the non-slip bound-
ary described by half-way bounce back for LBM. To
quantify the displacement efficiency, the relative satu-
ration AS (Mora et al., 2021a) is defined as

AS=S5,—S 505 (25)
Ninvading + 0.5N,
S(} — invading interface , (2 6)
N invading + N defending + N interface

where S, represents the saturation of the invading
fluid at breakthrough (Fig. 4). The subscript 6 denotes
the contact angle of the invading fluid. N, 4., V.

defending?

Invading fluid Defending fluid

Inlet Outlet

1
| c

Fig. 4 Initial two-phase and solid distribution in the model
porous medium: the yellow, light blue, and the dark blue
portions represent the invading fluid, defending fluid, and
solid, respectively. References to color refer to the online
version of this figure

and N,,.. respectively represent the total lattice num-
bers of the invading fluid, defending fluid, and inter-
face at breakthrough in the porous domain (between 4B

and CD in Fig. 4) where the displacement took place.
4.2 Typical displacement patterns

The typical results of a stable displacement in
the porous medium (Fig. 4) are shown in Fig. 5a,
where Ca=1.06, M=10 (Table 1), and 6=90°. The

Table 1 Simulation parameters divided by viscosity ratio M in the three groups

Group u,, (lu/ts)’ Viowating (1U/1S) Vi (107/15) 4 Ca M
1 0.02 0.0167 0.167 0.02 0.127 0.1
0.02 0.167 1.67 1x107 5.32 0.1
0.02 0.333 3.33 1x107™ 64.7 0.1
2 0.02 0.01 0.01 0.05 0.017 1
0.02 0.1 0.1 5%107 1.13 1
0.02 0.333 0.333 1x10™ 100 1
3 0.02 0.02 0.002 0.05 0.0352 10
0.02 0.2 0.02 0.014 1.06 10
0.02 2 0.2 5%107 113 10
"lu and ts refer to LBM lattice unit and time step, respectively (Sukop and Or, 2004)
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Fig. S Evolution of the typical displacement processes with time step #: (a) stable displacement, Ca=1.06, M=10, and 0=
90°; (b) viscous fingering, Ca=5.32, M=1, and 0=90°, the invading fluid advanced to the right



front of the invading fluid proceeded relatively uni-
formly toward the defending fluid as time passed. The
typical results of a preferential flow pattern in the po-
rous medium (Fig. 4) are shown in Fig. 5b, where
Ca=5.32, M=1 (Table 1), and §=90°. As time pro-
gressed, the viscous fingering at the top and the bottom
portions advanced faster than the remaining portions
along the advancing front. In both cases, the pre-
scribed contact angles at the solid-fluid interface were
maintained throughout the test. The mass of the defend-
ing fluid was also conserved at the solid boundary
due to the wetting boundary algorithm in Section 2.3.

4.3 Displacement and flow patterns at breakthrough

The simulation results (Figs. 7 and 8) in the form
of a M-Ca phase diagram (Lenormand et al., 1988) in-
dicate the flow pattern transitions from viscous finger-
ing to stable displacement when M increases. The
mean final saturation of the invading fluid increases
from 0.435 to 0.829, and the viscosity ratio is the
dominant factor that divides the three parts in the
M-Ca diagram. The range of saturations is almost the
same as that of Huang et al. (2014) where the range is
0.81-0.86 for stable displacement and is 0.31-0.46 for
viscous fingering.

4.3.1 Effects of contact angles on the displacement
patterns

It is generally accepted that as the contact angle
increases, the displacement pattern evolves from
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strong imbibition to weak imbibition and weak drain-
age to strong drainage (Zhao et al., 2016). As the con-
tact angle increases from 0° to 180° (Fig. 6), the in-
vading front transforms from broad with few branches
to narrow with many branches, and the quantity of the
pinned pockets of the defending fluid around the solid
particles increases. In practice, the wetting contact
angles 0°-10° constitute an extreme condition which
result in the numerical errors. Therefore, these contact
angles were excluded in this study. For each M-Ca
pair, there was almost an “optimal” contact angle at
which the maximum AS, namely a peak of the AS-6
curve, was achieved (Mora et al., 2021a). These opti-
mal contact angles ranged from 10° to 70°, which
were all hydrophilic (8<90°). For the displacement
patterns at the optimal angles (Fig. 7), as the viscosity
ratio M increased, the fronts transformed from tree-like
patterns (M=0.1) to rounded and broader fingers (M=1),

° .l . I’ ° " :- L] L]
LR S0 o« © & SR giEEs
.:'.:p‘ P 0 .:‘.t:. .
o 48 ®© D70 TR RS
e, ? g" a0 PR Ll I
w02 o ameief PR P
- = -
k] L . -..F-‘--'--'\ [ ‘-. .l"-.---'--.‘
" " °® L™ o
® e, ¢ Vesrr..
.. () .- s« "0
LR AU R o e b0 L. 180°
™ Y 0 - (]
..'_.i-,... -.'.':e"" e
PSR P H{ P2 PR S P

Fig. 6 Flow patterns for M=1 and Ca=100 for contact
angles of 0°, 60°, 120°, and 180°. The displacement fronts
are marked with dashed lines
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Fig. 7 Displacement patterns at breakthrough in the form of a M-Ca phase diagram, when the saturation difference AS
reaches the maximum with the optimal contact angles. The advancing fronts are boxed by dashed lines
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Fig. 8 Displacement patterns at breakthrough in the form of a M-Ca phase diagram, when the saturation difference AS
minimizes with the least optimal contact angles. The advancing fronts are boxed by dashed lines

and eventually to the ideal pattern of stable displace-
ment (M=10) with fronts advancing abreast and near
non-existence of trapped pockets of the defending flu-
id. On the other hand, for each M-Ca pair, the mini-
mum AS was reached at the “least optimal” contact
angle ranging from 170° to 180°, opposite to the “op-
timal” contact angles, which were all hydrophobic (6>
90°). The displacement patterns with the least optimal
contact angles (Fig. 8) presented thin fingers, branch-
es, and many pockets of defending fluid in the medi-
um. It is worth noting that even the least optimal con-
tact angles are not all 180°, which can be consid-
ered as the extreme conditions of the numerical
simulations.

4.3.2 Effects of wettability on AS

As the wettability decreased, as quantified by the
contact angle increasing from 0° to 180°, the satura-
tion of the displacement process, denoted by AS, gen-
erally decreased. This suggests the hydrophilic fluid
invading the solid matrix is favorable for high dis-
placement efficiency. Local AS peaks at contact an-
gles of 20°-70° were sometimes higher than AS with
a highly hydrophilic invading fluid (Fig. 9).

For instance, when M=1 and Ca=0.017, the AS
maximum value of 0.29 at #=70° was much higher
than AS at #=10° (0.16). This observation agrees with
prior studies (Zhao et al., 2019), which reported
that the contact angle of 60°, representing the weak
imbibition wettability condition, yielded the highest

displacement efficiency. However, the final saturation
Sy 10 strong imbibition due to the early breakthrough
by the corner flow (Zhao et al., 2016) is only half that
of the S in weak imbibition.

A closer inspection revealed that the AS decre-
ment with & was generally bilinear, including a gentle
AS drop sector at 9<[80°, 120°], and a steeper AS
drop sector at 8>[80°, 120°], at the M and Ca ranges
investigated in this study. In other words, an incre-
ment in hydrophobicity (6>90°) led to poor displace-
ment efficiency. This generally agrees with prior stud-
ies (Armstrong et al., 2021; Bakhshian et al., 2021).
In contrast, hydrophilicity (9<90°) was not necessarily
monotonically correlated with displacement efficiency,
especially at low M and Ca.

4.3.3 Effects of capillary numbers and viscosity ratios
on AS

The capillary number Ca reflects velocity, vis-
cosity, and surface tension, the effects of which on
the displacement efficiency are quantified by AS. In-
crease in Ca primarily leads to an increase in AS in
general. As shown in Fig 9, this trend was apparent at
low M (M=0.1) and was less significant at higher M
values (M=10). This observation suggests that the dis-
placement efficiency with invading fluids of low vis-
cosity highly depends on the velocity or the injecting
flow rate, which demands high pressure capacity of
the equipment and high energy consumption, while
the displacement efficiency with invading fluids of
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Fig. 9 AS-6 curves for M=0.1 (a), M=1 (b), and M=10 (c).
The optimal contact angles are chosen in the range of 6>10°

high viscosity does not depend on the velocity as
much. At hydrophobic interfaces (6>90°), this trend
was clearly hierarchical; while at hydrophilic interfaces
(6<90°), this trend was distinct, often disturbed by
local peaks and valleys of AS.

For M=1 (Fig. 9b), the AS-0 curve reached a
much higher peak at 9=70° for Ca=0.017 than that for
other Ca values. The contact angle of the convex hill
in this curve ranged from 30° to 100°, in the region of
weak imbibition and neutral wettability. At Ca=0.017,
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the invading fluid advanced via contact-line motion
and the displacement was almost complete, therefore
the effect of contact angles dominated the displace-
ment efficiency. However, at Ca=1.130 and 100, the
viscous forces dominated the capillary forces and the
invading fluid formed fingers that advanced along the
center of the pore space, weakening the impact of con-
tact angles. In the experiments of Zhao et al. (2016),
the difference of saturation between weak imbibition
(6=60°) and strong drainage (#=150°) at small Ca
values was much higher than that at large Ca values,
which was consistent with our study.

As M increased from 0.1 to 1 and then to 10, AS
generally increased. It is clear that the displacement
of an invading fluid with high viscosity normally
results in higher displacement efficiency. Although
not shown in the range of M and Ca in this study,
which essentially indicated either viscous fingering or
stable displacement patterns, it is must be born in
mind that at very low Ca values (e.g. Ca<10™), capil-
lary fingering began to dominate the displacement pat-
terns, which could result in low displacement effi-
ciency (Lan et al., 2020).

4.3.4 Bilinear fitting of 6-S curves

As illustrated in Fig. 10, when M=10, the trend
of S-6 was divided into two parts by =90°. Bakhshian
et al. (2021) described the corrections of S at break-
through under the weak drainage and weak imbibition
when M>1 and the pore-size distribution of porous
media was unimodal. Herein, an improved linear rela-
tionship is proposed:

90° -0

§=8gp+ W’ ﬂ:ﬁ9<90° or ﬁ6>90°v (27)
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Fig. 10 S-0 for M=10: the linear fitting includes all Ca
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where S,,. represents the saturation of =90 at break-
through, and f is the orientation angle of the pore. S
was originally computed as tanf=1-r/r,, where r, was
the average pore throat size, and », was the average
pore body size. However, it was limited to the range
of 0°—45° and its value only depended on the pore
size, so that two trends of the drainage and imbibition
could not be distinguished. Therefore, in order to con-
tain the two stages, f is separated at 6=90° into [,
and f,.,,. whose values are achieved by linear fitting.

Unlike the case of M=10, for M=1 and 0.1, a
uniform fitting was not representative of the S-6 re-
lationship without considering the Ca values. This
demonstrated the complicated nature of the displace-
ment process, where the displacement efficiency is a
function of M, Ca, and 6.

4.3.5 §Sin the M-Ca-0 space

Based on the ranges of M, Ca, and 6 in this
study, a 3D contour was plotted to encompass the
values in the stable displacement region and viscous
fingering regions (Fig. 11). On the local scale, there is
fluctuation in S/displacement efficiency; however, on
a large scale, i.e., M or Ca spanning orders of magni-
tude, the essential trends of variation with M, Ca, and
6 can be captured, as rendered in Fig. 11.

Each iso- slice plane (Fig. 12) represents a tra-
ditional M-Ca diagram (Lenormand et al., 1988), but
the stable displacement, viscous fingering, and the
transition regions can still be identified. A series of
is0-0 planes demonstrated the “moving-target” nature
of the M-Ca chart, which can explain the varied zones
of “stable displacement” (which was often accompanied
by a high saturation of invading fluid and a uniform
advancing front of the invading fluid) as well as the
moving “viscous fingering” zone (which was often
accompanied by thick fingering and a few branches
of the invading fluid, and intermediate to low degree
of saturation of the invading fluid).

Saturation —
0.950 -
0.921
0.891
0.862
0.832
0.803
0.773
0.744
0.714
0.685
0.655
0.626
0.596
0.567
0.537
0.508
0.478
0.449
0.419
0.390

Fig. 11 M-Ca-0 3D rendition of S: the part of 1gM>0, IgCa>
0, and 6>90° is excluded to illustrate the inside contour

The 8-S lines at given M and Ca values could
also be obtained by slicing the 3D contour with the
prescribed M and Ca values. To obtain a high dis-
placement efficiency, the wettability, and the most
cost-effective parameters from viscosity, velocity, and
surface tension, could be identified and adjusted, so
as to obtain high S values in an economic way.

In order to quantify the M-Ca-0 space, the fitted
quadratic polynomial equations of iso-saturation sur-
faces (i.e., S=constant) were presented as follows:

S=0+pyp+poxlgCa+py, xlgM+

Pax(g Ca) +p,, g CaxlgM-+p,x(g My, *)
where py, Po> Pio» P Pu» and p,, are fitting coeffi-
cients for a given constant S value (e.g., $=0.8), as
tabulated in Table 2. The iso-saturation surfaces pro-
vide a quantitative relationship between Ca, M, and 6,
for a given displacement saturation.

It should be noted that only limited M and Ca
ranges were studied, and the 3D contour should be ex-
panded to cover more M-Ca sceneries for engineering
implementation. We are also aware that during the
displacement process, shear-thinning or shear-thickening

IgM IgM IgM IgM IgM IgM IgM

Fig. 12 Slices along contact angles §: from left to right, 6=0°, 30°, 60°, 90°, 120°, 150°, and 180°
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Table 2 Fitting coefficients of the iso-S surfaces

Saturation Poo plgCa DoleM p(lgCa)’ plgCaxlgM Dpo(lgM)’
5=0.5 174.8-0 =31.19 8.901 8.163 -86.41 -76.14
$5=0.6 126.5-0 -0.2103 69.79 7.534 -22.82 -59.53
§=0.7 45.71-60 -17.91 147.7 5.784 29.66 -42.59
$=0.8 14.14-60 -22.42 -36.95 1.34 40.84 168.7

could occur locally in the solid matrix, which decreases
or increases the M values, and an “animated” version
of the 3D contour should be created.

It is also important that under a hypergravity con-
dition, such as in a geotechnical centrifuge, the ve-
locity could be amplified due to the scaling rules. Cor-
respondingly, the Ca value could increase, resulting in
higher displacement efficiency than the 1g (gravita-
tional acceleration) condition, such as in a rainfall-
induced slope failure simulation, whereas the domi-
nant capillary fingering under 1g condition could be
shifted towards stable displacement. Further investiga-
tion of each specific case is warranted.

4.3.6 Velocity contours

For M=10 (Figs. 14 and 15), the maximum ve-
locity occurred in the wide and continuous pore throats.
However, for M=0.1, the maximum velocity was at the
front of the preferential flow, which coincided with the
simulation results of Mora et al. (2021b) in that, for M=
0.01, the maximum velocity was at the viscous fingers.
As for M=1, the maximum velocity occurred both in
the preferential fingering region and in-between fingers
(Fig. 14h). For M=10, given the lack of fingering flow,

the maximum velocity occurred sporadically through-
out the medium. By contrast, Ca in the simulated range
(107 to 10%) had negligible effects on the velocity dis-
tribution and the location where maximum velocity
occurs (Figs. 14 and 15). In addition, the contact
angles only locally changed the positions of maximum
velocity (Figs. 14d and 15d), with the global flow
velocity left unaffected. Similarly, Mora et al. (2021b)
found that under the same M-Ca pair, the velocity flow
paths were almost identical for 6=0°, 90°, or 180°.

4.4 Development of displacement and flow after
breakthrough

After breakthrough, further evolutions of displace-
ment efficiency and flow patterns for the viscous
fingering were investigated under the conditions of
M=0.1, Ca=0.127, and 6=10°, 170°. The final satura-
tion S, defined as the asymptotic saturation value
after breakthrough, was high (0.997) for 6=10°
(Fig. 16), and was only 0.673 for 6=170°. Similarly,
Fan et al. (2020) observed that, based on the water-
flooding curves in a sandstone sample, S, decreased
with the contact angle increasing from 45° to 135°.
Moreover, both the saturation curves of Fan et al.



716 | J Zhejiang Univ-Sci A (Appl Phys & Eng) 2022 23(9):704-720
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Fig. 14 Fluid velocity fields of the displacement patterns at the optimal angles (Fig. 8): the areas of fingering are boxed
by dashed lines; the areas circled by dot-dashed lines represent the maximum velocity regions: (a—i) represent the fluid

velocity fields corresponding to M-Ca-0

IgM

Fig. 15 Fluid velocity fields of the displacement patterns at the least optimal angles (Fig. 9): the areas of fingering are
boxed by dashed lines; the areas circled by dot-dashed lines represent the maximum velocity regions: (a—i) represent the

fluid velocity fields corresponding to M-Ca-0

(2020) and Fig. 14 indicated that, no matter what the
wetting condition was, the time between the break-
through and final saturation was nearly five times
more than that between the initial invasion and the
breakthrough. By contrast, Mora et al. (2021b) ob-
served that the final saturations for the perfectly
wetting (/=0°) and non-wetting (#=180°) conditions
were almost identical, which indicated the complex
nature of the effects of contact angles on the fluid dis-
placement process.

For strong imbibition (=10°), the corner flow
(Golmohammadi et al., 2021) emerged at the bottom
edge of the porous medium before breakthrough, con-
tributing to the long band-like clusters of trapped

0.0 | | | | | |
0 5 10 15 20 25 30

t(x109)

Fig. 16 Curves of the saturation versus time for contact
angle #=10° and 170°, viscosity ratio M=0.1, and capillary
number Ca=0.127: S, . is the saturation at breakthrough

break
and S, is the final saturation after breakthrough



defending fluid (Fig. 17c). Similarly, in the experi-
ments and numerical simulations of Levache and Bar-
tolo (2014), the corner flow invaded along the top and
bottom surfaces with thin films for 8~7°. After break-
through, the corner flow persistently crawled forward
along the solid boundary and the trapped clusters of
the defending fluid were gradually displaced by the
wetting invading fluid (Figs. 17d-17i). With the evo-
lution of invasion, the width of fingers increased, and
the displacement patterns developed into the stable
displacement.

Under 6=170°, the invading fluid front advanced
along the center among the adjacent particles (Fig. 18).
This resulted in the trapped ganglia-like clusters of
the defending fluid. As the invading fluid continually
filled the center of the pore throat, the defending fluid
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in the trapped area snapped off (Singh et al., 2017;
Bakhshian et al., 2020). After breakthrough, the
trapped clusters of the defending fluid clung to the
solid columns and remained there, while others were
gradually displaced (Figs. 18c—18i). Finally, the fin-
gering developed into stable displacement, and the
pinned defending fluid bubbles were distributed in
isolation at the rear of each solid particle along the
inlet velocity (Fig. 18i). The 6 maintained at 170°
contributed to the displacement pattern of local cooper-
ative filling (Cieplak and Robbins, 1990) and led to
many trapped bubbles. The velocity fields for 8=
170° (Fig. 19) showed that, after breakthrough, the
branches of the maximum velocity in the fingers gradu-
ally increased with the increasing preferential flow
paths. Furthermore, as the width of fingers increased,
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Fig. 19 Velocity fields corresponding to Fig. 17: (a—i) represent the fluid velocity fields versus time step ¢

the width of the maximum velocity channels also in-
creased. Eventually, the maximum velocity channels
were uniformly distributed in the broad pore chan-
nels throughout the porous media (Fig. 191).

5 Conclusions

This study investigated the effect of wettability
on the immiscible displacement with LBM simulation.
The following findings were established:

1. As the contact angles of the invading fluid
increased from 0° to 180°, the invading front trans-
formed from broad branches to narrow branches, and
the number of the pinned pockets of defending fluid
increased. The viscosity ratio M increasing from 0.1 to
10 caused the displacement patterns to be transformed
from viscous fingering into stable displacement. How-
ever, the Ca increasing from 0.017 to 100 could not
dominate the displacement patterns. At the optimal
angles, for the M=10, the ideal displacement patterns
were obtained.

2. In general, as the contact angle € increased,
the displacement efficiency decreased. The local AS
peaks at contact angles of 20°-70° were sometimes
higher than the AS at §<20°. The increase of M and
Ca also led to an increase in AS. When M=10, the S-0
relationship (Eq. (27)) was bilinear, divided by 6=90°.

3. The saturation contour for the invading phase
was summarized in an M-Ca-6 3D space, which is an
expansion of the conventional M-Ca diagram. The
1s0-6 slice planes captured and illustrated the “moving-
target” nature of the traditional M-Ca diagram.

4. The maximum velocity emerged in the prefer-
ential flow paths for the viscous fingers. However, for
stable displacement, the maximum velocity tended to
distribute evenly across the porous medium.

5. After breakthrough, for M=0.1 and Ca=0.127,
the corner flow emerged in the edge under =10°,
which was gradually merged with preferential fingers
to yield a high displacement efficiency (5=0.997).
However, for a hydrophobic contact angle (=170°),
the trapped clusters of the defending fluid were pinned
at the rear of solid particles, leading to a displacement
efficiency of only 0.673.

It was noted that static contact angles were as-
sumed, while the actual contact angles also depend on
surface roughness, chemical condition, shear induced
thinning, or thickening, and receding, or intruding
dynamics. Thus, further investigations accounting for
the above factors are warranted.
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