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Abstract: Accurate characterization of surface roughness and understanding its influence on 15 

multiphase flow behavior are important for industrial and environmental applications such as enhanced 16 

oil recovery, CO2 geological sequestration, and remediation of contaminated aquifers. Although some 17 

experimental and simulation studies have been conducted for investigating surface roughness in 18 

regular geometry structures, a more realistic description of roughness and its quantitative influence on 19 

multiphase flow need to be further explored. In this study, an optimized color-gradient lattice 20 

Boltzmann model is applied to simulate the steady-state two-phase flow in two-dimensional porous 21 

media modeled by a fourth-order Sierpinski carpet. The model is validated by comparing with the 22 

analytical solution and literature results, indicating reliability of our method. Then, rough surfaces with 23 

different roughness height and surface fractal dimension are characterized by a modified Weierstrass-24 

Mandelbrot function and these effects on two-phase flow are investigated systematically by our model. 25 

The results show that the surface roughness has a negative effect on single-phase and two-phase fluid 26 

flow, which implies that the absolute and relative permeabilities for both wetting phase and nonwetting 27 

phase decreases with the increase of roughness height or surface fractal dimension. In addition, the 28 

surface roughness has influence on the two-phase distribution, velocity distribution and fluid-29 

fluid/fluid-solid interface area, especially under the neutral wetting condition. Our study provides a 30 

pore-scale insight into the effect of surface roughness on two-phase flow, which is important for a 31 

fundamental understanding on macroscopic multiphase flow behaviors. 32 

Keywords: color-gradient lattice Boltzmann model; roughness height; surface fractal dimension; 33 

permeability; interface area 34 



 

 

1. Introduction 35 

Immiscible two-phase flow in porous media is a common phenomenon in nature and it has an 36 

important application in engineering and industrial fields, such as enhanced oil recovery, CO2 37 

geological sequestration, and remediation of contaminated aquifers (Chen et al., 2013; Dai et al., 2014; 38 

Yu et al., 2015). Relative permeability based on the extension of Darcy's law is one of the most 39 

important multiphase flow properties. Especially in the field of petroleum engineering, accurate 40 

determination of relative permeability functions is a necessary input for reservoir numerical simulation 41 

to reliably predict fluid flow and it plays a significant rule in designing and optimizing oil recovery 42 

processes (Blunt, 2017). 43 

Relative permeability is usually expressed as a function of wetting-fluid saturation, which can be 44 

reliably measured by laboratory experiments and numerical simulations (Honarpour, 2018). Since 45 

Darcy's law is a phenomenological description for the creeping flow in porous media, which means 46 

that the complex dynamics between fluids, and fluid-solid interactions cannot be taken into account in 47 

the simultaneous flow of two immiscible fluids in porous media, the validity of the relative 48 

permeability concept hinges on several fundamental issues (Ahmadlouydarab et al., 2012; Avraam and 49 

Payatakes, 1999; Marle, 1981). When the flow is dominated by capillary forces, this concept is strictly 50 

valid and relative permeability depends mainly on pore structure, wettability and fluid saturation. 51 

However, if the flow dominated by viscous forces, other parameters that determine the relative 52 

permeability curve, such as various fluid properties, pore surface properties and flow conditions, need 53 

to be considered (Dou and Zhou, 2013; Geffen et al., 1951). In view of these factors, the parametric 54 

research on the prediction of relative permeability has been widely carried out. For example, Ghassemi 55 

and Pak (2011) systematically investigated the effects of reservoir wettability, pore shape geometry, 56 

and viscosity ratio of flowing fluids on the relative permeabilities through a two-dimensional (2D) 57 

lattice Boltzmann simulation. Landry et al. (2014) studied the impact of wettability alteration on 58 

relative permeability for both homogenous-wet and mixed-wet porous media using a three-59 

dimensional lattice Boltzmann method (LBM). 60 

Among the factors that affect the behavior of multiphase flow, the surface roughness has attracted 61 

great attention (Ghanbarian et al., 2016). However, due to the difficulty in quantitative control of real 62 

material rough surface, there are great challenges in the experimental and simulation research for 63 



 

 

quantifying the influence of fractal surface roughness on multiphase flow behavior. In experiments, a 64 

2D microfluidic device is widely used to qualitatively study the influence of rough surface on filtration 65 

and displacement mechanism (Geistlinger et al., 2016). In the numerical simulation, the parameterized 66 

regular structures are usually used to simulate the rough surface to quantitatively study the flow 67 

mechanism or the flow resistance caused by the rough surface. However, due to the limitation of 68 

computing resources and mesh generation capability, the geometries used in these simulations are 69 

usually simple, such as a simple 2D channel or a periodic sinusoidal channel (Cheng et al., 2019; Liang 70 

et al., 2019). These ideal rough surface and porous media structure make it far from the real porous 71 

media structure. 72 

With the advance of parallel computations and treatment of complex geometry, the multi-phase 73 

flow models based on LBM have been extensively used to the study the behaviors of immiscible 74 

multiphase flow in porous media (Huang et al., 2015; Liu et al., 2016; Timm et al., 2016; Wang et al., 75 

2019). Four kinds of these models, at present, are commonly used, including the Shan-Chen pseudo 76 

potential model (Shan and Chen, 1993), the color-gradient model (Gunstensen et al., 1991), the free 77 

energy model (Swift et al., 1996) and the mean-field theory model (He et al., 1999). The details of 78 

these models should be referred to the work of Huang et al. (2011) and Yang and Boek (2013). By 79 

using the multicomponent multiphase pseudopotential model, Zhao et al. (2017) systematically 80 

investigated the influence of three dimensionless numbers, including capillary number, viscosity ratio, 81 

and wettability, on the relative permeability curve. Ramstad et al. (2012) conducted simulations 82 

directly on micro-CT images of real sandstone using the color-gradient model. The simulated relative 83 

permeabilities under both unsteady and steady-state conditions are compared with the experimental 84 

results. In the work of Yi et al. (2019), the free-energy model is applied to investigate multiphase flow 85 

behavior and relative permeabilities in a single rough-walled fracture with different surface roughness 86 

and fluid saturation at the pore scale.  87 

In this study, by adopting Lattice Boltzmann simulations, we aim to investigate the influence of 88 

fractal surface roughness on multiphase flow behavior. The paper is organized as follows: In Section 89 

2, the optimized color-gradient Lattice Boltzmann model and the reconstruction of porous media model 90 

with rough interface are briefly introduced. Then the fluid properties and boundary conditions applied 91 

in different simulations are described in detail. Three different analytical tests are carried out in Section 92 

3 to verify the accuracy of our model. The main results are discussed in Section 4. There, the influences 93 



 

 

of root-mean-square roughness height and surface fractal dimension on the characteristic parameters 94 

of single-phase and two-phase flow are analyzed in detail. Finally, we draw a conclusion in Section 5. 95 

2. Materials and Methods 96 

2.1 Color-Gradient Lattice Boltzmann Model for Immiscible Fluid Flow 97 

In this work, an optimized color-gradient Lattice Boltzmann model with the multiple–relaxation–98 

time (MRT) collide scheme is adopted to simulate immiscible fluid flow in fractal porous media since 99 

the color gradient model has the advantage to simulate fluid flow across narrow interface, which is 100 

suitable for digital core analysis with limited image resolution (Tölke et al., 2006). It can not only 101 

provide stable solutions for two-phase flow with a low capillary number, but also can be applied to 102 

immiscible fluid flow with large viscosity ratios (Yang and Boek, 2013). In the following, the basic 103 

formulations of this model, mainly in 2D condition, are briefly described. 104 

In LBM, the fluid is represented by a distribution function, f , and the fluid flow is described by 105 

its collision and propagation on a regular lattice through the following equation 106 

( ), ( , )i i if x t t t f x t+ ∆ + ∆ − = Ωic                                   (1) 107 

where ( ),if x t  represents the distribution function at a lattice node (x) and time step (t) in the i-th 108 

discrete velocity direction and iΩ  is the collision operator. For the two-dimensional nine-velocity 109 

(D2Q9) lattice model (Qian et al., 1992), the lattice velocity vector is given as 110 

( )
( ) ( )( )
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π π

π π π π

 =

= − − =       


− + − + =       

，                                     

，             ic                  (2) 111 

The MRT scheme is used in the collision operator to suppress the influence of wall roughness on 112 

the computational stability and accuracy, as shown below 113 

1 eq−  Ω − =M S m m                                     (3) 114 

where M is the transformation matrix connecting the velocity space and the momentum space, so the 115 

moments m and the vector of the equilibrium moments eqm  can be obtained by the relation =m Mf  116 

and eq eq=m Mf , respectively. It should be noted that in the MRT scheme, the interfacial tension is 117 



 

 

simulated by adding some additional terms to the equilibrium moments related to stress. The detail 118 

descriptions are referred to Tölke et al. (2006). The diagonal matrix S   is composed of multiple 119 

relaxation rates, and its number of elements is related to the direction of discrete velocity. Regarding 120 

D2Q9 model, nine relaxation rates make up the diagonal matrix in the form 121 

2(0, , ,0, ,0, , , )e q q v ve
s s s s s s=S                                      (4) 122 

0 relaxation rates in the above matrix are designed to satisfy the moments conservation of density and 123 

momentum, vs and es  are related to the shear (ν )and bulk (η ) viscosity of fluid by 124 
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c
s
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− 
 

=                                    (5) 125 

where sc   is the local sound speed, which is equal to 1 3   for the D2Q9 lattice model. Other 126 

relaxation rates can be tuned freely to make the simulation more stable. More details about the 127 

determination of these relaxation rates are referred to the work of Ginzburg and d’Humieres (2003). 128 

The macroscopic variables, such as fluid density ρ  and velocity u  can be obtained through the 129 

following equations 130 

i
i

fρ ∑=                                                (6) 131 

i i
i

fρ ∑u= c                                              (7) 132 

In the color-gradient model, the components of an immiscible fluid system are labeled by color, 133 

e.g., non-wetting fluid (red) and wetting fluid (blue), which can be identified by an order parameter φ  134 

r b

r b

ρ ρφ
ρ ρ

−
+

=                                               (8) 135 

Through the distribution of order parameters in space, we identify two individual bulk regions and an 136 

interface region in immiscible binary fluid system (Timm et al., 2016). 137 

( )
1         for red fluid        

= 1,1    for diffusive interface 
1         for blue fluid

φ
+
 −
−

                              (9) 138 

An important feature of the optimized color gradient model is to incorporate order parameter gradient 139 

(Ahrenholz et al., 2008), i.e. color gradient C , into the phase field 140 
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where iw  is the weight coefficient, for the D2Q9 lattice model, it has the following form 142 
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In order to calculate the advection of red and blue fluid density fields, two other LB equations are 144 

introduced. Taking red fluid as an example, this LB equation is 145 

( ) ( ) ( )( ), , , ,eq
i i i rg x t t t g x t x tρ+ ∆ + ∆ =c u                             (12) 146 

where eq
ig  is the equilibrium distribution function and can be calculated by 147 

21eq i
i i r

s

g w
c

ρ
 ⋅
+ 

 

c u=                                      (13) 148 

2.2 Geometry Generation 149 

2.2.1 Pore Mass Fractal Porous Media 150 

The construction of 2D pore geometry with different rough surfaces is a focus of this work. In 151 

order to highlight the influence of surface roughness, and suppress the influence of pore structure size 152 

and topological characteristics on two-phase flow, we use the traditional Sierpinski carpet as the basic 153 

porous medium model and choose the pore space as the iterative region, which is commonly known 154 

as the pore fractal model. This model has the characteristics of equal pore size and different solid size 155 

under a certain truncation scale (Hunt et al., 2014). Moreover, the size of solid and pore decreases with 156 

the increase of iteration times. Porosity is related to the number of iterations as follows 157 

( )( )2fDi
i bϕ

−
=                                           (14) 158 

For the traditional Sierpinski carpet, the scaling factor b  equals 3 and the fractal dimension is 159 

1.893fD =  . In this work, the number of iterations we used is 4i =  , so the basic porosity is 160 

4 0.6249ϕ =  . For the 4-th order Sierpinski carpet, there are four levels of solid dimensions. For 161 



 

 

convenience, these different solids are described in the sequence from large to small with 1, 2, 3 and 162 

4-th solid respectively. For example, the largest solid corresponds to 1-th solid. 163 

2.2.2 Surface Roughness 164 

In nature and engineering, natural rough surfaces generally have features of randomness, multi-165 

scale and self-affine (Babadagli et al., 2015; Ju et al., 2019; Quéré, 2008). Weierstrass-Mandelbrot 166 

function (W-M) is one of the most effective methods to characterize the features of rough surface 167 

because of its continuous and non-differentiable mathematical characteristics (Chen et al., 2009; Zhang 168 

et al., 2019). It provides a unique description for rough morphology for solid surface (Majumdar and 169 

Tien, 1990), which is in the form of 170 

( )
( ) ( )

1

1
2

cos 2
( ) ,    1< <2s

s

n
D

sD n
n n

x
H x G D

πγ

γ

∞
−

−
=

= ∑                          (15) 171 

where ( )H x  is the height of the surface profile at the position x  on the solid surface. The scaling 172 

constant G   reflects the scale range of rough surface topography which is relative to the spatial 173 

frequency of a specific surface. γ  is the parameter determining spectral density and the relative phase 174 

differences between the spectral modes. It is generally taken as 1.5γ =   in engineering application 175 

(Majumdar and Tien, 1990). The low cut-off frequency can be specified by the parameter 1n  through 176 

the relation 1 1/n
sLγ = , where sL is the sample length. Based on these parameters, combined with the 177 

determination of surface fractal dimension sD , ( )H x  can be obtained to provide a more realistic 178 

characterization of surface roughness. 179 

Among the statistical parameters of rough surface, the root-mean-square roughness height RMS  180 

is often used and expressed as following equation (Chen et al., 2009): 181 

( )2 1

4 2 4 2
1 1 1

2ln 4 2

s

s s

D

D D
s l h

GRMS
Dγ ω ω

−

− −

 
= − −  

                         (16) 182 

where lω  and hω  are the lowest cut-off frequency and the highest cut-off frequency respectively, 183 

which are determined by sample size and scanning resolution. Therefore, the value of G   can be 184 

calculated directly from the RMS  defined in Equation (16). 185 

In order to make the rough surfaces conform to the self-affine characteristics for different solids 186 



 

 

in the same medium completely, a certain scaling laws should be followed in solid surface across all 187 

the solid sizes. In the work of Cousins et al. (2018), a linear relationship between RMS  and pore size 188 

d  is demonstrated 189 

1 1

2 2

RMS d
RMS d

=                                      (17) 190 

where subscript numbers indicate pores of different sizes. We use this relationship, but assume that 191 

RMS  is linear with the solid dimension. The main reason is that we use the pore mass fractal model, 192 

which is opposite to the solid mass fractal used in their work.  193 

Figure 1 shows the rough surface profile along the same distance x  but with different values of 194 

G  and sD . The complexity of rough surface profile is closely related to sD . When RMS  is kept 195 

constant, the profile of surface fractal dimension experiences more obvious fluctuations, indicating 196 

more fine peaks or valleys with the increase of sD  . Similarly, When sD   is constant, the profile 197 

amplitude is stretched with the increase of RMS , showing that RMS  closely controls the amplitude 198 

of rough contour. 199 
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Figure 1. 2D profile curves of rough surfaces with =2μmRMS  but different values of sD  (a) and with =1.6sD  201 

but different values of RMS  (b) 202 

2.2.3 Roughen Pore-solid Interface 203 

In this part, we will combine the W-M roughness profile with the fourth-order Sierpinski carpet 204 

to reconstruct porous media with different roughness characteristics. The basis of this process is that 205 



 

 

the Sierpinski carpet is represented by a two-dimensional binary matrix (0 for pores, 1 for solids for 206 

the matrix entries). The value of each element in the matrix can be modified by certain "rules", just 207 

like changing the gray value of a pixel in image processing. This "rule" is exactly the W-M roughness 208 

profile in the roughening process. Therefore, each element x   on the solid surface can change its 209 

height according to ( )H x , that is, if ( ) 0H x > , a certain pixel of solid is generated to the pore space, 210 

if ( ) 0H x < , a certain pixel of solid is removed from the interior of the solid. However, due to the 211 

discretization effect, the generated rough surface cannot fully conform to the W-M roughness profile, 212 

resulting in some uncertainties. The only way to reduce the uncertainties is to enhance the grid 213 

resolution as much as possible, but this has the disadvantage of computational efficiency. Therefore, 214 

in order to weaken the influence of such uncertainty on the simulation results, the resolution of all 215 

models is kept the same. 216 

 217 

Figure 2. Porous media model with different rough surfaces. Black color indicates pore space and white color 218 

indicates solid skeleton. In order to show the difference between rough surfaces more clearly, the model with rough 219 

surface only shows the geometry structure covered by red box. 220 

In this work, a total of seven media models are constructed, which are four models with 221 

3μmRMS =  but sD  varying between 1.2, 1.4, 1.6 and 1.8, three models with 1.6sD =  but RMS  222 

varying between 2, 3 and 4 μm , and one original model without any roughness (Figure 2). Note that 223 

since the RMS of different sized solids in the same model is scaled linearly according to Equation 17, 224 

RMS=2 RMS=3 RMS=4 

Ds=1.2 Ds=1.4 Ds=1.8 
None 

1620 μm 

540 μm 



 

 

in order to easily describe the RMS of a given model, we use here the RMS of 2-th solid to represent 225 

the whole model. The main reason for this representation is that the surface roughness profile of 2-th 226 

solid can be directly observed from Figure 1. For convenience, different media models are named 227 

according to their roughness characteristics. For example, 2RMS  represents a medium model with 228 

RMS  of 2-th solid equal to 2 μm . 229 

2.3 Model Setup 230 

In this work, absolute permeabilities for different geometries are first calculated by single-phase 231 

LBM. Then, effective permeability is computed by two-phase LBM. We determine relative 232 

permeability by taking the ratio of this effective permeability to the absolute permeability calculated 233 

by single phase LBM. The detail descriptions of single-phase flow simulation are referred to 234 

(Eshghinejadfard et al., 2016). The details of steady-state two-phase flow simulation will be elaborated 235 

below. 236 

2.3.1 Fluid Properties 237 

LBM simulations are usually carried out in a lattice unit system where all parameters are 238 

displayed in a dimensionless form. In order to map each physical quantity to the lattice system, three 239 

independent basic reference quantities, such as length 0L , time 0T  and mass 0M , need to be fixed 240 

first. In this work, the values of these three quantities are 6
0 1 10 mL −= ×  , 8

0 2.236 10 sT −= ×  , 241 

15
0 1 10 kgM −= ×   respectively. Therefore, a parameter with dimension 1 2 3n n nm s kg   in the lattice 242 

system can be directly converted to its corresponding form in the real physical system by simply 243 

multiplying 1 2 3
0 0 0
n n nL T M  (Zheng et al., 2014). In order to intuitively display the specific settings and 244 

flow details in the simulation, some parameters are directly displayed in lattice units. However, those 245 

parameters of interest, such as absolute permeability, are presented in real physical units. The 246 

properties of fluids used in all simulations are listed in Table 1. Note that the density and viscosity of 247 

the fluid are all defined as the same values. The reason is that the similarity in density and viscosity 248 

can suppress the influence of fluid properties on two-phase flow, and further highlight the influence of 249 

rough surface. 250 

 251 

 252 



 

 

Table 1. Fluid properties used in all simulations in this study. 253 

Parameters Lattice unit Physical unit 

Density of wetting fluid 1 mu/lu3 31000kg m  

Density of non-wetting fluid 1 mu/lu3 31000kg m  

Viscosity of wetting fluid 0.05 lu2/ts 6 22.2360 10 m s−×  

Viscosity of non-wetting fluid 0.05 lu2/ts 6 22.2360 10 m s−×  

Interface tension 0.01 mu/ts2 22 10 N m−×  

Contact Angle 30  and 90  30  and 90  

2.3.2 Initial and Boundary Conditions 254 

In order to avoid the secondary discretization effect, the mesh models used in the simulation are 255 

directly generated through the way of "pixel to grid". Therefore, the computing domains in single-256 

phase and two-phase simulations are discretized into 21630 1622lux yN N× = ×  with a resolution of 257 

1μm  . The minimum pore width is 20 lu   ( 20μm  ), which is much larger than the minimum mesh 258 

resolution required for simulation. 259 

To investigate the fluences of surface roughness on two-phase flow behaviors and flow resistance, 260 

the steady-state simulation is used in this work, in which, both fluids are simultaneously injected into 261 

a porous medium at a constant, known flowrate until a steady flow state is reached (Ramstad et al., 262 

2012). In the simulation, three important aspects, including initial two-phase distribution, flow and 263 

steady-state conditions, and corresponding boundary conditions are described in detail below. 264 

The random method is chosen to generate the initial two-phase distribution under the specified 265 

wetting fluid saturation wS  depending on the generated random number (Figure 3a). Then, the two 266 

phases are separated spontaneously without any external force, and the initial two-phase distribution 267 

for two-phase flow simulation is obtained (Figure 3b). Such two-phase initialization distribution is 268 

also used in (Zhang et al., 2016). 269 

In two-phase flow simulation, the wetting and non-wetting phases flow in the same direction, 270 



 

 

driving by the same body force bF . Periodic boundaries are applied in all directions and both fluids 271 

flow in and out of the calculation domain (the red arrow in Figure 3b) by adding five extra layers of 272 

lattices at both inlet and outlet. The main reason of using a body force as driving energy is that this 273 

method can effectively avoid the influence of capillary end effect on simulation results. In order to 274 

reduce the influence of the spurious currents at the interface on relative permeability, we control the 275 

flow regime under a relatively large capillary number, which is defined as follows in this paper (Zhao 276 

et al., 2017) 277 

b

i

Ca =
F
F

                                       (18) 278 

where iF  is the interface force. Under the condition of 51 10−= ×bF , all the simulations in this work 279 

are carried out under the capillary number 310Ca −= .The wetting boundary condition is applied on 280 

the solid nodes at the pore-solid interface. Two typical wetting conditions are considered in the 281 

simulation, i.e. strong wetting (30 ) and neutral wetting ( 90 ) condition. During co-current two-phase 282 

flow in pore space, due to the breakdown and coalesce of fragmented fluid clusters, the statistical 283 

parameters of each phase, such as average velocity, tend to fluctuate with time. In order to reduce the 284 

influence of this fluctuation on relative permeability, we adopt the method of real-time fitting 285 

permeability values. A total of 40 relative permeability values within the time span of 40000 steps 286 

adjacent to the current iteration are selected. When the absolute value of the slope of the fitting curve 287 

satisfies 310sk −< , it is considered to reach the stable condition. Such a time-averaging procedure can 288 

alleviate the uncertainty in the simulation results at dynamic equilibrium, which is also adopted in the 289 

Li et al.’s work (Li et al., 2019). 290 



 

 

 291 

Figure 3. Fluid distributions at 0.5wS = . (a) Initial random distribution, (b) Two phase separation at 2000 time steps 292 

with no body force. 293 

3 Model Validation 294 

3.1 Contact Angle on Flat Surface 295 

In this study, the interaction between the fluid and the solid nodes is realized by the color gradient. 296 

Therefore, the desired contact angle θ  can be obtained by assigning the appropriate order parameter 297 

value solidφ  to the solid nodes (Latva-Kokko and Rothman, 2005) 298 

arccos( )solidθ φ=                                      (19) 299 

To validate the accuracy of the wetting boundary condition we adopted, we firstly simulate a static 300 

droplet resting on a flat surface. Initially, the red fluid is distributed in a rectangular region of size 301 

2200 100 lu× , and the blue fluid is distributed on the remaining non-solid lattice nodes. The simulation 302 

domain in this test is 2500 330 lu×  and the fluid properties used here are shown in table 1. Here, we 303 

only present the final stage of the simulation and measure the contact angle in the red fluid (Figure 4a) 304 

and then compared it with the predicted value by using Equation 19. It is shown that the contact angle 305 

obtained by simulation is in good agreement with the analytical results (Figure 4b). 306 
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 307 
Figure 4. Converged droplet shape (a) and comparison between simulated and analytical contact angle (b) for a 308 

droplet on a flat surface. 309 

3.2 Contact Angle on Rough Surface 310 

Surface roughness is an important factor affecting the wettability of the surface. At present, many 311 

theoretical models have been established to predict the apparent contact angle of droplets on rough 312 

surfaces. Among them, the Wenzel mode and the Cassie-Baxter model are widely used to describe the 313 

apparent contact angle of a droplet on a roughed surface (Cassie and Baxter, 1944; Wenzel, 1936). For 314 

a droplet on a rough surface, the Wenzel state refers to wetting fluid fills the gap between rough 315 

structures, while the Cassie state describes a wetting state which the droplet is completely at the top of 316 

the rough structures. The results show that the spreading dynamics of a droplet is not only related to 317 

the rough surface, but it is also influenced by the initial state of the droplet.  318 

To verify whether the wetting boundary condition can characterize the wettability of rough surfaces, 319 

a static droplet initialized with different contact angles on a rough surface is simulated. The computing 320 

domain is 2360 200 lu×   with a resolution of 1μm  , and the intrinsic contact angle for system is 321 

60flatθ =  in all cases. The fluid properties and boundary conditions are consistent with the simulation 322 

of droplets on the flat surfaces presented in section 3.1. The initial contact angles of the droplet inθ  323 

are varied by changing the center position of the circular droplet and subtracting the part intersection 324 

with the solid. Therefore, the volume of droplets is not a constant, but changes within a certain range 325 

in 9 simulated cases (Figure 5b). Based on two-phase fluid distribution at the end of simulation, the 326 

(a) 



 

 

contact angle (the angle formed with the horizontal line) on the right side of the droplet is measured 327 

and compared with the initial contact angle. The simulation results show that the evolution of droplets 328 

is always in the Wenzel state (Figure 5a), which demonstrates that the wetting boundary condition we 329 

adopted can reproduce the Wenzel state. However, the movement of the contact line, whether pins or 330 

advance, depends on the initial contact angle. The convergent contact angle coθ  is not a constant value 331 

(Figure 5b), and strongly influenced by the local rough structure (Figure 5a). Such a phenomenon is 332 

known as the contact angle hysteresis. By investigating the droplet behavior on a composite substrate, 333 

Zheng et al. (2014) confirmed that the contact angle hysteresis is induced by the surface structure. 334 
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Figure 5. Converged droplet shape (a) and comparison between initial and convergent contact angle (b) for a droplet 336 

on a rough surface with 60flatθ = . 337 

3.3 Relative Permeability Validation: Co-current two-phase flow in a 2D Channel 338 

In order to validate the predictive capability of two-phase CG-LBM model, we carried out co-339 

current two-phase flow simulation in a 2D channel under different saturation conditions, and compared 340 

the results with the analytical solutions. In the simulation (Figure 6a), the wetting fluid on the inner 341 

lateral surface of channel and the non-wetting fluid on the center of the channel are driven in the same 342 

direction by a constant hydraulic gradient bF . The periodic boundary condition is applied along the 343 

flow direction to ensure the mass conservation, while the bounce-back boundary is applied between 344 

the solid and fluids. When the flow reaches steady state, relative permeability of wetting phase ,r wK  345 

and non-wetting phase ,r nwK  are then calculated directly from the extended Darcy equations 346 
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                               (20) 347 

where µ   is the dynamic viscosity, u   is the average Darcy velocity, and K   is the absolute 348 

permeability. 349 

Based on the assumption that the fluid flow in the channel conforms to Poiseuille's law, the 350 

analytical solutions for relative permeability of wetting ,r wK   and non-wetting fluid ,r nwK   can be 351 

obtained (Yiotis et al., 2007) 352 

( )2
,

1 3
2r w w wK S S= −                                    (21) 353 

2
,

3 31
2 2r nw nw nwK S Sλ λ  = + −    

                               (22) 354 

where wS  and nwS  are the saturation of wetting and non-wetting fluid, which can be easily obtained 355 

by the relation, / ( / 2)wS a a b= +  , based on the initial distribution width of wetting (a) and non-356 

wetting (b) fluid in Figure 6a. λ  is the dynamic viscosity ratio /nw wλ µ µ= . 357 

The simulation results are in excellent agreement with the analytical solution under the conditions 358 

that the domain dimension is 2100 101lu×  and the viscosity ration 1λ= . 359 
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Figure 6. Schematic (a) and relative permeability (b) of the co-current two-phase flow in a 2D channel. 361 
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4. Results and Discussions 363 

4.1 Effect of Surface Roughness on Single-phase Flow 364 

The single-phase LBM with MRT collision term is used to simulate the flow in pore space at low 365 

Reynolds number. When the average velocity in the medium has no change with time, the absolute 366 

permeability K   is calculated by the Darcy's law, modified by a constant hydraulic gradient bF  367 

(Lipton and Avellaneda, 1990) 368 

( )
K

p
µ

=
∇ + b

u
F

                                     (23) 369 

where µ  and u  are the viscosity and average velocity of the fluid, respectively. p∇  is the pressure 370 

gradient across the medium and its value is set to 0 due to the body force as driving force in the 371 

simulation. The simulated absolute permeability as function of RMS  and sD  are shown in Figure 372 

7. Obviously, RMS   and sD   have great influence on the absolute permeability. Absolute 373 

permeability shows a decrease trend with the increase of RMS   or sD  . However, this trend of 374 

permeability is different in medium with different RMS   and sD   surfaces. The following will 375 

present a detailed discussion about this phenomenon. 376 

RMS  indicates the protruding height (collapse depth) of the rough structure to the pore space 377 

(solid), thus different local resistances are involved for the flow boundary. Since different media is 378 

reconstructed by roughing the solid surface in the original Sierpinski carpet to different degrees, the 379 

average radius of pores formed by the different rough surfaces remains the same. In this study, the 380 

RMS of the largest solid in different media is determined first, then it is scaled across different solid 381 

surfaces in the same porous media according to the same proportion. This may result in a linear change 382 

in the local resistance on the solid surfaces with different values of RMS . 383 

The absolute permeability decreases sharply when sD  changes from 1.0 to 1.2, which is the 384 

same as the simulation result of Cousins et al. (2018). However, with the increase of sD  from 1.2 to 385 

1.6, the decreased permeability results are quite different from Cousins et al. (2018)’s work since they 386 

found constant permeability with sD  ranging from 1.1 to 1.6.This is because the different type of 387 

fractal model adopted in our study. Compared with solid fractal model used in Cousins et al. (2018)’s 388 



 

 

work, the pore fractal model has a narrow pore size distribution, which makes the influence of 389 

roughness on permeability more obvious since the permeability of solid fractal model is mainly 390 

contributed by macropores, which suppress the influence of roughness. 391 
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Figure 7. Absolute permeability K as function of root-mean-square of rough surface RMS  (a) and surface fractal 393 

dimension sD  (b). The sD  of all models in (a) remains constant at 1.6, while RMS of all models in (b) remains 394 

constant at 3 μm. 395 

4.2 Effect of Surface Roughness on Two-phase Flow 396 

4.2.1 Effect of Root-mean-square Roughness Height 397 

In this part, we comprehensively analyze the influence of RMS  on the characteristic parameters 398 

during two-phase flow under a strong wetting condition ( 30θ =  ), including two-phase fluid 399 

distribution and velocity distribution, relative permeability, and fluid-fluid/fluid-solid interface area. 400 

Taking the media None and RMS3 as examples, Figure 8 shows the final two-phase distributions 401 

at low ( 0.3wS = ) and high wetting phase saturation ( 0.6wS = ) under a strong wetting condition (30 ). 402 

At low water saturation, the non-wetting fluid is continuously distributed, while the wetting fluid is 403 

mainly distributed in two forms: the liquid film adheres to a single solid and the pendular rings 404 

spanning across neighbouring solids. It can be seen that the morphology of pendular rings is 405 

significantly affected by solid locations. The pendular rings can be stretched along the flow direction 406 

with a long tail or it might just form a droplet-like shape depending on their location. However, the 407 

morphology of the fluid films is obviously affected by the roughness. When the solids have a rough 408 



 

 

surface, the liquid films can be attached to the solid surfaces perpendicular to the flow direction even 409 

if there is a large flow velocity nearby, as shown on the right in Figure 8. 410 

 411 

Figure 8. Final steady-state two-phase distributions at 0.3wS =  and 0.6wS =  for porous media None (left column) 412 

and RMS3 (right column) with the contact angle 30 . 413 

At high water saturation, the wetting phase is well connected, while the non-wetting phase exists 414 

as clusters spanning along the flow direction and isolated bubbles are mainly located in the front and 415 

back region of the first/second-order solids. The final two-phase distribution in the medium with rough 416 

and smooth solid surface is generally similar. The only difference is that the rough surface 417 

perpendicular to the flow direction is still covered by the wetting fluid at low saturation, while in the 418 

porous medium with smooth interface, the solid interface at the corresponding position shows less 419 

preferable contact with the wetting fluid. The main reason for the above two-phase flow distribution 420 

comes from the heterogenous distribution of velocity in the medium. 421 
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Figure 9. Velocity distributions maps at 0.3wS =  and 0.6wS =  for media None (left column) and RMS3 (right 424 

column) with the contact angle 30 . 425 

The final velocity distribution is shown in Figure 9, which corresponds to fluid distributions in 426 

Figure 8. The velocity distribution shows obvious symmetry under high and low saturation. Moreover, 427 

the velocity distribution has certain similarity between the local and the whole of the computing 428 

domain. A low velocity region appears before and after the relatively large solids due to the unique 429 

pore structure distribution of Sierpinski carpet. However, the difference of velocity distribution in the 430 

media between smooth and rough surface mainly exists near the rough surface perpendicular to the 431 

flow direction. 432 

The influences of RMS   on the average velocity u   of two-phase flow are quantified firstly. 433 

Figure 10 shows that the average velocity of two-phase fluid system at low and high saturation varies 434 

with time during the whole simulation domain. The most obvious point is that the two-phase fluid 435 

system has a certain speed before the external force is applied. The main reason for this phenomenon 436 
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is the phase separation at the beginning of the simulation and the spurious currents at the interface. 437 

Moreover, the velocity caused by phase separation is related to the fluid saturation, which will not be 438 

further analyzed here. Under the action of external body force, the two-phase flow gradually 439 

overcomes the influence of initial velocity and tend to be dynamic stabilized. No matter at high or low 440 

saturation, the average velocity in the medium with smooth surface is always higher than that in the 441 

medium with rough surface. Due to the influence of certain fluctuation, there are some intersections 442 

of average velocity in media with different RMS . However, the average velocity curves still have an 443 

obvious trend. With the increase of RMS , the average velocity decreases. 444 
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Figure 10. Average velocity of two fluid system as function of time step at 0.3wS =  (a) and 0.6wS =  (b) for media 447 

with different RMS . 448 

Relative permeability characterizes flow ability of the porous system to conduct one fluid when 449 

one or more fluids are present (Fatt and Dykstra, 1951; Honarpour, 2018). Figure 11a shows the relative 450 

permeability results of the media with different RMS  as function of saturation under a strong wetting 451 

condition. Due to the strong wetting boundary condition, all the wetting fluid in this saturation range 452 

is trapped as the irreducible phase for 0.2wS <  , which are consistent with our understanding for 453 

relative permeability. For 0.3wS > , the relative permeability of wetting fluid in media with smooth 454 

surface is higher than that in media with rough surface. Moreover, the larger the RMS  is, the smaller 455 

the relative permeability of wetting phase is. This trend is also observed for the relative permeability 456 



 

 

of non-wetting fluid. However, the effect of RMS  on relative permeability of non-wetting phase is 457 

minimal when 0.7wS > . The reason is that the non-wetting fluid mainly flows in the center of the pore 458 

under the strong wetting condition. At high water saturation, a relatively small amount of non-wetting 459 

fluid flows in the center of the pore and rough surface has no impact on nonwetting phase flow. By 460 

using 2D fractures with rough wall in the simulation, Yi et al. (2019) also observed that the relative 461 

permeability of both phases decreases with the increase of surface roughness. 462 

0.0 0.2 0.4 0.6 0.8 1.0
0.0

0.2

0.4

0.6

0.8

1.0

K
r

Sw

 None_Kr,w    None_Kr,nw

 RMS2_Kr,w  RMS2_Kr,nw

 RMS3_Kr,w  RMS3_Kr,nw

 RMS4_Kr,w  RMS4_Kr,nw

(a)

0.0 0.2 0.4 0.6 0.8 1.0
0.00

0.01

0.02

0.03

0.04

A 
(μ

m
-1

)

Sw

 None_Awn    None_Aws   None_Ans

 RMS2_Awn  RMS2_Aws  RMS2_Ans

 RMS3_Awn  RMS3_Aws  RMS3_Ans

 RMS4_Awn  RMS4_Aws  RMS4_Ans

(b)

 463 
Figure 11. Relative permeability (a) and specific area (b) as a function of wetting saturation for porous media with 464 

different RMS  under the strong wetting condition ( 30θ = ). 465 

Considering that the two-phase extension of Darcy's law cannot account for the momentum 466 

transfer across fluid-fluid interfaces (Bentsen, 1998), the parameter directly related to momentum 467 

transfer, i.e. the fluid-fluid interface area, is calculated to supplement the relative permeability curves. 468 

The fluid-solid interface areas are also calculated to quantitatively describe the two-phase distribution 469 

after the steady state. Figure 11b shows the fluid-fluid/fluid-solid interface areas in the media with 470 

different RMS  as function of saturation under a strong wetting condition. With the increase of wS , 471 

the specific contact area between wetting fluid and solid wsA   increases, and specific contact area 472 

between non-wetting liquid and solid nsA   decreases, which are consistent with our understating. 473 

However, the specific interface area between two-phase fluid wnA  first increases and then decreases. 474 

The trend of these micro specific interfaces is the same as that of others work under similar conditions 475 

(Li et al., 2019; Xu and Liu, 2018). RMS  has different influence on these three specific interface 476 



 

 

areas, especially with the greatest impact on wsA . The main reason is that the larger value of RMS  477 

corresponds to the larger solid surface area. 478 

4.2.2 Effect of Surface Fractal Dimension 479 

In this part, we comprehensively analyze the influence of sD  on the characteristic parameters 480 

during two-phase flow under a strong wetting condition (30 ), including average velocity of two phase 481 

fluids, relative permeability, and fluid-fluid/fluid-solid interface area. 482 

Figure 12 shows the average velocity of the fluid system at low and high saturation varies with 483 

time during the whole simulation domain. The average velocity in the medium with smooth surface 484 

remains the maximum at high and low saturation. The average velocity curves in media with different 485 

sD  are overlapped or crossed in a certain time step. This kind of fluctuation is essentially caused by 486 

the dynamic effect of two-phase interface within the pore, which has been observed in many similar 487 

works (Li et al., 2019; Yi et al., 2019). In order to suppress the influence of this fluctuation on the 488 

simulation results, the multi-point fitting method is chosen to determine the relative permeability at 489 

each saturation. 490 
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Figure 12. Average velocity of two phase flow as function of time step at 0.3wS =  (a) and 0.6wS =  (b) for media 492 

with different sD . 493 

Figure 13 shows the relative permeability and specific interface area as a function of wetting 494 



 

 

saturation for porous media with different sD . The increase of sD  has a negative impact on ,r nwK  495 

while small effect on ,r wK . 496 

With the increase of water saturation, the fluid-fluid/fluid-solid interface areas in media with 497 

different sD   show the same trend, which are similar to the results obtained in Section 4.2.1. A 498 

significant difference is that the value of nsA  in the medium with 1.8sD =  is relatively large at low 499 

saturation condition. This is due to some small peaks appearing with a larger sD , forming local bulges 500 

on the surface due to mesh discretization. Therefore, these local bulges can penetrate the wetting fluid 501 

film and are directly contact with the non-wetting fluid at a low saturation, resulting in a relatively 502 

large nsA . With the increase of wetting phase saturation, the contact area between these local bulges 503 

and non-wetting fluid will decrease. 504 
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Figure 13. Relative permeability (a) and specific area (b) as a function of wetting saturation for porous media with 506 

different Ds under the strong wetting condition ( 30θ = ). 507 

4.2.3 Wettability Effect  508 

In this part, wettability effect on fluid distributions and interface evolution with smooth and rough 509 

interface are analyzed under strong wetting ( 30 ) and neutral-wetting conditions (90 ). Under 90  510 

contact angle, for the convenience, the blue fluid is nominated as the wetting fluid and the red fluid is 511 

nominated as the non-wetting fluid. 512 



 

 

 513 

Figure 14. Fluid distributions at 0.3wS =  and 0.6wS =  for media None (left column) and RMS3 (right column) 514 

with the contact angle 90  515 

The final two-phase fluid distribution under the neutral-wetting condition, shown in Figure 14, is 516 

more scattered than that under a strong wetting condition (Figure 8). The most obvious feature is that 517 

the distribution of wetting fluid at low saturation is similar to that of non-wetting fluid at high 518 

saturation. The difference of the two-phase distribution in the model with rough and smooth interfaces 519 

is still between the solid surface and the fluid (it refers to the fluid with relatively small saturation) in 520 

the vertical flow direction. 521 
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 523 

Figure 15. Relative permeability (a), fluid-solid specific interface area (b and c) and fluid-fluid specific interface area 524 

(d) as a function of wetting saturation for media None and RMS3 under strong wetting ( 30 ) and neutral wetting 525 

conditions ( 90 ). 526 

The relative permeability and fluid-flow/fluid-solid interface areas as a function of saturation in 527 

media with smooth and rough surfaces under strong and neutral wetting conditions are shown in Figure 528 

15. With wettability altered from water-wet to neutral-wet, the crossover point is shifted to the left 529 

(Figure 15a), which is consistent with previous literature (Zou and Armstrong, 2019). Non-wetting 530 

phase relative permeability is reduced while wetting phase relative permeability is increased with the 531 

contact angle altered from 30  to 90 . The influence of rough surface on relative permeability curves 532 

is the same for both wetting conditions. Roughness reduces the relative permeability of wetting and 533 

non-wetting fluids as compared with these in smooth porous media. 534 

Regarding the specific interface area, the effect of rough surface on wnA  is negligible under the 535 



 

 

strong wetting condition (shown in Figure 13b) while under the neutral wetting condition, the rough 536 

surface has a great influence on nsA  as well as wnA  (Figure 15c and Figure 15d). It is observed that 537 

wnA  in media with rough and smooth surface for water-wet or neutral-wet conditions, both show a 538 

parabola trend with the increase of wS   (Figure 15d). wnA   in water-wet condition is consistently 539 

higher than that in neutral-wet since under netureal-wet condition, solid phase have same preferdence 540 

for both fluids, resulting smaller contact area for wetting phase and nonwetting phase. On the other 541 

hand, wnA  in water-wet condition largely depends on the nonwetting loacation which shows a simlair 542 

trend with nsA  (Figure 15c). With wettability altered from water-wet to neutral wet, wsA  , nsA  and 543 

wnA  in media with rough and smooth surface show different trends of decreasing (Figure 15b), 544 

increasing (Figure 15c) and decreasing (Figure 15d), respectively. The above trends can also be seen 545 

in the work of Li et al. (2019). 546 

5. Conclusions 547 

In this study, the influences of rough surfaces, described by the modified Weierstrass-Mandelbrot 548 

function, on two-phase fluid flow in a fourth-order Sierpinski carpet are studied by using an optimized 549 

color-gradient lattice Boltzmann method. The roughness is quantitatively characterized by root-mean-550 

square roughness height and surface fractal dimension, and their influences on the hydraulic resistance 551 

and two-phase distribution under strong and neutral wetting conditions are systematically discussed. 552 

The main conclusions are as follows. 553 

(1) The roughness can increase the hydraulic resistance of flow through porous media. Absolute 554 

permeability of the media decreases with the increase of root-mean-square roughness height or surface 555 

fractal dimension. The relative permeability of each phase for a two-phase flow also follows the same 556 

rule, for both the strong wetting and neutral wetting conditions. 557 

(2) The roughness can have different influence on the two-phase distribution under different 558 

wetting conditions. Only the wetting-phase distribution is significantly affected under the strong 559 

wetting condition. With the increase of root-mean-square roughness height or surface fractal dimension, 560 

more liquid films of wetting phase adhere on the solid surface, and as a result, the specific area between 561 

the wetting phase and the solid increases significantly. However, under the neutral wetting condition, 562 



 

 

the roughness has a significant effect on both wetting and non-wetting phase distributions. 563 

Our study provides pore-scale insights into the influences of surface roughness on the steady-564 

state two-phase flow behaviors and flow resistance. More work in the future can focus on the impact 565 

of surface roughness on pore filling events in the displacement process, such as on the interaction 566 

mechanism between precursor thin-film flow, corner flow and terminal interface during imbibition. 567 
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