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Abstract 8 

The cohesion and adhesion parameters are the two essential parameters in the Shan-Chen 9 

multicomponent and multiphase lattice Boltzmann models for determining the separation of fluids 10 

and the wettability of surfaces, and thus should be carefully chosen. In this study, we propose a 11 

systematic method of determining these parameters from a physical point of view. The cohesion 12 

parameters of different water/alkane systems are determined by matching the interfacial tensions, 13 

and the adhesion parameters between the water/alkane and the silicon dioxide are obtained by 14 

matching the contact angles as such that their physical meanings are preserved. Based on the linear 15 

relationship between the interfacial tension and the cohesion/adhesion forces, an improved 16 

equation for predicting the adhesion parameter is proposed and validated by comparing the 17 

simulated contact angles using the predicted adhesion parameters with experimental results. 18 

Further, the effect of cohesion and adhesion parameters on the advancing and receding angles of 19 

the oil slug in a capillary tube in the movement initialization process was also investigated. 20 

Keywords: Shan-Chen model, cohesion parameter, adhesion parameter, method of determination, 21 

equation of the adhesion parameter prediction. 22 

 
∗Corresponding author: Tel: +1 403 210 7642. Fax: 1-(403) 284-4852; E-mail: mingzhe.dong@ucalgary.ca 



 

2 
 

1. Introduction 23 

The lattice Boltzmann method (LBM) has become one of the most popular and robust techniques 24 

for simulating the process of multicomponent and multiphase (MCMP) flow [1]. The LBM is 25 

based on microscopic models describing the fluid dynamics from a particle-based viewpoint [2], 26 

and has the capability of simulating MCMP flows in porous media [3-5], flow of bubbles in 27 

microchannels [6, 7], and fingering phenomena [8, 9]. Progress has been made with several LBM 28 

model types including the color-gradient model [10-12] and the free-energy model [13-16], and a 29 

comprehensive review of the application of these models was given by Liu et al [17]. However, 30 

the MCMP LBM proposed by Shan and Chen [18] is a more popular model (known as the SC 31 

model) for its intrinsic simplicity and mesoscopic nature [19]. In the SC model, the interaction 32 

force between fluids SC
c,σF , also known as the cohesion force, was introduced and leads to the 33 

description of the macroscopic separation of phases, and has the following form: 34 

 ( ) ( )SC
c, c , , ,i i i

i
G t t t tσ σ σψ ωψ= − + ∆ ∆∑F x x e e   (1) 35 

where σ  and σ  denote two different fluid components, ei’s are the discrete velocities, ωi’s are 36 

the weight functions, Δt is the time step, and Gc is a parameter that controls the strength of the 37 

cohesion force between the two components, and is designated as the cohesion parameter [1]. The 38 

quantity ψσ is the effective mass density of fluid component σ and a widely accepted and employed 39 

form as: 40 

 ( ) ( )0 01 exp ,σ σ σ σ σψ ψ ρ ρ ρ ρ= = − −     (2) 41 

where ρσ is the mass density of component σ and ρσ0 is a reference density. The effective mass in 42 

Eq. (2) is bounded between 0 and ρσ0 for any value of ρσ. Therefore, the cohesion force in Eq. (1) 43 

remains finite, which helps to maintain numerical stability of the simulations [19]. 44 
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The cohesion parameter Gc is the essential parameter in the SC model since it determines the 45 

interfacial tensions and thus the separation of different components, which in turn leads to different 46 

MCMP flow phenomena. Thus, the value of Gc should be chosen carefully. Two basic 47 

requirements of the result of MCMP flow simulation should be met: 1) different phases should be 48 

separable, meaning low mutual solubility of the phases, which requires a larger value of Gc [1]; 2) 49 

the simulation process should be stable and not be divergent due to numerical problems, which 50 

preferentially suggest smaller values of Gc [20]. Numerous works have concentrated on 51 

determining the value of Gc from the numerical stability point of view in the premise of the phase 52 

separation. Huang et al. [1] performed two-dimensional (2D) simulations and found that 0.16 < Gc 53 

< 0.2 is an appropriate compromise that ensures the two phase separation as well as numerical 54 

stability. Ikeda et al. [21] conducted stability analysis to examine the range of Gc which leads to 55 

stable simulations without considering the physical implications of Gc. Pan et al. [22] set Gc to 56 

0.001 and found that numerical instability occurs when Gc > 0.0012. Porter et al. [23] performed 57 

bubble simulations and considered Gc = 0.025 as a suitable value. Other values of Gc have been 58 

ascertained in other works [24, 25]. These works provide different ranges of Gc that are reasonable 59 

in the MCMP flow simulations using the SC model, but one key physical problem remains 60 

unsolved: how to relate Gc to the actual physical parameters. In other words, how to determine the 61 

value of Gc in a physical way rather than in a purely numerical way. For example, neither n-hexane 62 

nor n-dodecane are dissolvable in water, but the interfacial tensions of n-hexane/water and n-63 

dodecane/water are different, indicating that there are different values of Gc for the two systems. 64 

Further, the interfacial tension of n-hexane/water varies with temperature, meaning that the value 65 

of Gc should also change correspondingly with temperature. This again indicates that Gc should 66 
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not only meet the numerical stability requirements but should also be determined from a physical 67 

meaning point of view.  68 

In the SC model, the interaction between fluid and solid is described by the adhesion force SC
ads,σF , 69 

and is calculated by: 70 

 ( ) ( ) ( )SC
ads, ads, s, ,i i i

i
G t s t tσ σ σψ ωψ ρ= − + ∆ ∆∑F x x e e   (3) 71 

where ρs is the mass density of the solid; s(x + ei Δt) is an indicator function that is equal to one or 72 

zero for a solid or a fluid domain node, respectively; ψ(ρs) is the corresponding effective mass; 73 

and Gads,σ is the adhesion parameter controlling the adhesion force strength between fluid 74 

component σ and the solid [19]. Thus Gads,σ determines the fluid wettability of the solid, which 75 

makes Gads,σ another essential parameter in the simulation of the MCMP flow in porous media 76 

using the SC model [3, 5]. The value of Gads,σ represents the interaction strength between 77 

component σ, and is usually determined by Young’s equation as described below. As shown in 78 

Fig. 1, a droplet of fluid 1 is not dissolvable in fluid 2, and θ1 is the contact angle of fluid 1. 79 

According to Young’s equation, the contact angle θ1 is related to the interfacial tension between 80 

fluid 1 and the solid γ1,s, the interfacial tension between fluid 2 and the solid γ2,s, and the interfacial 81 

tension between fluid 1 and fluid 2 γ1,2 as follows: 82 

 2,s 1,s
1

1,2

cos .
γ γ

θ
γ
−

=   (4) 83 

 84 

Fig. 1. Schematic of interfacial tension, surface tensions, and contact angle. 85 
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The interfacial tensions γ1,s and γ2,s are controlled by the adhesion forces between the two fluids 86 

and the solid, which in turn are affected by the adhesion parameters of the fluid 1/solid (Gads,1) and 87 

the fluid 2/solid (Gads,2). When the contact angle θ1 and the interfacial tension of fluid 1 and fluid 88 

2 are known, the difference of γ1,s and γ2,s is therefore also calculable. By adjusting the values Gads,1 89 

and Gads,2 to get the desired contact angle, the adhesion parameters also can be obtained. However, 90 

the shortcomings of this method are also obvious. As Gads,1 and Gads,2 are two independent 91 

parameters, different values of Gads,1 and Gads,2 can lead to the same contact angle meaning a 92 

multiplicity of values of the adhesion parameter [1].  Therefore, for simplicity, the absolute values 93 

of Gads,1 and Gads,2 are usually set to be equal, while the sign of the parameters are positive and 94 

negative for non-wetting and wetting fluids, respectively [23, 25, 26]; that is, Gads,1 = −Gads,2 = 95 

−Gads. The greater absolute value of Gads suggests the stronger attraction force between wetting 96 

fluid and the solid (also represents the stronger repulsion force between the non-wetting fluid and 97 

the solid). This means that the contact angle between the two components and the solid increases 98 

monotonously with the absolute value of Gads increasing [27]. As a result, a unique value of Gads 99 

corresponding to the desired contact angle can be obtained through wetting tests.  100 

Since the method of adjusting Gads to get the desired contact angle is a trial and error process and 101 

may require large computational times, a method to calculate the expected contact angle as a 102 

function of parameters would be expedient [28]. By assuming a direct linear relationship between 103 

the interfacial tension values in Young’s equation and the cohesion and adhesion parameters in the 104 

SC model, Sukop and Thorne [27] proposed the following relationship: 105 

 ads,2 ads,1
1

c

cos
G G

G
θ

−
= ，  (5) 106 

Since Gads,1 = −Gads,2 = −Gads, Eq. (5) can be rewritten as: 107 
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 ads
1

c

2
cos .

G
G

θ =   (6) 108 

Compared with Eq. (4), Eq. (6) is much simpler since the adhesion and cohesion parameters are 109 

explicitly related to the contact angle. The accuracy of Eq. (6) can be evaluated by substituting the 110 

obtained Gads into the wetting test and checking whether the simulated contact angle is equal to the 111 

desired value. Indeed, Ghassemi et al. [25] analyzed the accuracy of Eq. (6) and found there to be 112 

a great error in the predicted versus observed contact angles using the adhesion parameter obtained 113 

from Eq. (6). The larger differences in predicted versus observed contact angles occur where the 114 

magnitude of Gads is large. They thought that the reason for this discrepancy may be attributed to 115 

the inaccurate assumption of the direct linear relationship between the interfacial tension values in 116 

Young’s equation and the adhesion and cohesion parameters for large values of Gads and Gc. Huang 117 

et al. [1] proposed a method for determining the value of Gads in the SC model including a density 118 

factor for the fluid-fluid interfacial tension as follows: 119 

 ads,2 ads,1 ads
1

1,main 2,dis 1,main 2,dis
c c

2
cos ,

2 2

G G G

G G
θ

ρ ρ ρ ρ
−

= =
− −

 (7) 120 

where ρ1,main is the main density of fluid 1 and ρ2,dis is the associated dissolved density of fluid 2. 121 

According to their results, Eq. (7) got better predictions of contact angles than those of Eqs. (5) 122 

and (6). However, the physical meaning of the density factor is not fully explained. As commented 123 

by Schmieschek and Harting [28] who examined the accuracy of Huang’s approach and found that 124 

the deviations are up to 15%. Note that the densities of fluids taken in Eq (7) are set empirically.  125 

Based on the analysis above, it can be concluded that two critical problems remain to be solved 126 

using the SC model to simulate MCMP flow: 1) how to determine the cohesion parameter Gc from 127 

a physical point of view and relate it with a specific substance; 2) how to improve the accuracy of 128 

the equation of the adhesion parameter prediction with specific physical meaning. In this study, 129 
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we first proposed a systematic method of determining the cohesion parameters in the SC model by 130 

matching the interfacial tensions with the experimental results. We conducted the Laplace tests of 131 

the water/alkane systems using the SC model, and thereby the cohesion parameters between them 132 

were obtained. This method is also applicable to the determination of the cohesion parameters of 133 

other MCMP systems. Then, the adhesion parameters of water/alkanes on a silicon dioxide surface 134 

were obtained in a similar iterative process by matching the contact angles of the wetting tests with 135 

the experimental results. After obtaining the values of the cohesion and adhesion parameters and 136 

analyzing the relationship between the interaction force and the interfacial tension, we proposed 137 

an improved equation of adhesion parameter prediction. The accuracy of the proposed equation 138 

was estimated by comparing the simulated contact angles with the experimentally measured values 139 

of the water/n-octane system on the surfaces with different wettability. In addition, the effect of 140 

cohesion and adhesion parameter on the advancing and receding angles of the oil slug in a capillary 141 

tube in the movement initialization process was also investigated.   142 



 

8 
 

2. Method 143 

2.1. Shan-Chen multicomponent multiphase LBM model 144 

In the SC MCMP model, different components are described by different lattice particle 145 

distribution functions ( ),if tσ x , representing the mass density of component σ in the ith velocity 146 

direction at position x and time t [19]. Therefore, the total mass density ρσ of component σ can be 147 

obtained by the summation of the lattice distribution functions in all velocity directions as: 148 

 .i
i

f σ
σρ = ∑  (8) 149 

Here we implement the SC MCMP simulations in two dimensions for a water-oil system. In this 150 

two-component two-phase system, two lattice distribution functions are introduced for the water 151 

and oil components. Each lattice distribution function represents a fluid component and satisfies 152 

the following lattice Boltzmann equation with the lattice Bhatnagar-Gross-Krook (LBGK) model 153 

and Guo’s forcing term [29]: 154 

 ( ) ( ) ( ) ( ) ( )
eq,, ,

, , 1 , ,
2

i i
i i i i

f t f t tf t t t f t t F t t
σ σ

σ σ σ
σ στ τ

− ∆ + ∆ + ∆ = − ∆ + − ∆ 
 

x x
x c x x  (9) 155 

where τσ is the relaxation time of component σ related to the kinematic viscosity νσ as: 156 

 ( )2
s 0.5 ,c tσ σν τ= − ∆   (10)  157 

where cs is the speed of sound, and is equal to 1/√3 in lattice units [30], and Δt is the time step. 158 

The lattice equilibrium distribution function ( ),eq ,if tσ x  in Eq. (9) can be obtained from [19]:  159 

 ( )
( ) ( )2 2eq eqeq

,eq
2 4 2
s s s

, 1 .
2 2

ii
i if t

c c c
σ σσ σ

σω ρ
 ⋅⋅ = + + −
 
 

e u ue u
x  (11) 160 

For the D2Q9 model, the discrete velocities ei are given by: 161 

[ ]0 1 2 3 4 5 6 7 8

0 1 0 1 0 1 1 1 1
, , , , , , , , .

0 0 1 0 1 1 1 1 1
c

− − − 
=  − − − 

e e e e e e e e e  162 
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In Eq. (11), for the D2Q9 model, ωi=4/9 (i=0), ωi=1/9 (i=1,2,3,4), ωi=1/36 (i=5,6,7,8), where 163 

c x t= ∆ ∆  is the lattice speed defined by the ratio of lattice spacing Δx and time step Δt. The 164 

directions of the velocity sets in D2Q9 model are depicted in Fig. 2. 165 

 166 

Fig. 2. Schematic of D2Q9 velocity sets. The square denoted by solid lines has an edge length 2Δx. 167 

The barycentric velocity [31] of the fluid mixture is: 168 

 
SC

b
1 , .

2i i
i

t
f σ σ

σ
σ σ

ρ ρ
ρ

 ∆
= + = 

 
∑ ∑ ∑F

u e  (12) 169 

This velocity is force-corrected to achieve second-order time accuracy. The equilibrium velocities 170 

of all components eq
σu  in Eq. (11) are equal to ub [19]. SC

σF  is the total force acting on the σth 171 

component and SC SC SC
c, ads,=σ σ σ+F F F . Additionally, ( ),iF tσ x  in Eq. (9) is the forcing term defined by the 172 

SC force and the barycentric velocity [31]: 173 

 ( )2
b SC

,2 4
s s

i i si
i i

e e c ue
F F

c c
α β αβ βσ α

σ α

δ
ω
 −
 = +
 
 

， (13) 174 

where α and β represent Cartesian coordinates, and δαβ is the Kronecker delta.   175 

2.2. Conversion between lattice units and physical units 176 

Before conducting LBM simulations, the conversion between lattice units and physical units 177 

should be defined [32]. The lattice units of the basic parameters are denoted including length as 178 

l.u, mass as l.u, and time as t.s. The unit conversions are shown in Table. 1. The densities and the 179 
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kinematic viscosities of water and alkanes for different temperatures [33] are shown in Fig. 3, and 180 

can be converted into lattice units using the conversions in Table 1. In this study, the conversions 181 

of length and mass between the lattice and physical units are defined as 1 l.u = 3.33 × 10−2 μm, 1 182 

m.u =3.70 × 10−17 g, respectively. Thus, the conversion of mass density is 1 m.u/(l.u)3 = 1 g/cm3. 183 

The time conversion is defined as 1 t.s = 1.85 × 10−10 s leading to the kinematic viscosity 184 

conversion as 1 (l.u)2/t.s = 6 × 10−6 m2/s. Then the values of mass density and kinematic viscosity 185 

in lattice unit can be obtained. For example, at 20°C, the density of water is about 0.998 g/cm3, 186 

and the kinematic viscosity of water is 1.0 × 10−6 m2/s. The corresponding values in lattice units 187 

are 0.998 m.u/(l.u)3 and 0.1667 (l.u)2/t.s, respectively. The mass density of silicon dioxide is 2.65 188 

g/cm3 [34], corresponding to 2.65 m.u/l.u3 in lattice units. In addition, the lattice spacing Δx is set 189 

to 1 l.u, and the time step Δt is set to 1 t.s. Substituting the kinematic viscosity 0.1667 l.u2/t.s into 190 

Eq. (10), the relaxation time of water is obtained as 1 t.s.  191 

Table 1. Conversions between lattice units and physical units of physical parameters. 192 

Parameters Lattice units Physical units 

Length 1 l.u 3.33 × 10−2 μm 

Mass 1 m.u 3.70 × 10−17 g 

Mass density 1 m.u/(l.u)3 1 g/cm3 

Time 1 t.s 1.85 × 10−10 s 

Kinematic viscosity 1 (l.u)2/t.s 6 × 10−6 m2/s 

Pressure 1 m.u/l.u/(t.s)2 32.46 MPa 

Interfacial tension 1 m.u/(t.s)2 1080 mN/m 

  193 
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   194 

(a)     (b) 195 

Fig. 3. Densities and kinematic viscosities of water and alkanes for different temperatures [33]: (a) densities; (b) 196 

kinematic viscosities.  197 

Given the basic dimensions of mass M, length L, and time T−1, the dimensions of cohesion force 198 

SC
c,σF  can be determined through a dimensional analysis of Eq. (12). Since the dimension of the 199 

barycentric velocity ub is LT−1, the dimension of the term SC
c, tσ ρ∆F is also LT−1 and thus SC

c,σF  has 200 

the dimension of ML−2T−2 (Δt (T) and ρ (ML−3 )). Further, the dimensions of ψσ, and ei, are ML−3, 201 

and LT−1, respectively. s(x + ei Δt) has no dimension. Hence, the dimensions of Gc are M−1L3T−2 202 

through a dimensional analysis of Eq. (1). A similar procedure can be applied to obtain the 203 

dimensions of Gads, which are also M−1L3T−2 based on a dimensional analysis of Eq. (3). The units 204 

of Gc and Gads in the lattice units are each denoted by l.g for simplicity; that is, 1 l.g = 1 l.u3/m.u/t.s2. 205 

2.3. Method of determining the cohesion parameters  206 

As mentioned in the Introduction, the cohesion parameter Gc determines the interfacial tension 207 

between fluids, and thus Gc can be obtained by matching the simulated interfacial tension with the 208 

experimental result. A simple way to measure the interfacial tension using LBM is by conducting 209 

the Laplace test [35], which is usually achieved by simulating a droplet of fluid 2 with radius R 210 
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surrounded by fluid 1 as shown in Fig. 4. The pressures of fluid 1 and fluid 2 are denoted by p1 211 

and p2, respectively. The pressure difference p2 – p1, interfacial tension γ12, and the droplet radius 212 

satisfy: 213 

 12
2 1 .p p

R
γ

− =  (14) 214 

 215 

Fig. 4. Schematic of Laplace test of fluids 1 and 2. 216 

The pressures of fluid 1 and fluid 2 can be calculated from the equation of state for the MCMP SC 217 

model in the continuum limit as [19]:  218 

 
2 2

2 s
s c

,

.
2

c t
p c Gσ σ σ

σ σ σ

ρ ψ ψ
∆

= +∑ ∑  (15) 219 

The Laplace tests were conducted in a rectangular area consisting of 100×100 lattices. Each node 220 

in the computational domain is occupied by both water and oil (alkanes), though one is dominant 221 

in different domains. For the domain occupied by fluid 1 in Fig. 4, the density of water is set to 222 

the bulk water density while the density of oil is set to one thousandth of the bulk oil density for 223 

the corresponding temperature; on the contrary, for the domain occupied by fluid 2 in Fig. 4, the 224 

density of water is set to one thousandth of the bulk water density, and the density of oil is set to 225 

the bulk oil density. The minor components can be thought of as dissolved within the dominant 226 

component [1]. The reference densities ρσ0 of oil and water in Eq. (2) are set to the bulk densities 227 

of oil and water, respectively. 228 
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The equilibrium state of the test was considered to be achieved when the following criterion was 229 

satisfied [22]: 230 

 
( ) ( )

( )

2
b b 6

2
b

, , 50
10 .

,

t t

t
−

∑ − −   <
∑

x

x

u x u x

u x
  (16) 231 

The false position method [36] is used to obtain the desired value of the cohesion parameter Gc, 232 

and the process is shown in Fig. 5. Two initial values of the cohesion parameter Gc1 and Gc2 are 233 

chosen to initialize the simulation (Gc1 = 6.5 l.g, Gc2 = 8.0 l.g in this work for all Laplace tests), 234 

and two corresponding simulated interfacial tensions γ1 and γ2 are obtained, respectively. Based 235 

on the assumption of the linear relationship between the interfacial tension and the cohesion 236 

parameter, the point (G*, γ*) — where γ* is the experimental value of the interfacial tension and 237 

G* is the corresponding cohesion parameter — is on the line defined by the points (Gc1, γ1) and 238 

(Gc2, γ2) as shown in Fig. 5 (a). Therefore, G* can be obtained by linear interpolation as: 239 

 ( )2c 1c
1 1

2 1

* *
G G

G Gγ γ
γ γ

−
= − +

−
 (17) 240 

Conducting the Laplace test using G*, three kinds of cases may be obtained as shown in Fig. 5 (b): 241 

Case 1 ─ γ (G*) is larger than γ*, indicating that G* is larger than the desired value, therefore set 242 

the value Gc2 as G* and γ2 as γ* (Fig. 5 (b)-(1)); Case 2 ─ γ (G*) is equal to γ*, indicating that G* 243 

is the desired value, and output G* (Fig. 5 (b)-(2)); Case 3 ─ γ (G*) is smaller than γ* indicating 244 

that G* is smaller than the desired value, therefore set the value Gc1 as G* and γ1 as γ* (Fig. 5 (b)-245 

(3)). After updating the parameters in Case 1 and Case 3, another Laplace test is conducted, and 246 

the iterative process continues until the desired cohesion parameter is obtained. 247 
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 248 

Fig. 5. Schematic of the determination of the cohesion parameter Gc using the false position method: (a) determination 249 

of G* after the initial Laplace test; (b) determination of G* during the iteration.   250 

2.4. Method of determining the adhesion parameters  251 

The wetting tests of the alkanes on the silicon oxide surface in the water environment were 252 

conducted to obtain the adhesion parameter Gads by matching simulated contact angles with 253 

experimental results. The wetting tests were performed in a 100 × 100 lattice system with a silicon 254 

dioxide surface at the bottom of the domain as depicted in Fig. 1. The oil droplet was placed in the 255 

vicinity and in the middle of the surface. The equilibrium state was achieved when the criterion of 256 

Eq. (16) was satisfied. Contact angles can be calculated from measurement of the radius R and the 257 

height of the center of the oil droplet H in Fig. 1 as follows: 258 

 ( )1 1cos cos 180 .H
R

θ θ= − − = −   (18) 259 

The procedure for determining the adhesion parameter Gads is shown in Fig. 6, which is similar to 260 

the procedure for the Gc determination. Gads,A and Gads,B are the two initial values of Gads used in 261 
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the initial wetting test (Gads,A = 0.3, Gads,B =0.5 for all wetting tests in this work). θe is the 262 

experimental result of the contact angle and Ge is the corresponding adhesion parameter.  263 

  264 

Fig. 6. Schematic of the determination of the adhesion parameter Gads using the false position method: (a) 265 

determination of Ge after the initial wetting test; (b) determination of Ge during the iteration. 266 

3. Results and discussion 267 

3.1. Determination of the cohesion parameter between water and alkanes 268 

The details and the results of the determination of Gc using the Laplace tests are presented in this 269 

section. The experimental results of interfacial tensions between water and alkanes at different 270 

temperatures are taken from Reference [37] and are given in Table 2. 271 

Fig. 7 shows the simulated equilibrium state of the n-dodecane/water system of the Laplace test. 272 

Fig. 7 (a) presents the oil density field, and the oil bubble is surrounded by water. Fig. 7 (b) shows 273 

the interface area between oil and water, and the black and white arrows show the cohesion forces 274 

exerted on oil and water, respectively, affecting the separation of the two components. It can be 275 

seen that the simulated oil/water interface is several lattice units thick, so it is difficult to define a 276 
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precise location of the interface. Here we followed the common practice and chose a cutoff density 277 

value as ρcut = 0.5 ρoil as depicted by the blue dashed line, where ρoil is the oil density [1]. The 278 

radius of the interface is the radius of the bubble R defined in Fig. 4 and the details of the R 279 

determination are presented in the Appendix. The yellow and white dashed lines represent the 280 

interface where ρcut = 0.9 ρoil and 0.1 ρoil, respectively, and the effect of the location of the interface 281 

on the value of the cohesion parameter will be discussed below. 282 

Table 2. Interfacial tension experimental values at different temperatures [37]. 283 

Temperature (°C) 

Interfacial tension (mN·m −1) 

n-Hexane + 

water 

n-Heptane + 

water 

n-Octane + 

water 

n-Decane + 

water 

n-Dodecane 

+water 

15 51.11 51.59 52.01 52.67 53.20 

20 50.80 51.24 51.64 52.33 52.87 

25 50.38 50.71 51.16 51.98 52.55 

30 49.96 50.30 50.74 51.51 52.14 

35 49.44 49.89 50.22 51.06 51.62 

40 48.92 49.38 49.84 50.53 51.24 

45 48.52 49.00 49.45 50.13 50.83 

50 48.13 48.55 48.95 49.78 50.43 

 284 
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 285 

Fig. 7. Laplace test of interfacial tension between dodecane (bubble) and water (environment): (a) equilibrium state; 286 

(b) interface between oil and water.  287 

The pressures of the oil bubble and water are calculated using Eq. (15), and thereby the pressure 288 

difference between the oil bubble and water poil – pwater is known, where poil and pwater are the 289 

pressures of oil and water, respectively. Fig. 8 shows the relation between poil – pwater and 1/R 290 

obtained from the Laplace tests of the n-dodecane/water system at 20°C when the experimentally 291 

measured interfacial tension is 52.87 mN/m. The graphical results show that the pressure 292 

difference poil – pwater is proportional to the reciprocal of the droplet radius 1/R for all Gc values, 293 

as expected by the Laplace law. According to Eq. (14), the slope of the fitted line represents the 294 

interfacial tension between oil and water, which increases with Gc parametrically increasing as 295 

shown in Fig. 8. The simulated interfacial tensions of the three cases in Fig. 8 are 0.0749, 0.0477, 296 

and 0.0373 m.u/t.s2, corresponding to 80.89, 51.52, and 40.28 mN/m, respectively. Continuing the 297 

iteration process shown in Fig. 5 (b), the desired value of Gc 6.91 is obtained corresponding to the 298 

experimental interfacial tension 52.87 mN/m. Krüger et al. [19] has suggested that Gc > 6.0 can 299 

ensure the oil water separation and that suggestion is verified in this study. However, it can also 300 

be seen that the interfacial tension changes greatly from 40.28 to 80.89 mN/m when Gc increases 301 

from 6.5 to 8.0 l.g, meaning that a small change of Gc leads to a large change of the interfacial 302 
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tension, in which thereby give rise to different multiphase multicomponent flow phenomena. This 303 

indicates that the cohesion parameter should be carefully determined and thus highlights the 304 

importance of this study.  305 

 306 

Fig. 8. Simulation results of the Laplace tests of the n-dodecane/water system at 20°C. 307 

The effect of the radius determination criteria on the value of the cohesion parameter is worth 308 

discussion. The location of the interface is controlled by the value of the cutoff density as depicted 309 

by the dashed lines in Fig. 7 (b). We calculated the cohesion parameters of different interface 310 

locations for different lattice grids, and the results of the n-dodecane/water system at 20℃ are 311 

shown in Fig. 9. Different grid resolutions account for different unit conversions between the 312 

lattice units and the physical units, and thus the interfacial tension 52.87 mN/m corresponds to the 313 

value in the lattice units as 0.0979 (50 × 50 lattices), 0.0490 (100 × 100 lattices), and 0.0326 (150 314 

× 150 lattices) m.u/t.s2, respectively. This explains the cohesion parameter increasing with the 315 

lattice resolution decreasing since a higher value of the interfacial tension requires a higher Gc. 316 

The effect of the interface location on the value of the cohesion parameter depends on the lattice 317 

resolution. Defining ΔGc as the change of the cohesion parameter, the cohesion parameter varies 318 

from 6.19 to 6.35 l.g (ΔGc = 0.16 l.g) for 150 × 150 lattices, from 6.72 to 7.06 l.g (ΔGc = 0.34 l.g ) 319 

for 100 × 100 lattices, and from 8.54 to 9.27 l.g (ΔGc = 0.73 l.g) for 50 × 50 lattices when ρcut 320 
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increases from 0.1 ρoil to 0.9 ρoil as shown in Fig. 9. Hence, the effect of the interface location on 321 

the cohesion parameter increases with the lattice resolution decreasing. This can be explained by 322 

comparing the simulation results in the 150 × 150 and 50 ×50 lattice systems as shown in Fig. 10. 323 

It can be seen that the thickness of the interfacial area between oil and water of the 50 × 50 lattice 324 

system is larger due to the lower resolution of the lattice, and changing the cutoff density leads to 325 

a greater change of the radius of the interface, thereby accounting for a larger variation of Gc. This 326 

means that increasing the number of the lattices can effectively reduce the dependence on the 327 

lattice of the cutoff density, and the value of Gc should therefore be unique at very high lattice 328 

resolution. Hence, the Laplace tests matching the experimental interfacial tensions for the specific 329 

grid resolution are needed before further simulation. Considering the trade-off between accuracy 330 

and computational time, the Laplace tests in literature studies are usually conducted in the 100 × 331 

100 lattice system [1, 24, 25, 38], and the variation of Gc with the interface location is relatively 332 

small as shown in Fig. 9. Hence, in the following section of this study, all of the simulations are 333 

conducted in the 100 × 100 lattice system with the cutoff density ρcut = 0.5 ρoil. 334 

 335 

Fig. 9. Variation of cohesion parameter with the location of the interface for different lattice systems. 336 
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 337 

Fig. 10. Simulation results of the Laplace tests of the dodecane/water system at 20°C with different lattice grids: (a) 338 

150 × 150 grids; (b) 50 × 50 grids. 339 

By repeating the procedure presented above, the interfacial tensions of all other water/alkane 340 

systems can be obtained, and the simulated interfacial tensions match the experimental results well 341 

as shown in Fig. 11 (a). The interfacial tension between alkane and water decreases with 342 

temperature increasing as a result of higher solubility of alkanes in water at higher temperature 343 

[39]. Also, the solubility of alkanes in water decreases with increasing carbon number, leading to 344 

an increase of the interfacial tension between water and alkanes. As mentioned before, the cohesion 345 

force between oil and water determines the separation of the two components, and the larger 346 

cohesion force accounts for the larger interfacial tension. This can be verified by Fig. 11 (b), which 347 

shows the positive linear variation of the interfacial tension with respect to the cohesion force of 348 

each alkane/water system. 349 
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  350 

(a)      (b) 351 

Fig. 11. Experimental and simulation results of interfacial tension between water and alkanes, and the corresponding 352 

cohesion forces and cohesion parameters: (a) comparison between experimental and simulated interfacial tensions; (b) 353 

variation of interfacial tension with respect to cohesion force.  354 

The obtained cohesion parameters Gc of different alkane-water pairs for different temperatures by 355 

matching the experimental results are shown in Fig. 12 (a), where the values of Gc increase with 356 

temperature increasing. This variation trend is opposite to the variations of interfacial tension, 357 

which decrease with temperature increasing (Fig. 11 (a)). In other words, the interfacial tension 358 

has a negative relation with respect to Gc as shown in Fig. 12 (b), where the interfacial tension 359 

decreases with Gc increasing. As described in the Introduction section, the physical meaning of Gc 360 

is that it is a parameter controlling the interaction force between fluids resulting in the phenomenon 361 

of interfacial tension. Based on Eq. (1), for two specific fluid components with certain densities, 362 

larger values of Gc lead to larger interaction forces, which accounts for the positive relation of the 363 

interfacial tension with respect to Gc. However, when densities of fluids also vary with temperature 364 

(Fig. 3 (a)), the relation between Gc and the interfacial tension is uncertain since both a decrease 365 

in density and a decrease in Gc can lead to a decrease of the interfacial tension. In Fig. 12 (b), the 366 

negative relation of the interfacial tension with respect to Gc illustrates that the decrease of the 367 
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interfacial tension with temperature increasing is attributed to the decrease of densities of water 368 

and alkanes. At higher temperatures, larger values of Gc are needed to maintain the alkane/water 369 

interface and thereby to achieve the actual interfacial tensions. 370 

  371 

(a)      (b) 372 

Fig. 12. Relations of cohesion parameter Gc with temperature and interfacial tension: (a) variation of Gc 373 

with respect to temperature; (b) variation of interfacial tension with respect to Gc. 374 

3.2. Determination of the adhesion parameter between water/alkane and the silicon 375 
dioxide surface 376 

In this section, we conducted wetting tests of different water/alkane systems, the cohesion 377 

parameters of which are obtained above in Section 3.1, on the silicon dioxide surface. The adhesion 378 

parameters between water/alkane and silicon dioxide are determined by matching the simulated 379 

contact angles with the experimental results presented by Reference [40], where the contact angles 380 

of droplets (θ1 in Fig. 1) of n-hexane, n-heptane, n-octane, n-decane, and n-dodecane at 25°C are 381 

measured as 138.6°, 134.8°, 131.1°, 127.5°, and 123.1°, respectively. We determined Gads by 382 

conducting simulations following the procedure shown in Fig. 6. To simplify the simulation 383 

process, we followed the previously noted common assumption that Gads,1 = −Gads,2 = −Gads. Fig. 384 

13 depicts the equilibrium structure of an n-dodecane droplet in water on the silicon dioxide 385 



 

23 
 

surface, and the black dashed line depicts the oil/water interface. Substituting the measured values 386 

of R (determination method is shown in the Appendix) and H into Eq. (18), the contact angle of 387 

the oil droplet can be obtained. The simulated contact angles and the corresponding values of Gads 388 

are listed in Table. 3. The simulation results agree well with the experimental results, which 389 

ensures the accuracy of the obtained Gads.  390 

 391 

Fig. 13. Simulation of an n-dodecane droplet in water on a silicon dioxide surface. 392 

Table 3. Simulated contact angles and adhesion parameters Gads for different alkane/water systems.  393 

Alkanes 
Contact angles of 

experimental results 
(degrees) 

Contact angles of 
simulation results 

(degrees) 

Adhesion 
parameters Gads 

(l.g) 
Simulation steps 

n-hexane 138.6 138.9 0.41 264800 

n-heptane 134.8 135.0 0.39 217450 

n-octane 131.1 130.2 0.36 179750 

n-decane 127.5 127.7 0.33 122450 

n-dodecane 123.1 123.2 0.31 85850 

 394 

The method of determining the adhesion parameters depicted in Fig. 6 is the ordinary method 395 

based on Eq. (4), but the iteration process can take a significant computational time as indicated 396 

by the number of simulation steps in Table 3, where the minimum number of simulation steps is 397 

85850. Therefore, an accurate equation of the adhesion parameter prediction is needed. We first 398 
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examined the accuracy of Eq. (6) by calculating the contact angles using Eq. (6) by substituting 399 

the cohesion and adhesion parameters obtained in the above sections. The results of that 400 

examination, shown in Fig. 14, reveal that significant errors arise, as can be seen by comparing the 401 

experimental results (black circles) with the contact angles predicted by Eq. (6) (blue triangles). 402 

This inaccuracy may be attributed to the inappropriate assumption of the direct positive linear 403 

relationship between the interfacial tension and the cohesion parameter as mentioned in the 404 

Introduction section.  405 

 406 

Fig. 14. Contact angles of alkanes on a silicon dioxide surface in water at 25°C obtained by Eq. , Eq. (6), Eq. (28), 407 

and the experimental results. 408 

Based on the analysis in Section 3.1, the interfacial tension is not positively related to the cohesion 409 

parameter, and the effect of the fluid density on the interfacial tension should be considered. Hence, 410 

a more reasonable assumption can be put forward that the interfacial tension between fluids is 411 

linearly and positively related to the cohesion force SC
c,12F as depicted by the fitted line in Fig. 11 (b), 412 

and the relation can be written as: 413 

 SC
c,12 1,2 ,F αγ=  (19) 414 
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where α is the ratio between the cohesion force and the interfacial tension. It can be seen from the 415 

slope of the fitted line in Fig. 11 (b) that the value of α is equal to approximately two. The physical 416 

interpretation of the value “two” is unclear and worth further investigation.  417 

Similarly, the relationship between the adhesion force and the interfacial tension between fluid 418 

and solid can be written as: 419 

 SC
ads, ,s , 1, 2,F σ σ σβ γ σ= =  (20) 420 

where βσ is the ratio between the adhesion force and the interfacial tension between the σth 421 

component and the solid. Since it is difficult to obtain the interfacial tension between fluid and 422 

solid, we assume that the value of the interfacial tension is equal to the value of the adhesion force; 423 

that is, we assume that βσ is equal to one. 424 

Substituting Eqs. (19) and (20) into Eq. (4), we obtain: 425 

 
SC SC

ads,2 ads,1
1 SC

c,12

cos .
2

F F
F

θ
−

=  (21) 426 

We first analyze the cohesion force between the two fluids. Fig. 15 shows the schematic of part of 427 

the interface area between fluid 1 and fluid 2, which is divided into several lattices. Here, the 428 

cohesion force exerted on fluid 2 in lattice A denoted by SC
c,2F  is studied. According to Eq. (1), the 429 

cohesion force exerted on fluid 2 in lattice A arises from the fluid in its adjacent lattices; that is, 430 

lattices a, b, and c, corresponding to SC,aA
c,2F , SC,bA

c,2F  and SC,cA
c,2F , respectively. Hence, SC

c,2F can be 431 

written as: 432 

 SC SC,aA SC,bA SC,cA
c,2 c,2 c,2 c,2= + +F F F F  (22) 433 

Based on Eq. (1), we obtain the components in the x and y directions of SC
c,2F  as: 434 

 ( )SC
c ,2 c 1 2 2 2 5 5 6 6 0,x x x xF G e e eψ ψ ω ω ω= × + + =  (23) 435 



 

26 
 

 ( )SC
c ,2 1 2 2 2 5 5 6 6 c 1 2 6,y y y yF e e e Gψ ψ ω ω ω ψ ψ= × + + =  (24) 436 

respectively, where the values of i of ωi and ei are determined based on the velocity set directions 437 

depicted in Fig. 2. The cohesion force exerted on fluid 2 also represents the cohesion force between 438 

fluid 1 and fluid 2; that is, SC SC
c,12 c,2=F F , and the value of SC

c,12F  is: 439 

 SC
c,12 c 1 2 6.F Gψ ψ=  (25) 440 

 441 

Fig. 15. Contact angles of alkanes on a silicon dioxide surface in water at 25°C obtained by Eq. (6), Eq. (28), and the 442 

experimental results. 443 

A similar analysis can be conducted on the adhesion force between fluid 1 (fluid 2) and the solid, 444 

which can be written as: 445 

 SC SC
ads,1 ads,1 1 s ads,2 ads,2 1 s6 , 6.F G F Gψ ψ ψ ψ= =  (26) 446 

Setting the reference densities ρσ0 = ρσ (σ = 1, 2, s) in Eq. (2), and substituting Eqs. (25) and (26) 447 

into Eq. (21), we obtain: 448 

 ads,2 s 2 ads,1 s 1
1

1 2
c

cos .

2

G G

G

ρ ρ ρ ρ
θ

ρ ρ
−

=  (27) 449 

Further, based on the assumption that Gads,1 = −Gads,2 = −Gads, Eq. (27) simplifies to: 450 

 ( )ads s 1 2
1

1 2
c

cos .

2

G

G

ρ ρ ρ
θ

ρ ρ
+

=  (28) 451 
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Eq. (28) is the proposed equation of the adhesion parameter prediction. To examine the accuracy 452 

of the equation, we calculated the contact angles by substituting the adhesion parameters listed in 453 

Table 3, the densities of alkanes and water shown in Fig. 3 (a), and the density of the silicon dioxide 454 

2.65 m.u/(l.u)3 into Eq. (28). The results are depicted by the red stars in Fig. 14, which agree well 455 

with the experimental results. 456 

The contact angles predicted by Huang’s approach (Eq. (7)) are also shown in Fig. 14 depicted by 457 

black crosses. It can be seen that the results also match well with the experimental results. This 458 

means that both Eqs. (7) and (28) are accurate at describing the relations between contact angle, 459 

cohesion and adhesion parameters, and the densities of fluids and solids. However, Eq. (28) has 460 

more advantages over Eq. (7) from two aspects. First, Eq. (28) is derived based on Young’s 461 

equation and the relationship between the cohesion/adhesion force and the interfacial tension, and 462 

has specific physical meaning. In contrast, the physical meaning of density factor in Eq. (7) is 463 

unclear. Second, as shown in Eq. (7), the main density of fluid 1 ρ1,main and the dissolved density 464 

of fluid 2 ρ2,dis are required for the prediction of the adhesion parameter Gads. This means that a 465 

Laplace test is needed to obtain ρ1,main and ρ2,dis. For Eq. (28), only the initial densities of water 466 

and oil, which are known values, are required. Therefore, it is more convenient to use Eq. (28) to 467 

predict the adhesion parameter Gads. 468 

To further investigate the applicability of Eq. (28), we simulated the contact angle of an octane 469 

droplet on various kinds of surfaces in water, and the relative parameters are listed in Table 4 taken 470 

from the Reference [41, 42]. C-AKD-1, C-AKD-2, and C-AKD-3 are the three kinds of cellulose 471 

grafted with an alkyl ketene dimer having 21.3%, 28.0%, and 34.7% hydroxyl groups substituted, 472 

respectively, leading to different wettabilities. The density of cellulose is about 1.5 g/cm3 [43]. In 473 

the simulations, the densities of unmodified cellulose and grafted cellulose are set to 1.5 m.u/l.u3, 474 



 

28 
 

and the densities and the viscosities of n-octane and water are set to the values at 25°C shown in 475 

Fig. 3 (a) and Fig. (b), respectively. The adhesion parameters of each case were obtained by Eq. 476 

(28), and the results are listed in Table 4.  477 

Conducting the wetting tests using the obtained adhesion parameters, the simulated contact angles 478 

and corresponding equilibrium structures are shown in Fig. 16. It can be seen that the predicted 479 

cohesion parameters lead to contact angles with small deviations less than 5° compared with the 480 

experimental results. Therefore, in the simulation of multicomponent multiphase flow, Eq. (28) 481 

can be directly used to set the value of the adhesion parameter without conducting the wetting tests 482 

and thus saves significant computational time. In addition, when more accurate simulated contact 483 

angles are needed, Eq. (28) can be used to set the initial values of Gads in the iteration process 484 

shown in Fig. 6, which helps to reduce the iterative steps before finding the desired values of Gads. 485 

Table 4. n-Octane contact angles in water on different surfaces 486 

Surface materials 
Contact angles of 

experimental results 
(degrees) 

Adhesion parameters 
Gads of Eq. (28)  

Cellulose 136 0.69 

Cellulose Acetate 97 0.12 

C-AKD-1 105 0.25 

C-AKD-2 61 −0.47 

C-AKD-3 39 −0.75 
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 487 

Fig. 16. Comparison of simulated and experimental results of contact angles of an n-octane droplet in water on 488 

different surfaces. The simulated equilibrium structure of each case is depicted by the density of n-octane adjacent to 489 

data points. 490 

3.3. Effect of the cohesion and adhesion parameters on dynamic contact angles 491 

In this part, the effect of cohesion and adhesion parameters on the advancing and receding angles 492 

of the oil slug in a capillary tube is analyzed. The initial simulation condition is shown in Fig. 17. 493 

L and d denote the length and the diameter of the capillary tube, respectively. An oil slug is placed 494 

in the middle of the tube surrounded by water. The oil component is n-dodecane. The white arrow 495 

denotes the flow direction. A constant pressure gradient 10−6 m.u/(l.u)2/(t.s)2 is added in the flow 496 

direction.  497 

 498 

Fig. 17. Initial shape of oil slug in a capillary tube. 499 

Fig. 18 shows the development of advancing and receding contact angles with time for different 500 

cohesion parameters and the corresponding shapes of the oil slug. At the initial state, the receding 501 

contact angle is equal to the advancing contact angle (Fig. 17). When the oil slug is forced to move 502 
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under the pressure gradient, the shapes of the front and rear oil/water menisci change as depicted 503 

by the snapshots (Fig. 18 (a)), where the convex rear end of the slug becomes less curved and the 504 

convex front becomes more curved and moves ahead. Consequently, the advancing angles increase, 505 

and the receding angle decrease with time as depicted in Fig. 18 (b), which shows the change of 506 

advancing angle and receding angle of cases with three different cohesion parameters. It can be 507 

seen that the contact angle hysteresis, which is the difference between the advancing and receding 508 

contact angles [44], decreases with the cohesion parameter increasing since the hysteresis is 42.79° 509 

for Gc = 6.50 l.g, 32.32° for Gc = 6.91 l.g, and 24.41° for Gc = 7.50 l.g. This is because a large 510 

value of cohesion parameter suggests a high interfacial tension and thus accounts for more stability 511 

of the oil/water menisci, which leads to a small variation in the advancing and receding contact 512 

angles during the oil slug initialization displacement.  513 

 514 

Fig. 18. Change of  the advancing and receding contact angles with time for three cohesion parameters: (a) oil slug 515 

shapes at time 10,000 t.s: (a-1) Gc = 6.50 l.g; (a-2) Gc = 6.91 l.g; (a-3) Gc = 7.50 l.g; (b) variation of advancing and 516 

receding contact angles with time. 517 

Fig. 19 shows the variation of advancing and receding contact angles with time for different 518 

adhesion parameters and the corresponding oil slug shapes. As mentioned in the Introduction 519 

section, the adhesion parameter Gads controls the contact angle of the oil and water on the surface. 520 
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A higher value of Gads leads to smaller advancing and receding contact angles as shown by the 521 

snapshots of Fig. 19 (a). Similar to the analysis of Fig. 18, the advancing contact angles increase 522 

with time, and the receding contact angles decrease during the oil slug deformation process (Fig. 523 

19 (b)). The contact angle hysteresis at equilibrium state of the three cases (10,000 t.s) are 31° 524 

(Gads = 0.25 l.g), 33° (Gads = 0.31 l.g), and 42° (Gads = 0.35 l.g), respectively, meaning larger value 525 

of Gads results in greater contact angle hysteresis. This suggests that the wetting phase, with higher 526 

wettability on the solid wall, exhibits more contact angle hysteresis, which is consistent with the 527 

results reported by reference [45].  528 

 529 
Fig. 19. Variation of  the advancing and receding contact angles with time for different adhesion parameters and 530 

corresponding oil slug shapes: (a) structures at time 10,000 t.s: (a-1) Gads = 0.25 l.g; (a-2) Gads = 0.31 l.g; (a-3) Gads = 531 

0.35 l.g; (b) variation of advancing and receding contact angles with time. 532 

 533 

4. Conclusions 534 

In this paper, two main problems of applying the SC LBM model in the multiphase 535 

multicomponent flow simulation are discussed: first, how to determine the cohesion and adhesion 536 

parameters from a physical point of view; and second, how to improve the accuracy of the equation 537 
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of the adhesion parameter prediction with specific physical meaning. The following conclusions 538 

have been drawn from the study: 539 

1) A systematic method of determining the cohesion parameter Gc and adhesion parameter Gads of 540 

the SC model is proposed. Using this method, the cohesion parameters of different water/alkane 541 

systems at various temperatures are obtained by matching the interfacial tensions, and the adhesion 542 

parameters of water/alkanes/silicon dioxide are obtained by matching the contact angles. These 543 

obtained cohesion and adhesion parameters have specific physical meaning and are unique values 544 

independent of the boundary location of the interface. This method can be applied to the 545 

determination of the cohesion and adhesion parameters of other MCMP systems.  546 

2) An improved equation of the adhesion parameter prediction is proposed based on the linear 547 

relationship between the cohesion/adhesion force and the interfacial tension. The accuracy of the 548 

equation is assessed by comparing the simulated contact angles with the experimental results, in 549 

which the deviation is found to be less than 5°. The equation can be directly used to set the value 550 

of the adhesion parameter without conducting the wetting tests or setting the initial values of the 551 

iterative process of Gads determination, thereby significantly helping to reduce the computational 552 

time. 553 

3) Both the cohesion and adhesion parameters affect the advancing and receding angles of the oil 554 

slug in a capillary tube in initialization displacement process. A larger value of cohesion parameter 555 

indicates a high interfacial tension and thus accounts for more stability of the oil/water interface, 556 

which leads to less contact angle hysteresis. A large value of adhesion parameter suggests high 557 

wettability of wetting phase on the solid wall, and accounts for more contact angle hysteresis. 558 

 559 



 

33 
 

Acknowledgements 560 

This study is financially supported by the Natural Science Foundation of China [grant number 561 

51774310], and the Fundamental Research Funds for the Central Universities [grant number 562 

20CX06016A]. J. Ma. thanks support from a UK Natural Environment Research Council [grant 563 

number NE/R018022/1] and Natural Science Foundation of Guangdong Province, China [grant 564 

number 2018KZDXM072]. 565 

Nomenclature 566 

Symbols 567 

c Lattice speed, l.u/t.s 568 

cs Sound speed, l.u/t.s 569 

d Diameter of the capillary tube, l.u 570 

ei Discrete velocity in the ith direction, l.u/t.s 571 

if
σ  Lattice particle distribution function of component σ in the ith velocity direction, m.u/(l.u)3 572 

,eq
if
σ  Lattice equilibrium particle distribution function of component σ in the ith velocity 573 

direction, m.u/l.u3 574 

SC
ads,σF  Adhesion force acting on the component σ of the solid, m.u/(l.u)2/(t.s)2 575 

SC
c,σF  Cohesion force acting on the component σ of other components, m.u/(l.u)2/(t.s)2 576 

SC
σF  Total force acting on the component σ, m.u/(l.u)2/(t.s)2 577 

Gads Adhesion parameter, (l.u)3/m.u/(t.s)2 578 

Gads,1 Adhesion parameter of fluid 1 and the surface, (l.u)3/m.u/(t.s)2 579 
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Gads,2 Adhesion parameter of fluid 2 and the surface, (l.u)3/m.u/(t.s)2 580 

Gads,i Initial value of the adhesion parameter (i = A, B), (l.u)3/m.u/(t.s)2 581 

Gc Cohesion parameter, (l.u)3/m.u/(t.s)2 582 

Ge Adhesion parameter corresponding to the desired contact angle, (l.u)3/m.u/(t.s)2 583 

Gci Initial value of the cohesion parameter (i = 1, 2), (l.u)3/m.u/(t.s)2 584 

G* Cohesion parameter corresponding to the desired interfacial tension, (l.u)3/m.u/(t.s)2
 585 

ΔGc Change of the cohesion parameter with the variation of the interface location, 586 

(l.u)3/m.u/(t.s)2 587 

H Height of the center of the oil droplet, l.u 588 

L Length of the capillary tube, l.u 589 

p1 Pressure in fluid 1, m.u/l.u/(t.s)2 590 

p2 Pressure in fluid 2, m.u/l.u/t.s2 591 

poil Pressure of oil, m.u/l.u/t.s2 592 

pwater Pressure of water, m.u/l.u/t.s2 593 

R Radius of the droplet, l.u 594 

s Indicator function for a solid or a fluid domain node 595 

t Time, t.s 596 

Δt Time step, t.s 597 

ub Barycentric velocity, l.u/t.s 598 
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eq
σu  Equilibrium velocity of component σ, l.u/t.s 599 

x Coordinate in the space, l.u 600 

Δx Lattice spacing, l.u 601 

Greek symbols 602 

δαβ Kronecker delta 603 

γ1,s Interfacial tension between fluid 1 and the solid, m.u/(t.s)2 604 

γ2,s Interfacial tension between fluid 2 and the solid, m.u/(t.s)2 605 

γ1,2 Interfacial tension between fluid 1 and fluid 2, m.u/(t.s)2 606 

γ* Interfacial tension of the experimental result, m.u/(t.s)2 607 

σ Fluid component 608 

τσ Relaxation time of component σ, t.s 609 

ωi Weight function in the ith direction 610 

ψσ Effective mass density of the component σ, m.u/(l.u)3 611 

ρcut Cutoff density, m.u/(l.u)3 612 

ρoil Density of oil, m.u/(l.u)3 613 

ρσ Initial mass density of component σ, m.u/(l.u)3 614 

ρσ,dis Dissolved mass density of component σ, m.u/(l.u)3 615 

ρσ,main Main mass density of component σ, m.u/(l.u)3 616 

ρσ0 Reference mass density of component σ, m.u/(l.u)3 617 
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θ1 Contact angle of fluid 1, degree 618 

θe Contact angle of the experimental result, degree 619 

νσ Kinematic viscosity of component σ, (l.u)2/t.s 620 
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Appendix: Method of determining the radius of the oil/water 621 

interface with a cutoff density 622 

In this section, the method of determining the radius of the oil/water interface with a specific cutoff 623 

density is presented in detail. As shown in Fig. A1, the lattices with the oil density equal to the 624 

cutoff value are marked with crosses. We fit these crosses by a circle using the least squares fitting 625 

method [46].  626 

 627 

Fig. A1. Schematic of the determination of the radius of the oil/water interface. The black crosses denote the places 628 

where the oil density equals the cutoff value. The black line circle is obtained by the circle fitting of the crosses using 629 

the least squares fitting method.  630 

Denoting the coordinate of the center of a circle O as (A, B) and the radius as R, the standard 631 

equation of the circle is: 632 

 ( ) ( )2 2 2 .x A y B R− + − =  (A1) 633 

Let: 634 

 2 2 22 , 2 , .a A b B c A B R= − = − = + −  (A2) 635 

Then, the expanded form of the equation of circle is written as: 636 

 2 2 0.x y ax by c+ + + + =  (A3) 637 
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Denoting the coordinates of the data (lattices marked by crosses in Fig. A1, where the density is 638 

equal to the cutoff density) as (xi, yi), where i =1, 2, ..., N, and N is the number of data points, the 639 

distance between the point (xi, yi) and the center of the circle d is: 640 

 ( ) ( )2 2 .i i id x A y B= − + −  (A4) 641 

Denoting the difference of 2
id  and R2 as σi, we obtain: 642 

 ( ) ( )2 22 2 2 2 2
i i i i i i i id R x A y B R x y ax by cσ = − = − + − − = + + + +  (A5) 643 

Let: 644 

 ( ) ( )22 2 2

1 1
, , .

N N

i i i i i
i i

Q a b c x y ax by cσ
= =

= = + + + +∑ ∑  (A6) 645 

The values of a, b, and c are determined under the condition as to when the function Q attains the 646 

minimum value, and thus the partial derivatives of Q with respect to a, b, and c are equal to zero. 647 

Therefore, we obtain: 648 

 ( )2 2

1
2 0,

N

i i i i i
i

Q x y ax by c x
a =

∂
= + + + + =

∂ ∑  (A7) 649 

 ( )2 2

1
2 0,

N

i i i i i
i

Q x y ax by c y
b =

∂
= + + + + =

∂ ∑   (A8) 650 

 ( )2 2

1
2 0.

N

i i i i
i

Q x y ax by c
c =

∂
= + + + + =

∂ ∑  (A9) 651 

Let: 652 
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 ( )

( )

2
2

1 1

1 1 1

3 2 2 2

1 1 1 1
2

2

1 1

3 2 2 2

1 1 1 1

,

,

,

,

.

N N

i i
i i

N N N

i i i i
i i i
N N N N

i i i i i i
i i i i

N N

i i
i i

N N N N

i i i i i i
i i i i

C N x x

D N x y x y

E N x N x y x y x

G N y y

H N y N x y x y y

= =

= = =

= = = =

= =

= = = =

 
= −  

 

= −

= + − +

 
= −  

 

= + − +

∑ ∑

∑ ∑ ∑

∑ ∑ ∑ ∑

∑ ∑

∑ ∑ ∑ ∑

 (A10) 653 

The solutions of the Eqs. (A7) to (A9) are as follows: 654 

 

( )

2

2

2 2

1 1 1

,

,

.

N N N

i i i i
i i i

HD EGa
CG D
HC EDb
D GC

x y a x b y
c

N
= = =

−
=

−
−

=
−

+ + +
= −
∑ ∑ ∑

 (A11) 655 

Then, the center of the circle (A, B) and radius R can be obtained by substituting Eq. (A11) into 656 

Eq. (A2). The fitted circle is depicted by the black line in Fig. A1.  657 
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