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ABSTRACT 

Superhydrophobic surfaces have garnered attention for their ability to decrease 

fluid resistance, which can significantly reduce energy consumption. This study 

aims to accurately capture critical flow phenomena in a microchannel and 

explore the internal drag-reduction mechanism of the flow field. To achieve this, 

the three-dimensional (3D) superhydrophobic surface flow field with conical 

microstructure is numerically simulated using the gas–liquid two-phase flow 

theory and Volume of Fluid (VOF) model, combined with a Semi-implicit 

method for the pressure-linked equation (SIMPLE) algorithm. The surface drag-

reduction effect of the conical microstructure is investigated and compared it to 

that of the V-longitudinal groove and V-transverse groove surfaces. 

Additionally, the changes in the drag-reduction effect during the wear of the 

conical microstructure were explored. The numerical results reveal that the drag-

reduction effect improves with a larger period spacing of the conical 

microstructure, the drag reduction rate can reach 25.23%. As the height of the 

conical microstructure increases, the aspect ratio (ratio of width to height) 

decreases, and the dimensionless pressure drop ratio and the drag-reduction ratio 

increase. When the aspect ratio approaches 1, the drag reduction rate can reach 

over 28%. indicating a more effective drag-reduction. The microstructure is most 

effective in reducing drag at the beginning of the wear period but becomes less 

effective as the wear level increases, when the high wear reaches 10, the drag 

reduction rate decreases to 3%. Compared to the V-shaped longitudinal groove 

and V-shaped transverse grooves, the conical microstructure is the most effective 

in reducing drag.  
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1. INTRODUCTION 

With the rapid development of micro- and 

nanotechnology, superhydrophobic surfaces have 

garnered significant attention and have been employed 

(Monfared et al., 2019; Kibar, 2022). Researchers have 

fabricated microstructures, such as microgrooves and 

microcolumns, on smooth solid surfaces through hot 

pressing, lithography, and other methods. By exploring 

the drag-reduction mechanism of bionic surfaces, they 

have found that the sufficiently small size between 

adjacent microstructures results in a Cassie-Baxter state 

(Cassie, 1944), whereby the liquid flows over the surface 

without completely wetting the solid surface. This 

reduces the viscous resistance, generating a significant 

effective slip length (Davies et al., 2006).  

To date, there have been numerous analytical, 

numerical, and experimental studies conducted on drag 

reduction in microchannels using superhydrophobic 

surfaces. In terms of experimental measurements, Ou et al. 

(2004) surveyed the pressure drop on a superhydrophobic 

surface using a rectangular experimental flow cell and 

found the pressure drop to be as high as 40%. They also 

observed the presence of a shear-free gas–liquid interface 

using a confocal surface metrology system, which they 

considered the key factor in the drag reduction in laminar 

flow. Ou and Rothstein (2005) measured the surface slip 

velocity using micron-resolution particle image 

velocimetry (PIV) and found that the drag-reduction 

mechanism mainly lies in the slip of the shear-free gas–

liquid interface. They found that the maximum slip 

velocity was 60% higher than the average. Liu et al. (2019) 

developed a superhydrophobic surface with sharkskin 

patterns and found that the surface could achieve 21.7% 

drag-reduction underwater using a rotational viscometer.  

In addition to experimental studies, numerical flow 

investigations in channels containing superhydrophobic 
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surfaces have been extensively conducted. Rastegari and 

Akhavan (2019) employed the lattice Boltzmann method in 

their study and found that the morphology and size of the 

superhydrophobic surface microstructure can impact its 

drag-reduction performance. Hosseini et al. (2019) used 

molecular dynamics research methods to analyze changes 

in the wetting state of superhydrophobic surfaces with 

different geometric morphologies. They discovered that 

increasing the adjacent spacing of microcolumns results 

in a smaller contact angle, therefore microcolumn spacing 

should be controlled during preparation. Watanabe et al. 

(2017) performed direct numerical simulation (DNS) to 

investigate flow in superhydrophobic microchannels 

under turbulent conditions. They observed that the 

average velocity rate increases by approximately 15% 

when using down-flow microridges, and the resistance 

reduction decreases with increasing slip rate as the angle 

of the microridges increases. Song et al. (2012) conducted a 

two-dimensional (2D) numerical simulation of a 

superhydrophobic surface and found that the 

drag-reduction rate increased with an increasing gas–

liquid area ratio. They also reported that the drag 

reduction was almost independent of cavity height, and 

rectangular cavities showed better drag reduction than 

V-shaped and U-shaped cavities. Li et al. (2016) performed 

a 2D numerical simulation of superhydrophobic 

microchannels with rectangular cavities and found that 

the pressure drop increased with the gas–liquid area ratio. 

Cui et al. (2017) explored the performance of transverse 

microgrooves in drag reduction in three dimensions using 

the Volume of Fluid (VOF) model. Their results showed 

that the surface with transverse microgrooves has an 

effect of increasing resistance; however, the transverse 

grooves demonstrated drag reduction with the increase in 

microgroove spacing. Xu et al. (2021) studied a bionic 

superhydrophobic surface with V-shaped grooves and 

detected that V-shaped grooves had the highest drag 

reduction compared to U-shaped and rectangular 

longitudinal grooves. Manda and Mazumdar (2023) used 

CFD to numerically study the heat transfer and flow 

characteristics in microchannels with different 

cross-sectional shapes. The study showed that the flow 

performance of microchannels with triangular 

cross-sections was better than that of microchannels with 

other shapes. 

In the area of material preparation, researchers have 

used various techniques to fabricate superhydrophobic 

materials with diverse morphologies and exceptional 

drag-reduction effects (Monfared et al., 2019; Zhang et al., 

2022). However, when preparing superhydrophobic 

surfaces,researchers often enhance superhydrophobicity 

by increasing the gas–liquid area ratio, which usually 

results in fragility and susceptibility to wear. In recent 

years, Chen et al. (2015) employed a layer-by-layer 

self-assembly method to etch a relatively stable 

superhydrophobic surface with a regular conical array to 

address the issue of wear resistance. Wang et al. (2020a) 

fabricated a superhydrophobic surface consisting of 

inverted conical microstructures by lithography, which 

can withstand ultrahigh-pressure loading. Wang et al. 

(2020b) prepared three different sizes of superhydrophobic 

surfaces with conical microstructures, and ship navigation 

experiments showed that superhydrophobic surfaces 

exhibited significant drag-reduction effects compared to 

traditional smooth walls. 

Following previous investigations, the morphology 

and structural parameters of the microstructure 

significantly impact the drag reduction of 

superhydrophobic surfaces, and exploring how to 

improve the structural parameters to enhance the 

drag-reduction effect requires an in-depth study. With the 

advancement of microfabrication technology, 

hydrophobic materials with good drag-reduction effects 

and high stability have been prepared, such as 

references (Wang et al., 2020a) and  (Wang et al., 2020b), 

whose microstructures are three-dimensional (3D) conical 

microstructures. Previous studies on resistance reduction 

in simplified 2D microstructures have been relatively 

comprehensive, and 3D simulations have been limited to 

longitudinal and transverse grooves, while the 

drag-reduction effect of 3D conical microstructures has 

rarely been reported. The specificity of the conical shape 

also presents new challenges for simulation. Additionally, 

the wear resistance of microstructures is currently 

receiving considerable attention (Milionis et al., 2016; 

Zhang et al., 2017), but little work has systematically 

evaluated the drag reduction of 3D conical 

microstructures in practical wear through numerical 

simulations. Therefore, there is a need to improve 

research on the drag reduction of conical microstructures 

after wear. 

We aimed to investigate the drag-reduction 

mechanism of superhydrophobic surfaces with conical 

microstructures in laminar flow. Therefore, this study 

uses numerical simulations to analyze the influence of 

structural parameters on the drag-reduction effect of such 

surfaces with conical microstructures. The study focuses 

on practical manufacturing engineering and applications. 

The overall content is organized as follows: First, the 

drag-reduction performance of superhydrophobic 

surfaces with conical microstructures of three different 

sizes is studied and analyzed in detail, based on 

experimental materials reported in reference (Wang et al., 

2020b). Second, the drag-reduction performance 

investigation during the wear process of the conical 

microstructure is presented. Third, the drag-reduction 

effects of superhydrophobic surfaces with conical 

microstructures are compared to those of V-shaped 

longitudinal and V-shaped transverse grooves. Finally, 

useful conclusions are drawn. The design and 

experimental measurement of superhydrophobic 

microchannels are extremely expensive. Numerical study 

reduces the costs. In this work, a parametric numerical 

study is used to explore the drag reduction of 

superhydrophobic surfaces with conical microstructures. 

The purpose of this work is that to obtain some useful 

data and provide some useful suggestions to the designers 

and experimenters who are interested in the 

superhydrophobic surfaces. 

2. MODELS AND ALGORITHMS 

2.1 Physical Models 

Consider the 3D images depicting microstructures of  
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Fig. 1 3D micropatterned images (Wang et al., 2020b). 

(a)Samples prepared under 65℃hot-pressing 

conditions (H-65), (b)Width and height of 

micropattern H-65, (c)Samples prepared under 

95℃hot-pressing conditions (H-95), (d)Width and 

height of micropattern H-95, (e)Samples prepared 

under 125℃hot-pressing conditions (H-125), (f)Width 

and height of micropattern H-125 

 

Fig. 2 Microchannel with conical microstructures 

 

three distinct sizes, prepared as per reference (Wang et al., 

2020b) and presented in Fig.1. The microstructures were 

physically modeled in this investigation and were 

characterized as 3D conical shapes, as demonstrated in 

Fig.2. In the physical model illustrated in Fig.2, the upper 

wall of the microchannel was smooth while the bottom 

surface featured rough conical microstructures. The 

cavities between adjacent microstructures were air-filled, 

and the water flow in the channels was assumed to be 

steady, incompressible, and laminar.  

Here, the microchannel length, mL 0287= , 

width, mW 381= , and height, mH 005=  . The 

microstructure height is denoted by h . In this model, s

denotes a period and width of the conical microstructure. 

To minimize the effects of the inlet and outlet section and 

obtain convergence solutions, a smooth and no slip 

surface is taken at the inlet and outlet sections of the 

computational domain. 

In actual experimental preparation, the maximum 

bottom diameter of the conical microstructure reaches 

130 m . In order to maintain consistency with the 

microstructure size prepared in the experiment, we 

comprehensively selected the microchannel length and 

width mentioned above. In this case, the hydraulic 

diameter 695hD m= . If the flow in the microchannel 

needs to be fully developed before reaching the 

microstructure, one can refer to the formula proposed by 

Galvis et al. (Galvis et al. 2012) for the developing length, 

which is 

int 0.715
0.0825Re

0.115Re 1h

L

D
= +

+
 

where, 
intL is the inlet length, 

hD is the hydraulic 

diameter, Re is the Reynolds number. For the case of our 

study, the developing length is 39964 m  and the total 

length of microchannel should be 81198 m . 

Considering the computational complexity and the ability 

of the computer, we have taken the microchannel length 

2870L m= . 

2.2 Mathematical Models 

As shown in Fig.2, water flowing over microchannel 

and air filling the adjacent conical, forming a typical gas–

liquid two-phase flow. This study employed the VOF 

model to determine the fluid volume fraction in the 

control volume and the gas–liquid interface. 

Under steady isothermal laminar flow in the channel, 

the governing equations are the Navier-Stokes 

equations  (Anderson, 1995). The continuity equation is 

expressed as follows 
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where wvu ,, are the velocities in the zyx ,,

directions, respectively. p  is the pressure,   is the 

density, and   is the viscosity coefficient. The density 

and dynamic viscosity are closed by the following mixing 

theorem: 
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density and viscosity coefficients of air, and w  is the 

volume fraction of water. When 1=w , the control 

volume is filled with water, and when 0=w , the 

control volume is filled with air, and when 10  w  , 

the control volume has two phases (water and air). The 

VOF equation is expressed as follows (Anderson, 1995) 
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+




+
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x
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wwww 
              (4) 

The boundary conditions for the computational 

domain are set as follows: the inlet velocity is smuin /1= ; 

the outlet pressure is set to be constant; the front and back 

walls are set as symmetric boundaries to simulate an 

infinite flat plate, and the rest of the walls are defined as 

no-slip boundaries. The initial condition is set as follows: 

The microchannel is full of water, and the cavity full of 

air. The gas–liquid interface is assumed to be flat. 

The second-order upwind scheme is used to 

discretize convection term and second-order central 

scheme is used to discretize diffusion term in the 

momentum equation. Subsequently, the control equation 

is solved using the Semi-Implicit Method for 

Pressure-Linked Equations (SIMPLE) algorithm (Tao, 

2001) To capture the interface between the water and air, 

the VOF model is employed, and the convergence 

residual is specified as -810 . 

2.3 Dimensionless Pressure Drop Ratio and 

Drag-Reduction Rate 

The following drag-reduction parameters were 

introduced to evaluate the drag-reduction effect of the 

superhydrophobic surfaces. 

The dimensionless pressure drop ratio is expressed 

as follows (Ou et al., 2004) 

S

S

P

PP



−
=                                (5) 

where 
SP  and P  denote the average pressure 

drops of stable segments for smooth and 

superhydrophobic microchannels, respectively. Unless 

otherwise specified, the average pressure drops at sections 

mx 864=  and mx 0072=  are taken as the pressure 

drop in the stable section. 

For steady, incompressible, laminar flow in a 

microchannel, the Poiseuille number is expressed as (Li 

et al., 2016): 

Bu

PD
f

in

h



2
2

Re


=                               (6) 

Where B denotes the length of the stable section of 

the desired average pressure drop, HD is the hydraulic 

diameter, typically four times the cross-sectional area 

divided by the perimeter of the channel section, and can 

be expressed as follows: 

HW

WH
DH

+
=

2

                                

(7) 

The rate of reduction in resistance can be defined by 

comparing the total drag experienced by a smooth surface 

with that of a superhydrophobic surface: 

S

S

F

FF
DR

−
=

                                

(8) 

where SF  and F  denote the total drag of the smooth 

and superhydrophobic surfaces，respectively. 

3. RESULTS AND DISCUSSION 

3.1 Validation 

To demonstrate the accuracy of the numerical 

calculation, a comparison is made between the numerical 

results and the theoretical solution in a smooth 

microchannel. Furthermore, a comparison is provided 

between the numerical results and the experimental 

measurements obtained from microchannels exhibiting a 

columnar microstructure. 

3.1.1 Flow in Smooth Microchannel 

For incompressible fluid flows within a smooth 

rectangular channel with a thickness H , width W , and 

length L , the theoretical pressure drop can be calculated 

according to (Blevins, 1984): 

H

in
S

D

fLu
P

2

2


=                               (9) 

where f denotes the average friction factor, 

inversely proportional to the Reynolds number, and  

calculated as follows: 

Re

k
f =                                     (10) 

where Re is the Reynolds number, 


 HvD
=Re ， is 

the kinematic viscosity; k  is the friction coefficient, 

obtained by solving the Poiseuille equation in the cross 

section and is expressed as follows (Yang et al., 2018): 
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23
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Figure 3 presents a comparison between numerical 

results and theoretical values within a smooth 

microchannel. The theoretical results were obtained using 

Eq. (9). As shown in Fig. 3, the simulation results agree 

qualitatively with the theoretical solutions. Therefore, the 

validity of the algorithm for simulating flow in a smooth 

channel is confirmed. 

3.1.2 Flow in Columnar Microstructure Channels 

Ou et al. (2004) conducted experimental 

measurements of the pressure drop in microchannels with 

columnar microstructures under laminar flow. The 

physical model is presented in Fig. 4. To validate the   
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Fig. 3 Variation of the pressure drop with Reyolds 

number Re  

 

Fig. 4 Superhydrophobic microchannels with 

columnar microstructures 

 

model and algorithm further, 3D numerical simulations 

were performed in channels with columnar 

microstructures. 

Here, the channel length, mL 1800= , width, 

mW 180= , and height ah = . The distances between 

adjacent microstructures are taken as m15 , m30 ,

m60 , m150 . The shear-free area ratio defined as 

sas /)( −= . Figure 5 displays the grid for the 

cross-section, using a structured hexahedral mesh. Local 

refinement was applied to the region in which the flow 

field exhibits significant variation. The calculation 

employed approximately 44 10100~1080  meshes. 

 

 

Fig. 5 Grid of microchannel with columnar 

microstructure in xy  cross-sectional 

 

Fig. 6 Variation of dimensionless pressure drop ratio 

with shear-free area ratio 

 

Figure 6 illustrates the comparison of the 

dimensionless pressure drop ratios obtained from 

numerical simulations with the experimental results (Ou 

et al., 2004). The simulation results demonstrate 

qualitative consistency with the experimental outcomes. 

For microchannels with superhydrophobicity and 

columnar microstructures, an increase in the gas–liquid 

area ratio leads to a rise in the dimensionless pressure 

drop ratio. However, the dimensionless pressure drop 

ratio obtained from the numerical simulations is higher 

than the experimental findings of Ou et al. (2004) . The 

average relative error is approximately 6.4%. This 

discrepancy may result from the idealized conditions used 

in the numerical simulations. 

3.2 Analysis of the Drag-Reduction Effect of Conical 

Microstructures 

Numerical simulations were used to discuss the 

drag-reduction performances of three sizes of conical 

microstructures, as reported in reference (Wang et al., 

2020b). Table 1 presents the specific parameters of the 

microstructures. The Virgin film is the original mold that 

has not undergone any hot pressing treatment, i.e. a 

smooth surface.H-65, H-95, and H-125 correspond to 

superhydrophobic surfaces with conical microstructures 

prepared under hot pressing temperature conditions of 

65 ℃, 95 ℃, and 125 ℃, respectively. For the simulation, 

an unstructured polyhedral mesh was used, and local 

refinement was applied to areas near the conical surfaces. 

Figure 7 depicts the local mesh of the microchannel. To 

avoid the impact of grid number on the calculation results, 

we selected different numbers of grids for grid 

independence verification, as shown in Table 2. Solution 

obtained by grid number of 410241  is selected as the 

reference. It was found that the change in resistance 

coefficient of superhydrophobic surfaces was less than 

4%. Considering the calculation time and accuracy, the 

grid number is selected as 2412005 for the following 

simulation. In addition, the range of y plus values is 

0<y<3.5.  
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Table 1 Microstructure parameters from Wang et al., 

(2020b) 

Name 
Microstructure size(μm) 

width s height h 

Virgin film 0 0 

H-65 75 18 

H-95 130 35 

H-125 127 52 

 

Table 2 Grid independence verification 

Number of 

grids( 410 ) 
89 170 209 241 281 

Drag 

coefficient 

deviation 

3.96% 1.57% 1.32% 0 1.15% 

 

 

Fig. 7 Mesh within conical microstructure channels 

 

3.2.1 Characterization in the Flow Field 

Figure 8(a) illustrates the volume fraction contours 

for the cross-section. The surface tension creates a 

distinct gas–liquid interface between the water and air 

phases. Moreover, during the flow of water over the 

microchannel, the air is effectively trapped within the 

gaps. The gas–liquid interface exhibits a non-planar 

curvature, as shown in Fig. 8(b), this phenomenon is 

consistent with the findings of Ou et al. (2004) ,where the 

maximum deviation of curvature displacement is 9μm. 

The velocity contour and velocity vector diagrams of 

the H-125 flow field in the cross-section are presented in 

Fig. 9. From Fig. 9(a), it is evident that the velocity 

stratification throughout the flow field is distinct, with 

lower velocity near the wall. The velocity fields near the 

upper and lower walls exhibit significant differences, and 

the velocity field near the lower wall becomes 

exceedingly complex. The presence of microstructures 

converts the original solid-liquid surface into a gas–liquid 

interface, resulting in a slip velocity that is clearly 

observed at the gas–liquid contact surface. In addition, 

we can also see some spurious currents at the gas-liquid 

interface, which may be due to the strong influence of the 

hydrostatic pressure in the channel on the gas pressure 

inside the cavity. The gas continuously diffuses and 

dissolves into the surrounding water, resulting in the 

instability of the flow field at the gas-liquid interface. It 

can be observed from Fig. 9(b) that the water flow is fully 

developed in the channel, and the gas forms a low-speed 

whirlpool inside the cavity. The upper part of the whirlpool 

 

(a) Volume fraction contour 

 

(b) Interfacial curvature displacement 

Fig. 8 Phase field characteristics of yz  section 

 

 
(a) Velocity Contour 

 
(b)Velocity vector 

Fig. 9 Velocity field characteristics of xy  section 
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Fig. 10 Shear stress distribution contour for 

superhydrophobic and smooth surfaces 

 

 

Fig. 11 Comparison of shear stress on 

superhydrophobic surface and smooth surfaces 

 

is aligned with the water flow direction near the gas–

liquid interface, generating a push effect and vortex 

cushion effect. These results are consistent with the 

simulation findings of Song et al. (2012) , who reported 

that the thrust and vortex cushion effects were 

responsible for achieving surface drag reduction. 

Figure 10 displays the contour of the shear stress 

distribution for superhydrophobic and smooth walls. The 

presence of microstructures yields a significant difference 

in the shear stress generated on superhydrophobic 

surfaces compared to the uniform shear stress on smooth 

surfaces. Specifically, the shear stress on 

superhydrophobic surfaces can be categorized into two 

extremes: the shear stress is ultrahigh at the apex of the 

conical microstructure, and the shear stress is minimal, 

nearly zero, across the remainder of the microstructure, as 

illustrated in Fig. 11. Consequently, the overall average 

shear stress on the superhydrophobic surface is lower 

than that on the smooth surface, with the average shear 

stress on a smooth surface is 24.91Pa, and the average 

shear stress on a superhydrophobic surface is 6.53Pa. 

3.2.2 Impact of Microstructure Size Parameters for 

Drag-Reduction Performance 

Table 3 illustrates a comparison of the dimensionless  

Table 3 Comparison of the drag-reduction parameters 

of three microstructures and smooth surfaces 

Name 

Dimensionless 

pressure drop 

ratio 

Poiseuille 

number 

drag 

reduction 

rate (%) 

Virgin film 0 68.95 0 

H-65 0.35 45.09 23.47 

H-95 0.64 24.51 24.41 

H-125 0.72 19.23 25.23 

 

 

Fig. 12 Slip velocity along z-direction for three 

superhydrophobic and smooth surfaces 

 

pressure drop ratio, Poiseuille number, and 

drag-reduction rate for four distinct surfaces. The 

comparison demonstrates that a surface containing 

conical microstructures can effectively reduce drag. For 

three different sizes of conical microstructures, the 

dimensionless pressure drop can be reduced by up to 70%, 

and drag reduction can exceed 25%. The conical 

microstructure transforms the original solid-liquid contact 

surface into a gas–liquid contact face, thereby reducing 

viscous resistance. Moreover, as depicted in Table 3, 

H-125 exhibits the most significant drag-reduction effect, 

with the highest dimensionless pressure drop and 

drag-reduction rate. This finding agrees with the 

experimental results  (Wang et al., 2020b). 

Figure 12 depicts the slip velocity along the z-axis 

for four distinct walls. The data illustrates that the no-slip 

wall has a slip velocity of 0, whereas the 

superhydrophobic surface generates a slip velocity. The 

superhydrophobic surface with conical microstructures 

exhibits a slip velocity of zero at the tip. Furthermore, the 

velocity is comparatively low in the vicinity of the tip and 

gradually increases until it reaches the maximum at the 

center of the adjacent microstructure. Given that the 

adjacent microstructure spacing of H-125 and H-95 is 

larger than that of H-65, the slip velocity of both surfaces 

is greater than that of H-65. The slip velocity of H-125 is 

slightly higher than that of H-95, consistent with the 

results presented in Table 2. 
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Fig. 13 Wall shear stress distribution along the 

x-direction 

 

 

Fig. 14 Variation in drag reduction with 

microstructure height h  

 

Figure 13 compares the wall shear stress along the 

x-direction for three different microstructures and smooth 

surfaces. The distribution of wall shear stress along the 

x-direction of the superhydrophobic surface varies 

significantly; however, it is more uniformly distributed 

than that of a smooth wall. H-125, H-95, and H-65 

produce ultrahigh shear stresses near the tip, whereas they 

are nearly zero along the rest of the wall. Therefore, the 

overall shear stresses are lower than those on smooth 

surfaces. Additionally, as evident from Fig. 14, the 

average wall shear stress of H-125 is less than that of 

H-95 and H-65, consistent with the results obtained in 

Table 2. 

Based on the processing technology (Wang et al., 

2020b), the material is melted at high temperature, and 

the resulting sample completely replicates the structure of 

the template. When the pressure is increased beyond this 

point, the distance between adjacent microstructures  

 

Fig. 15 Volume distribution of liquid infiltration with 

three different height microstructures 

 

remains almost constant, while the height increases 

further. Consequently, this study assumes a constant 

microstructure width, while continuing to increase the 

height of the microstructure. Subsequently, three heights, 

m70 ,  m100 ，and m130  are investigated. 

Figure 14 depicts the relationship between the height 

of the microstructure and the drag-reduction rate. 

Specifically, an increase in microstructure height is 

associated with a higher drag-reduction rate. This 

observation may be attributed to the unique morphology 

of the conical microstructure. At a constant 

microstructure width but increasing height, the aspect 

ratio ( hs / ) is reduced. When water flows over a 

superhydrophobic surface with conical microstructures, 

the contact surface between the liquid and the upper part 

of the cone is smaller, resulting in reduced viscous 

resistance. Figure 15 illustrates that for conical 

microstructures with higher aspect ratios, the infiltration 

area is larger when the liquid begins to infiltrate the upper 

part of the structure. 

3.3 Analysis of Surface-Worn Effects with Conical 

Microstructures 

Previous research has demonstrated that 

superhydrophobic surfaces are highly prone to wear (Tian 

et al., 2016), which alters the drag-reduction performance 

of these surfaces during or after wear. The tip of the cone 

is subjected to ultrahigh shear stress during use and is 

particularly susceptible to wear. This section primarily 

examines the variation in the drag-reduction effect of the 

conical microstructure during the wear process. 

The practical applications considered in our work, 

the tip of the conical microstructure is gradually rounded 

to form a certain curvature during the initial stage of wear, 

it is noted here as parameter “arc.” As the wear level 

increases, the “arc” gradually decreases, as illustrated in  
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Fig. 16 Schematic diagram of parameter “arc” 

 

 

Fig. 17 Variation of drag-reduction rate of “arc” 

 

Fig. 16. Therefore, a tip smoothing operation was used in 

the modeling. 

A quadratic Bezier curve with shape parameters is 

employed to model a 2D curve and then rotated it to 

obtain a 3D physical model after wear. The quadratic 

Bezier is defined as follows: let )2,1,0( =ipi  be a 

control point, then the quadratic Bezier curve with shape 

parameter is expressed as (Wang & Liu, 2007): 
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where “arc” is the shape parameter for determining the 

shape of the curve. As depicted in Fig. 16, the initial state 

when the tip is unworn is represented by 1=arc . The  

 

Fig. 18 Pressure contour of the worn microstructure 

tip along the flow direction (x-direction) 

 

decrease in the arc parameter indicates a gradual change 

in the curvature of the microstructure tip as the degree of 

wear increases. 

Figure 17 depicts the variation in surface 

drag-reduction rate with arc. As shown in the figure, the 

drag-reduction rate initially increases and then decreases 

with changes in the arc parameter. This phenomenon 

could be attributed to the gradual tip wear during the flow 

process, which subsequently decreases the pressure 

gradient ahead and behind the tip. This effect contributes 

to the drag reduction, which is slightly enhanced by low 

differential pressure resistance. However, an increase in 

wear degree reduces the differential pressure resistance 

while increasing the viscous resistance, leading to inferior 

performance. The pressure distribution near the top of the 

conical microstructure is presented in Fig. 18 for both 

pre-wear (arc=1) and post-wear (arc=0.95) conditions. 

The comparison between the two conditions reveals a 

significant reduction in pressure difference at the top of 

the tip after wear (arc=0.95) compared to that before 

wear (arc=1). 

As the intensity of abrasion increases, or when 

nanoparticles interact with the water flow, the tip of the 

microstructure will flatten, and its height will decrease 

while its bottom remains microstructured. To investigate 

the changes in drag-reduction performance of 

microstructure during the wear process, a schematic 

diagram of four different heights during the wear process 

is given in Fig. 19. It is clear from the diagram that the 

conical microstructure gradually transforms into a round, 

table-shaped microstructure during the wear process. 

Figure 20 illustrates the variation of the 

dimensionless parameters, namely the Poiseuille number 

and the drag-reduction rate, with the height of the 

microstructure. Decreasing the height of the round table 

microstructure causes a decrease in both the dimensionless 
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(a) μmh 40=            (b) μmh 30=  

 
(c) μmh 20=              (d) μmh 10=  

Fig. 19 Variation of the microstructure heightwith h

wear process 

 

 
(a) Dimensionless pressure drop ratio and Poiseuille 

number 

 
(b) drag-reduction rate 

Fig. 20 Variation in drag-reduction parameters with 

microstructure height h 

 
pressure drop ratio and the drag-reduction rate. In 

contrast, the Poiseuille number increases as the height of 

the round table microstructure decreases. As a result, the 

superhydrophobicity of the surface gradually deteriorates, 

ultimately falling below 5% during the wear process. This 

can be attributed to the following: first, the reduction in 

the height of the round stable microstructure led to a 

proportional increase in the solid-liquid contact surface 

and viscous resistance. Second, within microchannels of 

the same height, the relative height of the microchannel 

increases as the microstructure height decreases, thereby 

diminishing the impact of the superhydrophobic surface 

on the microchannel. Finally, as the height of the round 

table microstructure is reduced, the aspect ratio increases 

and the gap between adjacent microstructures decreases, 

which does not favor the formation of the vortex cushion 

effect between adjacent microstructures, and is thus not 

conducive to drag reduction. 

In summary, the differential pressure resistance in 

the microchannel decreases when the conical 

microstructure becomes slightly worn, reducing drag. 

This phenomenon occurs when the tip of the 

microstructure is rounded at the beginning. However, as 

the wear of the tip continues to increase, viscous drag 

becomes dominant, resulting in poorer drag reduction. 

Therefore, during the preparation of the microstructure, it 

is advisable to round the tip appropriately while being 

mindful of a critical arc point. If the critical point is 

exceeded, i.e., the increase in viscous resistance is greater 

than the decrease in differential pressure resistance, it 

would not be conducive to reducing drag. 

3.4 Comparison of the Drag-Reduction Effects of 

Different Shaped Microstructures 

The study compared the drag-reduction effects of 

surfaces with varying microstructures. Specifically, the 

research examined the drag-reduction effects of 

superhydrophobic surfaces featuring V-shaped 

longitudinal grooves, V-shaped transverse grooves, and 

conical microstructures. 

Figure 21 illustrates a superhydrophobic 

microchannel featuring a V-shaped groove that runs 

parallel to the flow direction, and another V-shaped 

groove perpendicular to the flow direction. To conduct a 

more thorough analysis of the drag-reduction effect of the 

tapered microstructure, the parameters of H-125 are taken 

for the conical microstructure, and the rounded table 

shape ( mh 40= ) after wear down is also considered. To 

simulate the V-transverse and V-longitudinal grooves, we 

set the period length between adjacent ribs of the groove 

to be identical to H-125 ( ms 127= ) and the groove 

height to be mh 52= . 

Figure 22 presents a comparison of the 

drag-reduction rates of four different microstructures with 

distinct shapes. The figure demonstrates that the conical 

shape (H-125) exhibits the highest drag-reduction rate, 

while the reduction rate of the longitudinal groove, round 

table, and transverse groove decrease sequentially. This 

observation can be attributed to the following reasons: 

H-125 has the smallest solid-liquid contact surface owing 

to its shape, and the adjacent cones can better seal the gas 

between them, facilitating the formation of vortices in the 

gas phase. This vortex cushion effect results in a greater 

slip velocity. 
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(a) V-shaped transverse (Perpendicular to the flow 

direction) 

 
(b) V-shaped longitudinal groove (Parallel to the flow 

direction) 

Fig. 21 V-shaped grooves 

 

 

Fig. 22 Comparison of the resistance reduction rates 

of four different shaped microstructures 

 

To analyze further the reasons for the difference in 

drag-reduction rates among the four shaped 

microstructures, this study compares and analyzes the 

average viscous resistance, wall shear stress, and 

differential pressure resistance of the superhydrophobic 

surfaces. As shown in Fig. 23, the red bars illustrate the 

viscous resistance, which is higher for the round table and 

longitudinal grooves and lower for the H-125 and 

transverse grooves. The conical, longitudinal, and 

transverse grooves transform the solid-liquid contact 

surface into sharp points or thin ribs. On the other hand, 

the round table has a flat top with a certain area of 

solid-liquid contact surface, resulting in greater viscous 

resistance. The longitudinal groove is parallel to the 

direction of flowing water, and the differential pressure 

resistance is minimal. However, it cannot form the vortex 

cushion effect, which is not conducive to the preservation 

of gas in the cavity, causing the gas loss to enlarge, 

leading to higher viscous resistance. The green bars  

 

Fig. 23 Comparative analysis of viscous resistance, 

wall shear stress, and differential pressure resistance 

of different shaped microstructures 

 

represent the average wall shear stress, which is higher 

for the round table and transverse grooves and lower for 

the H-125 and longitudinal grooves. The upper surface of 

the round table has zero slip velocity, resulting in a large 

velocity gradient at the front and end of the upper surface. 

Similarly, the transverse groove generates a large velocity 

gradient at each rib, so both the round table and the 

transverse groove have large shear stress. The blue bars 

represent differential pressure resistance, with the 

longitudinal groove having the lowest differential 

pressure resistance and the transverse groove the highest, 

with the H-125 and the round able microstructure in 

between. The longitudinal groove is in the same direction 

as the water flow, resulting in almost zero differential 

pressure resistance. The transverse groove is 

perpendicular to the direction of water flow and 

effectively traps gas in the V-shaped cavity to form a 

vortex cushion effect, resulting in less viscous resistance. 

However, the pressure difference is generated in front and 

behind each of its ribs, giving rise to a great differential 

pressure resistance, which corresponds to three times that 

of the H-125 and the round table. In addition, we found 

that the flow in microchannels is mainly affected by 

viscous resistance and pressure difference resistance, and 

reducing these two types of resistance becomes the key to 

reducing drag in microchannels. Currently, supercritical 

carbon dioxide (sCO2)(Manda et al., 2022) in 

microchannels has been explored as a potential 

alternative to traditional fluids such as water and air 

(Manda et al., 2023). sCO2 has low viscosity and has 

smaller corrosiveness and pressure drop compared to 

water (Manda et al., 2020), which helps to reduce viscous 

and differential pressure resistance in the channel (Manda 

et al., 2021). Therefore, sCO2 may be more advantageous 

for drag reduction within microchannels. It should be 

noted that if sCO2 is used as the flow medium, due to its 

special physical properties, such as the special changes in 

density and viscosity in the supercritical state, the 

influence of gravity cannot be ignored during calculation 

(Manda et al., 2024). We should also claimed that the 

results of this study are more applicable to water. 
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However, the algorithm presented here can be extended 

to the study of other different fluid. 

In summary, the conical microstructure experiences 

the least total resistance and has the best overall drag 

reduction. 

4. CONCLUSIONS 

In this study, 3D numerical simulations of conical 

microstructures of three different sizes, which were 

obtained through machining as described in (Wang et al., 

2020b), were carried out. The impact of various size 

parameters on the drag-reduction effect of the conical 

microstructures was analyzed. Additionally, changes of 

the drag-reduction effect during the wear process of the 

conical microstructure were investigated. The surface 

drag-reduction effects of the conical microstructure to 

those of the worn round table microstructure, and 

V-shaped longitudinal and V-shaped transverse grooves 

were compared. Our findings can be summarized as 

follows: 

(1) The drag-reduction effect observed in this study 

is consistent with the experimental results (Wang et al., 

2020b), i.e., H-65 < H-95 < H-125. Increasing the width 

between adjacent conical microstructures (i.e., increasing 

the period length s) results in a greater average slip 

velocity and a better drag-reduction effect. While keeping 

the width of the conical microstructure constant, 

increasing the height leads to a decrease in the aspect 

ratio, resulting in a linear increase in drag-reduction rate 

and a better drag-reduction effect. Therefore, when 

preparing superhydrophobic surfaces with conical 

microstructures, increasing the width of the 

microstructure or appropriately reducing the aspect ratio 

of the conical microstructure is recommended. 

(2) The tip of the conical microstructure is exposed 

to ultrahigh wall shear stress during the drag-reduction 

process, making it highly susceptible to wear. In the 

initial stages of wear, when the tip is rounded, there is an 

increase in the dimensionless pressure drop and 

drag-reduction rate, which is more conducive to 

drag-reduction. However, as the degree of wear increases, 

the increase in viscous resistance outweighs the reduction 

of differential pressure resistance, leading to a decrease in 

drag-reduction effectiveness. 

(3) Conical microstructures demonstrate the best 

resistance reduction compared to round table 

microstructures, V-shaped longitudinal grooves, and 

V-shaped transverse grooves. While the longitudinal 

groove has the least differential pressure resistance and is 

second in drag reduction, the V-shaped longitudinal 

groove and the round table microstructure exhibit the 

highest viscous resistance and are third in drag reduction. 

The V-shaped transverse groove produces the greatest 

differential pressure resistance and is the least effective in 

reducing drag. 

In this study, we investigated the overall 

drag-reduction effect of superhydrophobic surfaces. 

However, some flow details, such as the spurious currents 

phenomenon at the gas–liquid interface, need to be 

further investigated. Although we mentioned the possible 

reasons for spurious currents, some other factors needs to 

be considered. The 2D contact line (Noori et al., 2019) 

and 3D contact surfaces of gas–liquid will be studied in 

our future work. 
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