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A B S T R A C T   

Dynamic wetting on rough surface is important in imbibition processes in micro- and nano- channels. Due to high 
computational costs, the previous studies by direct numerical simulations mostly adopted two-dimensional (2D) 
simplifications of surface with roughness. The cutting-edge advances in high performance computing make it 
possible to conduct three-dimensional (3D) direct simulations. This work presents 3D simulations on channel 
flows with roughness on walls via the GPU-based multiphase lattice Boltzmann method (LBM). The effects from 
3D roughness morphology are investigated. In contrast to the wettability alternation in 2D rough ones, the 3D 
rough hydrophilic surfaces remain hydrophilic and Wenzel state at even low capillary numbers (Ca). The 
apparent contact angle follows the hydrodynamic model on rough surfaces except for a more sensitivity to Ca. 
The results also indicate that the 2D simplifications overestimate the pressure drop for rough channels, while 
underestimate over 20% for smooth channels. Therefore, it is crucial to consider 3D structures of surface 
roughness for dynamic wetting in real channels.   

1. Introduction 

Imbibition process, also known as capillary rise, plays an important 
role at micro and nano-scale, such as industrial applications involving 
porous media [1,2] like petroleum engineering [3], carbon capture 
storge [4], “lab on chip” [5] and related microfluidic and nanofluidic 
devices [6,7].Due to the dynamic nature, the dynamic wetting effect is 
not negligible in predictions of the interface position, in other words, the 
flow rate via the famous Washburn model [7–11]. Theoretically, the 
motion of the three-phase contact line, which governs the dynamic 
wetting effect, is contradictory to the conventional Navier-Stokes 
non-slip boundary condition [12]. Therefore, several theoretical 
models have been proposed including hydrodynamic model [13,14], 
molecular-kinetic model [15], hybrid model [16] and diffuse-interface 
model [17] to explain the mechanism of the contact line motion on 
smooth surfaces. 

Apart from the theoretical models, numerical simulations have been 
also conducted. Some researchers employed macroscopic methods, such 
as volume of fluid [18,19] and level-set methods [20], to study the dy
namic contact angle. Since additional experimental correlations and 
theoretical models were required, the accuracy of those models depen
ded on the models and correlations incorporated rather than the physics 
at the three-phase contact line region. Thus, macroscopic methods are 
not suitable for mechanism studies. On the other hand, microscopic 

molecular dynamics (MD) as well as hybrid methods have been reported 
studying dynamic wetting [21–24]. Although microscopic simulations 
can provide more details in physics, the computational domain is limited 
due to high computational costs. 

Therefore, it is natural to consider mesoscopic methods, among 
which the lattice Boltzmann method (LBM) is widely known for its solid 
physical foundation, easy extensions to new models and schemes, and 
high computing efficiency [25–27]. Since LBM employs the diffuse 
interface model, the slip model and the dynamic contact angle can be 
achieved spontaneously [17,28,29]. Latva-Kokko and Rothman [28] 
analyzed the slip length and scaling of the dynamic contact angle in LBM 
via the hydrodynamic model [14]. Nevertheless, their results were of 
lattice unit, which was hard to apply to the real-world units. 

However, real surfaces are not ideally smooth. The effect of surface 
roughness has been widely studied in numerous transport phenomena, 
including single-phase flow in micro-devices [30] and porous media 
[31], multiphase flows [32] and electro-kinetics [33,34]. As for wetting 
phenomena, though the Wenzel model [35] and Cassie-Baxter model 
[36] provide quantitatively relationships between the apparent contact 
angle θa and the intrinsic contact angle θi on the rough surface, such 
results are not appliable to the dynamic situations due to the 
non-equilibrium states [37–39]. Recently, roughness effect on the dy
namic wetting has attracted more and more attention. Many researchers 
studied roughness induced hydrophobicity to reduce drag force [40,41]. 
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Fig. 1. (a) Illustration of the stationary droplet benchmark. Initially a cubic bubble is placed at the center of the domain. Due to surface tension, the bubble will 
deform to sphere. (b) The pressure difference inside and outside the bubble, compared with the theory. Here, the theory denotes the Young-Laplace equation, i.e., 
Eq. (16). 

Fig. 2. (a) Illustration of the measurement of the contact angle. A sphere is fitted with all the interfacial points. Based on the radius and center of the sphere, contact 
angle is derived via Eq. (17). (b) Illustration of a simulated droplet with the contact angle θ = 30∘. (c) Comparison between the desired contact angles and the 
measured contact angles in simulations. 

Fig. 3. The interface position of capillary rise as the function of time between two parallel plates: LBM simulation (dots) VS Washburn solution (lines). Both 
imbibition (a) and drainage (b) processes are considered. Gravity (i.e., g = 0) and inertial effects (Re ≈ 0.01) is neglected. The height of the channel is 50 (lattice unit) 
and channel length is 800 (lattice unit). The viscosity ratio is 1.0, 1.5, 3.0, 10.0, respectively. The capillary number is 0.0015. The static contact angle for the wetting 
fluid is 60∘. 
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Wang, Do-Quang [42] studied the droplet spreading process on surfaces 
decorated with micro-square pillars via experiments and phase-field 
simulations. Following Carlson, Bellani [43], they suggest that the 
effective contact-line friction is larger on rough surface than that on 
smooth surfaces. Mohammad Karim, Rothstein [44] studied the dy
namic contact angle on the Teflon surfaces via the Wilhelmy plate ex
periments. Yang, Chen [37] performed numerical simulations via the 
phase field model on two-dimensional(2D) rough surfaces with groove 

structures. They suggested that the hydrophobic characteristics could be 
obtained at the small capillary number Ca even if the surface was 
intrinsically hydrophilic. Some researchers also conducted simulations 
via LBM with similar 2D rough surfaces [45,46]. 

Nevertheless, 2D simulations conducted in the previous studies have 
a critical limitation, i.e., such simulations can only consider structures 
that are periodic perpendicular to the flow direction. Additionally, 
structures with square cross-section employed in the previous works 

Fig. 4. The excessive curvature cos(θi) − cos(θd) of different heights H and lattice speeds c and capillary numbers Ca scaled as the function of Caln(Hc /ν). The 
different color denotes different channel height (H) and static contact angle (θi). The symbols denote different lattice speed c. The dashed line is the linear fitting of 
the result. 

Fig. 5. (a) Illustration of the computation domain. The periodic boundary condition is applied at the y direction. The velocity boundary condition with a parabolic 
profile is applied at the inlet while pressure boundary is applied at the outlet, in order to maintain a steady advancing velocity at the interface as well as uniform 
pressure at the inlet and outlet. The computation domain is symmetric about z = H/2. The middle part of the channel is decorated with roughness. (b) Illustration of 
the roughness structures. The roughness is characterized by three parameters, the height h and the size l and period length a. The size l of random roughness is 
calculated via l = a√ϕ, where ϕ denotes the ratio of the projection surface area of the roughness to the total surface area (hereafter). 
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[37,42,45,46] induced a strong pin effect of the contact line at the 
square corners [37]. As a result, such results cannot be simply gener
alized to real rough surfaces, whose roughness shapes and distributions 
are random and heterogenous [47,48]. On the other hand, the high 
computational cost of the three-dimensional(3D) simulations is still one 

of the major challenges. To the best of our knowledge, few studies have 
been reported on 3D simulations studying contact line movement on 
rough surfaces. Thus, the dynamic contact angle and contact line 
movement mechanisms on random surfaces remain largely to be 
explored. 

Fig. 6. Apparent contact angle θa as the function of displacing time on cuboid roughness with different roughness normalized size l/a. The normalized height h /H of 
the roughness structure is 0.1, Ca = 0.001. 

Fig. 7. (a, b) Cross-section view of the interface movement upon (a) and between (b) the cuboid roughness structures. The normalized height h /H = 0.1 and the 
normalized l/a = 0.6. The dashed line represents the meniscus with the intrinsic contact angle (60∘) to the roughness structure. In comparison, the invading pre
cursor-films induced by x-axis grooves are shown in (b). (c, d) Illustrations of the interface and three-phase contact line region as the contact line moves upon (c) and 
away (d) from roughness structures. 
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In this work, we employ the multiphase LBM to study dynamic 
contact angle on random surface roughness. The code is implemented in 
general-purpose graphics processing unit (GPGPU) via CUDA [49], 
which makes it possible to conduct high-performance 3D simulations. 
Numerical simulations are performed on surfaces which are decorated 

with different kinds of roughness including a random-growth-based one. 
Unlike the 2D results, our results suggest that the surface remain hy
drophilic during imbibition. The effects of shapes and sizes of roughness 
are studied. The rest of this paper is organized as follows. In Section 2, 
the multiphase LBM model and wetting boundary condition are 

Fig. 8. (a, b) Cross-section view of the interface movement upon (a) and between (b) the cuboid roughness structures. The normalized height h /H = 0.1 and the 
normalized l/a = 0.8. The dashed line represents the meniscus with the intrinsic contact angle (60∘) to the roughness structure. In comparison, the invading pre
cursor-films induced by x-axis grooves are shown in (b). (c, d) Illustrations of the interface and three-phase contact line region as the contact line moves upon (c) and 
away (d) from roughness structures. Due to the smaller width of x-axis grooves, the invading precursor-films are much larger than those in Fig 7(b). 

Fig. 9. Apparent contact angle as the function of time on pyramid roughness with different roughness normalized size l/a. The normalized height h /H of the 
roughness structure is 0.1, Ca = 0.001. 
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introduced. In Section 3, we conduct 3 benchmarks to validate our 
model. Results and discussions are presented in Section 4. Last but not 
least, we summarize and provide conclusions in Section 5. 

2. Model and method 

2.1. CSF based color gradient model 

In this work, we adopt the continuum-surface-force (CSF) scheme 
[50–52] of the color-gradient (CG) LBM as the solver for multiphase 
flows. The CG-CSF model is capable of adjusting interfacial and fluid 
properties independently, such as the surface tension, viscosity and 
interfacial thickness [53,54], making it one of the most popular multi
phase LBM models [55,56]. In this model, the two immiscible fluids (red 
and blue) are represented by two sets of distribution functions fb

i and f r
i , 

where the subscripts i denotes the ith direction of the velocity ei in lattice 
models [27,57]. The total fluid distribution function is defined as fi = fb

i 
+ f r

i . The transportation of both fluids undergoes the following lattice 
Boltzmann equation: 

f k
i (x+ eiδt, t+ δt) = f k

i (x, t) + Ω2,k
i
[
Ω1

i +Fi
]
, k = r, b, (1)  

where the superscript k represents either fluid b or fluid r. The collision 
operators Ω1

i , Ω2,k
i and the source term Fi are responsible for the viscous 

effect, the fluid separation, and the body force, correspondingly. The 
macroscopic variables are related to the distribution functions fk

i via 
[58], 

ρk =
∑

f k
i , ρkuk =

∑

i
f k
i ei +

ρkF
2

, (2)  

ρ =
∑

k
ρk, ρu =

∑

k
ρkuk, (3)  

where ρ denotes the fluid density and u denotes the fluid velocity. 
In the CG-CSF model, the viscous collision operator Ω1

i is calculated 
collectively on the total distribution functions [56,59], i.e., 

Ω1
i = −

1
τ (fi − f eq

i ), (4)  

where τ is the relaxation time and f eq
i is the equilibrium distribution 

function. In order to achieve better stability, accuracy and reduce the 
spurious velocities at interface [56,60], the LB multiple-relaxation-rate 
(MRT) framework [61,62] is employed. The LB equation with the 
MRT collision operator can be expressed as 

f k
i (x+ eiδt, t+ δt) = f k

i (x, t) + Ω2,k
i

[

− M− 1S(Mf(x, t) − meq)+ δtM− 1
(

I − S
2

)

F̂
]

, (5)  

where f denotes the vector form of the total distribution functions, and 
meq stands for the equilibrium moment. Additionally, M is the trans
formation matrix to the moment space and F̂ = M f accounts for the 
forcing term in the moment space. For the D3Q19 lattice [27] we 
adopted for 3D simulations, the equilibrium moments meq and the 
forcing moments F̂ can be calculated via the macroscopic variables 
directly [27,63] 

Fig 10. (a, b) Cross-section view of the interface movement upon (a) and between (b) the pyramid roughness structures. (c, d) Illustrations of the interface and three- 
phase contact line region as the contact line moves upon (c) and away (d) from roughness structures. The normalized height h/H = 0.1 and the normalized l /a = 0.8, 
Ca = 0.001.
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(6)  

and S is a diagonal matrix composed of the relaxation parameters, 

S =diag
(
Sρ, Se, Sε, Sj, Sq, Sj, Sq, Sj, Sq, Sν, Sπ, Sν, Sπ, Sν, Sν, Sν,

Sm, Sm, Sm
)
,

(7) 

According to Ref. [27], the following relaxation parameters are 
chosen in this work, 

Sρ = Sj = 0,

Se = 1.19, Sπ = Sε = 1.4,
1
Sν

=
3ν

c2δt
+

1
2
, Sm = Sq =

8(2 − Sν)

8 − Sν
.

(8) 

In the CSF model, a body force F is introduced which is responsible 
for the surface tension [52], 

F =
1
2

σκC, (9)  

where σ is the surface tension, κ is the interfacial curvature and C is the 
color gradient defined via the isotropic gradient operator proposed by 
Leclaire, Reggio [64], 

C = ∇ϕ =
3
δt
∑

i
ωieiϕ(x+ eiδt, t), (10)  

where ωi denotes the weight coefficient in the D3Q19 lattice model, and 
ϕ =

ρr − ρb
ρr+ρb 

is the order parameter indicating fluid types. With the color 
gradient C, the interfacial curvature can be calculated via 

κ = [(I − nn)⋅∇]⋅n, (11)  

where n denotes the normal direction of the color gradient C, 

n =
|∇ϕ|
∇ϕ

. (12) 

Fig. 11. (a) Apparent contact angle as the function of time random-growth-based roughness (b, c) Illustrations of the interface and three-phase contact line region on 
random roughness structures. The normalized height h/H = 0.1 and the normalized l/a = 0.8, Ca = 0.001.
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Finally, a recoloring step is employed to separate the two fluids as the 
collision operator Ω2,k

i , which can be expressed as [53], 

f ++,k
i (x, t) =

ρk

ρ f +i ± β
ρbρr

ρ cos(ψi), (13)  

where 

cos(ψi) =
|ei⋅C|

|ei||C|
, (14)  

where C is the color gradient defined by Eq. (10). f+i denotes the post- 
collision distribution function, while f++,k

i denotes the pre-streaming 
distribution function. Then f++,k

i streams to the nearby lattice nodes 
separately following Eq. (1). 

2.2. Wetting boundary condition 

In this work, we adopt the geometry-based wetting model proposed 
in Akai, Bijeljic [65]. First suggested by Xu, Liu [56], geometry-based 
wetting model can significantly reduce the spurious velocities and pre
vent the unphysical mass transport at the fluid boundary nodes [65,66] 
compared to the fictitious-density model [67]. This is achieved by 
directly modifying the interface normal vector n to the desired contact 
angle via solving 

n± =

(

cos ± θ −
sin ± θcosθ′

sinθ′

)

ns +
sin ± θ

sinθ′ n∗,

θ′ = arccos(ns⋅n∗),

(15) 

Fig. 12. The average apparent contact angle (a, c, e) and maximum and minimum apparent contact angle (b, d, f) as the function of the normalized height h /H. From 
top to bottom: cuboid roughness: (a, b), pyramid roughness: (c, d), random roughness: (e, f). Ca = 0.001. 
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where θ denotes the contact angle, ns is the unit normal vector of 
boundary and n∗ is the estimated interfacial direction via Eq. (12). Then 
n∗ is altered to one of n+ and n− which has the shorter Euclidean dis
tance to n∗, with the color gradient C modified correspondingly. For 
complex geometries, ns can be calculated following Ref. [56]. As a 
result, the wetting model is introduced via the interfacial force accord
ing to Eqs. (9) and (11). 

Besides the adjustment of the interface normal vectors, minimizing 
the spurious velocities at the three-phase contact line region requires 
two crucial steps [60,68]: the extrapolation of the order parameter ϕ and 
the extrapolation of the interface normal vectors n, which reduces the 
color gradient at boundary, and consequently reduces the interactions 
between the fluid boundary nodes and the solid boundary nodes ac
cording to Eqs. (9) and (11). 

2.3. Parallel implementation 

To overcome the challenge of 3D simulations, the LBM-CG-CSF 
model is ported to general-purpose graphics processing unit (GPGPU) 
via CUDA [49,60]. The direct-addressing-based AA pattern and if-else 
branch is adopted to treat complex structures while the wetting 
boundary condition is treated by indirect addressing. With the high 
computation power and the memory bandwidth provided by the modern 
GPGPUs, our implementation reaches 800 MLUPS (million lattice up
dates per second) on Nvidia Tesla V100 and 1100 MLUPS on Nvidia 
A100, which makes it practical to resolve finer roughness structures as 
well as conduct 3D simulations. 

3. Model validation 

To validate our model, several benchmarks have been conducted. 
The first benchmark is the stationary droplet test which validates the 
code by the Young-Laplace equation. Initially, a cubic droplet with a 
given side length is placed at the center of the computational domain. 
The droplet deforms to a sphere due to the surface tension at the equi
librium state as Fig 1(a) demonstrates. The pressure difference across the 
interface can be described by the Young-Laplace equation, 

Δp = σ
(

1
R1

+
1
R2

)

=
2σ
R
, (16)  

where Δp, σ and R denotes the pressure difference, the surface tension 
and the radius of the droplet, respectively. A cubic domain of 200 ×

200 × 200 with the periodic boundary conditions for all the bound

aries. Cubic bubbles with side length of 20 to 70 is placed at the center of 
the domain initially. The surface tension is set as 0.03. As Fig. 1(b) 
shows, our simulation results agree well with the theory. 

In the second case, we validate the wetting model by simulating 
droplets attached to the wall. Similar to the previous one, a stationary 
droplet with a radius of 30 is placed attached to the wall initially. At the 
steady state, the droplet deforms to a certain contact angle corre 
sponding to the wetting boundary condition. Since the shape of the 
droplet is a part of sphere, ignoring gravity, in the benchmark, the radius 
and the center of each sphere can be calculated by extracting and fitting 
[69] all interfacial points defined via |ϕ| < 0.9. As Fig. 2(a) shows, the 
static contact angle can be calculated via 

cos(θc) = −
yc

R
, (17)  

where yc and R denotes the y-coordinate of the center and the radius of 
the sphere, respectively. Fig. 2(c) illustrates that the measured contact 
angles agree well with the desired contact angles for a wide range of 
contact angles. Current results are comparable with [54,60,65] in 
accuracy. 

Apart from the aforementioned benchmarks which mainly examines 
the interfacial dynamics at stationary state, we also conduct a capillary 
rise test. Consider a flow channel consists of two parallel plates which is 
initially filled with fluid r. The inlet and outlet of the channel is con
nected to the fluid b and the fluid r reservoirs with constant pressure pin 
and pout , respectively. The fluid r will be displaced by the fluid b due to 
the pressure difference, Δp = pin − pout and capillary force. Neglecting 
gravity (i.e., g = 0) and inertial effects (i.e., Re≪1), which is usually 
valid at micro and nano scale, the interface position can then be deter
mined via the Washburn model [11], 

x(t) =
H2

12μb

Δp − pc

L
t, (μb = μr) (18)  

x(t) = −
μrL

μb − μr
+

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
36μ2

r L2 + 6H2(Δp − pc)(μb − μr)t
√

6(μb − μr)
, (μb ∕= μr) (19)  

where H and L denotes channel height and length, respectively. μb and μr 
represents the viscosity of the fluid b and the fluid r. The capillary 
pressure pc can be determined by the Young-Laplace equation, 

pc =
2σ cosθ

H
. (20) 

To minimize the influence of the dynamic contact angle and inertial 
force, we let Reb = (ρbHum)/μb ∼ 0.01, Cab = μbum/σ ∼ 10− 3, μb ≥ μr 
and the density ratio ρb/ρr = 1. The um is the mean velocity in the case 
where the viscosity ratio μb/μr = 1. Both the imbibition (non-wetting 
fluid displaced by wetting fluid) and drainage (wetting fluid displaced 
by non-wetting fluid) process are considered and the static contact angle 
of the wetting fluid is 60∘. In this benchmark, we let Reb ≈ 0.01 and 
Cab = 0.0015. The height of the channel is 50 (lattice unit) and channel 
length is 800 (lattice unit). As Fig. 3 shows, our simulation results agree 
well with the Washburn Model at different viscosity ratios. 

The dynamic effect on contact angle is also studied by varying the 
capillary number (Ca = 10− 4 ∼ 10− 1). To simplify the problem, we set 
the viscosity ratio to 1. Similarly, gravity (i.e., g = 0) and inertial effects 
(i.e., Re = 0.005) are neglected. Once the Ca and Re are set, the fluid 
viscosity and the estimated velocity can be uniquely determined via 

ν =

̅̅̅̅̅̅̅̅̅̅̅̅
CaσH
Reρ

√

, (21)  

u =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅
CaReσ

Hρ

√

. (22) 

Then the inlet pressure can be calculated via Eq. (18). Although via 

Fig. 13. The excess curvature cos(θi) − cos(θa) as the function of Ca ln(Hc /ν)
on random roughness of different roughness heights and sizes. The dots are 
simulation results, while the lines are the linear fittings. The results are similar 
for other roughness parameters and roughness shapes. 
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this procedure, the simulated velocity is different from the prescribed 
one, the difference in Re and Ca is small. Additionally, the simulated Ca 
is used in further anaylsis. The dynamic contact angle is measured via 
adjusting the contact angle in the Washburn Model (Eq. (18) and Eq. 
(20)) to find the best match between simulation and theory. As Fig. 4 
shows, the excess curvature cos(θi) − cos(θd) linearly depends on 
Ca ln(H /ls), where ls is the slip length, θi and θd represent the intrinsic 
and dynamic contact angle respectively. This is consistent with the 

hydrodynamic model [12,14] when the density ratio and the viscosity 
ratio is 1. As for CG LBM, Latva-Kokko and Rothman [28] suggest that 
the slip length ls is proportion to the kinetic viscoisty ν and related to 
microscopic parameters in LBM. Based on dimensional analysis, we find 
that the slip length ls = ν/c, where c denotes the lattice speed, i.e., 

cos(θi) − cos(θd) = 2.86Caln
Hc
ν . (23) 

This could be explained that the mobility of the interface is 

Fig. 14. The slope K (a, c, e) and apparent contact angle θa,0 at extremely low Ca (b, d, f) as the function of the normalized height h/H and the normalized size l /a. 
The points are simulation results and contours (lines) are obtained via interpolation. From top to bottom: cuboid roughness: (a, b), pyramid roughness: (c, d), random 
roughness: (e, f). 
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influenced by the lattice speed c, which further influences the slip length 
[70]. The present results prove that the geometry-based wetting model 
with CSF based CG model spontaneously captures the dynamic nature of 
the contact angle. To the best of our knowledge, we are the first to 
provide the correlation for slip length in multiphase LBM. Although the 
simulation results of this benchmark are in lattice unit, the conclusion 
can be generalized to perform non-lattice unit simulations. 

4. Results and discussion 

4.1. Numerical setup 

As Fig. 5(a) shows, the two-phase fluid displacement between two 
parallel plates decorated with the surface roughness is studied. In other 
words, the periodic boundary condition is applied at the y direction, 
which allows us to analysis the flow via the two-dimensional Washburn 
model. The velocity boundary condition with a parabolic profile is 
applied at the inlet while pressure boundary is applied at the outlet, in 
order to maintain a steady advancing velocity at the interface as well as 
uniform pressure at the inlet and outlet. Thus, the apparent contact 
angle θa can be calculated via, 

cos(θa) =
H
2σ (pout − pin + pvis) (24)  

where pin, pout and pvis denotes for the inlet pressure, the outlet pressure 
and the pressure drop due to the viscous effect. The pin, pout can be 
monitored directly at the inlet and the outlet, while the pvis is obtained 
by simulating the corresponding single-phase case. 

Since we mainly consider the imbibition process in micro and nano 
channels, only non-wetting phase displaced by the wetting phase is 
simulated. The height of the channel is fixed as 8 μm. The length and the 
width of the channels depends on the roughness pattern of the surface. A 
grid size of 0.08 μm is employed for all simulations. Similar to the 
benchmark, the displacing process can be described two non- 
dimensionless number, i.e., the capillary number Ca and Reynold’s 
number Re.With a given set of Ca and Re, the inlet velocity and the 
viscosity of the fluid can be determined via Eqs. (21) and (22). We adopt 
Re ≈ 0.005, Ca ≈ 10− 3 ∼ 10− 1and the densities of all fluids are 1000 kg 
/m3 unless otherwise specified. 

To make our analysis manageable, three types of surface roughness 
are considered in this work, i.e., cuboid roughness, pyramid roughness 
and random-growth-based roughness [33], as Fig. 5(b) shows. We as
sume that all roughness structures have has good isotropy and 
homogeneity. 

4.2. Contact line movement at low Ca 

We first present the apparent contact angle results on the cuboid 
surface since the corresponding 2D groove-like structure has been 
widely investigated [37,46,71]. Fig. 6 shows the apparent contact angle 
as the function of the displacing time when Ca = 0.001 with different 
normalized size l/a. It can be observed that the transient apparent 
contact angle oscillates periodically which is also observed in 2D sim
ulations [37]. However, unlike the 2D groove-like structures, the present 
results not only demonstrate the structure-induced wettability reverse 
[37,46], but also reveal the structure-induced hydrophilic enhancement. 
This is because of the grooves along the advancing direction x axis 
(x-axis grooves, hereafter), while in the 2D simulations, grooves are all 
perpendicular to the advancing direction (y-axis grooves, hereafter). 

To analyze the variation of apparent contact angle, the interface 
movement on the cuboid roughness surface is displayed in Figs 7 and 8. 
For cases with l/a ≤ 0.6, i.e., the roughness forms a sparse pattern. The 
θa remain the intrinsic contact angle when the contact line moves at the 
smooth region as Fig 7 shows. When the interface approaches the 
roughness, on the one hand, since the contact line moves upwards, the 
effective channel height is decreased, resulting in smaller apparent 
contact angle. For the convenience of description, we name this phe
nomenon radius reduction. Meanwhile, the upward movement of the 
contact line is much faster than the forward movement of the central 
meniscus, which further effectively bend the main meniscus and reduces 
the apparent contact angle at the early stage, named as central meniscus 
lag. In our simulations, the central mensicus even moves backwards 
slightly as the fluid at corners is pushed to the center. On the other hand, 
as Fig 7(b) shows, the x-axis grooves which have smaller width induces a 
larger capillary force locally, resulting precursor-films which could also 
bend the main meniscus and enhance hydrophilic (invading precursor- 
films). The the x-axis grooves also reduce the maximum apparent con
tact angle. As the contact line leaves the roughness structure, the contact 
line at the grooves moves advance with the main meniscus, forming 
departure precursor-films as Fig. 7(b, c) show. In contrast, in 2D sim
ulations, the contact line is pinned at the roughness edge till θa = π/2 −

θi, similar to Fig 7(a). Therefore, the present results have smaller 
maximum θa compared to 2D results [37]. 

However, as Fig 8 shows, for l/a ≥ 0.8, a smaller channel width of 
the micro-grooves resulting a higher capillary pressure, which enhances 
the invading-precursor films. On the other hand, larger cuboid blocks 
increase the pin effect of the contact line. The main meniscus reaches the 
next roughness structure before the contact line completely detach the 
previous structure as Fig 8(b) demonstrates. Therefore, central meniscus 
lag is not observed in such cases, which could explain the different 

Fig. 15. (a) The apparent contact angle θa as the function Ca: 3D roughness surfaces VS 2D roughness surfaces VS smooth surfaces. The surface is intrinsically 
hydrophilic (θs = 60∘). The smooth result is Eq. (23). The results of 2D roughness surfaces (2D Cassie-Baxter State and 2D Wenzel State) are from Yang, Chen [37], 
which suggests strong wettability reverse. Such results are difficult to find on 3D roughness. (b) The typical capillary force in micro-tubes. Data is reorganized 
considering the capillary force a micro-tube with a radius of 10 μm and the surface tension is 0.03 N/m. 
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pattern of enhanced hydrophilic between l/a ≤ 0.6 and l /a ≥ 0.8 
demonstrate in Fig 6. Aforementioned two patterns are similar to the 
stick-slip pattern and the stick-jump-slip pattern observed in 2D simu
lations [37]. However, the present results are all in Wenzel state while 
two-dimensional simulations suggest a Wenzel state for the stick-slip 
pattern and a Cassie-Baxter state for the stick-jump-slip pattern, which 
could be explained by departure-precursor films induced by 3D 
structures. 

Figs. 9 and 11 show the apparent contact angle as the function of 
time on pyramid roughness and random-growth-based roughness. For 
the pyramid roughness, the apparent contact angle oscillates periodi
cally, which is consistent with the cuboid roughness. Nevertheless, the 
amplitudes of the oscillations on pyramid roughness are much smaller 
than those on cuboid roughness surface, which could suggest a smaller 
contact angle hysteresis. On the one hand, the gentle increase of the 
roughness height weakens the radius reduction and central meniscus 
lag, which reduces the hydrophilic enhancement. On the other hand, the 
pin effect of the pyramidal structure on the contact line is also weaker, 
which reduces the maximum θa. As a matter of fact, for a 2D triangular 
roughness, the apparent dynamic contact angle can be view as |θi − θs|

when contact line approaches roughness and θi + θs when the contact 
line departures the roughness, where θs denotes the structural angle 
[72]. This mechanism (slope effect) also plays a role for 3D pyramid 
roughness while affected by 3D meniscus as Fig 10(c, d) shows. Wetta
bility reverse and stick-jump-slip pattern does not appear on the pyra
mid roughness. For random rough structures, the oscillations of the 
apparent contact angle exhibit an irregular characteristic, which are 
caused by the irregular spatial distribution of the structure itself. 
Additionally, an irregular spatial distribution also destroys the cooper
ative effect of the aligned structures according to Fig 11(c, d), resulting 
smaller amplitude of the oscillations around the intrinsic contact angle 
compared to pyramid roughness. 

4.3. Height effect 

We also study the height effect of the roughness structure as Fig. 12 
shows. With a larger roughness height, the effective channel width is 
decreased and the influence of the micro-grooves is increased, which 
enhances the radius reduction, the central meniscus lag and the 
invading-precursor films for cuboid roughness and the slope effect for 
pyramid roughness and random roughness. As a result, the maximum 
apparent contact angle increases when the roughness height increases 
while the minimum apparent contact angle is exactly the opposite for all 
roughness types and size. The present results also indicate that larger 
roughness heights result in larger oscillating amplitude of the apparent 
contact angle. Additionally, except for the cuboid roughness, most 
maximum apparent contact angles are below 90∘, which suggests that 
wettability reverse is difficult to occur in 3D roughness structures. 

As for the average apparent contact angle, under most of the cir
cumstances, the increase of the roughness height enhances the hydro
philic, which indicates the hydrophilic enhancement is more sensitive to 
height than the hydrophilic diminution. For cuboid roughness with l 
/a ≥ 0.8, the apparent contact angle increases with the increase of 
roughness height, which could be due to the stick-jump-slip pattern in 
those cases rather than stick-slip pattern in other cases. The variation of 
the apparent contact angle due to roughness height is 4∘, suggesting 
roughness height is insignificant in terms of the average apparent con
tact angle. 

For static contact angle in Wenzel states, the apparent contact angle 
follows Wenzel [35], cos(θa) = r∗cos(θi), where r∗ is the roughness 
parameter. As r∗ > 1 is valid for all roughness surface, the apparent 
contact angle should be smaller than intrinsic contact angle. As a result, 
the present results also suggest that the Wenzel model is not valid for 
dynamic contact angle due to the contact line movement. 

4.4. Velocity effect 

In this section, we consider the velocity effect on wettability on 
roughness surface. The contact line motions are similar to those at low 
Ca number. Firstly, as Fig. 13. shows, the excess curvature cos(θi) −

cos(θa) also linearly depends on Ca ln(Hc /ν) on random roughness 
surfaces, which is also the case for pyramid roughness surface and 
cuboid roughness. Thus, the apparent contact angle on rough surfaces 
follows 

cos(θi) − cos(θa) = K(l / a, h /H)Caln
(

Hc
ν

)

+ b(l / a, h /H), (25)  

where K(l /a, h /H) denotes the structural effect on the slope (sensitivity) 
of the excess curvature as the function of Ca ln(Hc /ν), while b(l /a, h /H)

denotes the structural effect on the advancing contact angle θa,0 at 
extremely low Ca. θa,0 = arccos(cos(θi) − b). 

The results of different roughness heights and sizes on different 
structures are displayed in Fig. 14. It can be observed that the slopes K of 
all 3 roughness types are higher than that of smooth surfaces, which 
indicates that the apparent contact angle θa increases faster with the 
increase of the capillary number Ca on rough surfaces than that on 
smooth surfaces. This is consistent with the experimental results in [42, 
43]. In their works, effect of the roughness surface is modeled as the 
increase of viscosity μeff , resulting Caeff > Ca, in other words, the larger 
slope K. In contrast, it is obtained that the slip length ls is increased in 2D 
simulations, indicating a smaller slope [37]. 

The slopes of cuboid roughness surfaces are much higher than that of 
other roughness surfaces, which is due to the contact line movement 
analyzed in Section 4.1. Generally speaking, with larger structure 
height, induces stronger effect on the contact line movement, resulting 
in the larger slope K, which is also observed in experiments [42]. 
However, our results suggest that structure size effect on the slope K is 
not monotonic. The maximum slope is obtained at relatively large 
structure size, because different mechanism is affected by structure size 
differently. The structure size effect is further influenced by the het
erogeneity of the roughness distribution comparing random roughness 
(Fig. 15(e)) and regular roughness (Fig. 15(a) and (c)). 

As for the apparent contact angle θa,0 at extremely low Ca, the 
maximum θa,0 is obtained at the small roughness height and the large 
roughness size for the pyramid roughness and the random roughness. 
Nevertheless, due to the stick-jump-slip pattern on cuboid roughness, 
the maximum θa,0 is observed at the large roughness height and the large 
roughness size. The value of the maximum θa,0 is also much larger than 
that of the pyramid roughness and the random roughness. 

Finally, we present a direct comparison among 3D roughness sur
faces, 2D roughness surfaces [37] and smooth surfaces. We can observe 
that with 2D roughness surfaces in 2D simulations, the apparent contact 
angle is overestimated in both Wenzel State and Cassie-Baxter state. 
Even at a small Ca, the apparent contact angle θa is hydrophobic though 
the surface is hydrophilic with the intrinsic contact angle θi = 60∘. On 
the other hand, the apparent contact angle θa is underestimated by about 
25% at relatively large Ca on the smooth surface compared to random 
roughness. Interestingly, the apparent contact angle predicted on the 
pyramid surface is close to that predicted on the random roughness due 
to the similarity in the pyramid shape and the peak shape in random 
roughness, which indicates that the similarity in morphology may pro
duce similar results. 

5. Conclusions 

We have investigated the surface roughness effects in this work on 
dynamic wetting in imbibition processes in microchannels via 3D direct 
simulations by GPU-LBM. Three types of surface roughness have been 
considered, i.e., the cuboid one, the pyramid one and the random- 
growth-based roughness. The effects from roughness size and 
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imbibition velocity have been studied on the dynamic contact angle, and 
compared with the results of the corresponding 2D one. The apparent 
contact angle oscillates because of roughness structures as the interface 
advances, which is also observed in the 2D simulations. The amplitude 
of oscillation is strongly influenced by the roughness shape. However, at 
a small capillary number, the rough surfaces remain hydrophilic due to 
the weaker pin-effect of the 3D structure. For all the roughness condi
tions we consider, the flow remain the Wenzel State though the stick- 
jump-slip or the stick-slip motion [37] can be similarly observed in 
the 3D roughness structures as well. In contrast to the wettability 
alternation in 2D simulations, the 3D rough surfaces remain hydrophilic 
and Wenzel state at even low capillary numbers for hydrophilic surfaces. 
The results also indicate that the 2D simplifications overestimate the 
pressure drop for rough channels, while underestimate over 20% for 
smooth channels. Hence, it is of great significance to consider 3D 
roughness for dynamic wetting in real microchannels. 
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