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Abstract: The dynamic behavior of droplets impacting cylindrical superhydrophobic surfaces with different structures 10 

(azimuthal groove, axial groove, pillar) is studied in this work. The rebound and splash thresholds with different 11 

structures were also proposed, which depended on D/D0 (where D is the cylinder diameter and D0 is the initial droplet 12 

diameter) and the surface structure of the substrate. Based on the energy conservation approach, a complete rebound 13 

threshold semi-empirical model is constructed for cylindrical superhydrophobic surfaces. The recovery coefficient is 14 

used to measure the energy loss during the droplet impacting the superhydrophobic cylindrical surface. At the same time, 15 

the energy loss was significant on the cylindrical superhydrophobic surface with different structures, and the surface 16 

structure of the substrate played a vital role in the energy loss of the collision process. Then a prediction formula for the 17 

maximum spread diameter on the cylindrical superhydrophobic surface with different structures is presented to 18 

understand the droplet collision behavior further. In addition, a level wing-like splash morphology could reduce contact 19 

time on grooved superhydrophobic surfaces. Based on the contact time ( 1/2

max max( / )
a z

   ) as a function of the Weber 20 

number, the azimuthal grooved structure surface has the least contact time. 21 

INTRODUCTION 22 

The dynamic behavior of droplets impacting solid substrates has been extensively studied, including spreading, 23 

splashing, and contact time. Researchers have explored the superhydrophobic surface because of its unique rebound 24 

property. The maximum spreading diameter, recovery coefficient, splash threshold, contact time, and other parameters in 25 

the collision process have been studied in detail.1-5 Superhydrophobicity reduces the substrate surface's wettability by 26 

adding micro/nano structures on the substrate surface, and the contact angle between the droplet and the substrate surface 27 

would be exceeded 150°. Because of the low surface wettability has extensive application in anti-corrosion, anti-icing, 28 

self-cleaning, drag reduction, and other fields.6-9 At the same time, with the development of micromachining technology, 29 

such as mechanical micromachining, physical micromachining, and chemical micromachining, micro-structured surfaces 30 

with superhydrophobicity have been used to study the dynamic process of droplet collision. 31 

Past reports focused on the droplet impact dynamics on superhydrophobic surfaces with microstructures, which 32 

showed the influence of impact velocity10, 11, contact angle12, 13, the pitch of pillars14, and droplet size from the Cassie to 33 

Wenzel wetting transition.15 The transition affected the outcome of the droplet collision. K.malla et al.16 investigated the 34 

effect of groove pitch and Weber number on the droplet collision process. As the increase of Weber number or the groove 35 

pitch, the droplets would shift from complete bounding to bounding with droplet breakup to no bounding. Liu et al.17 36 

discovered a unique rebound mechanism on superhydrophobic surfaces with lattices of submillimeter-scale posts 37 

decorated with nano-textures. Droplets spread on impact and then leave the surface in a flattened pancake shape without 38 

retracting. Contact time would reduce by a quarter for the complete rebound. Clanet et al.8 studied the dynamic behavior 39 
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of droplets on superhydrophobic surfaces. In conclusion, the maximum spreading diameter of droplets was Dmax = 40 

D0We1/4 at low viscosity and wettability. A criterion was proposed to predict whether the spreading would be limited by 41 

capillary effect or viscosity. 42 

In addition, many plants and objects had both curvature and superhydrophobicity in nature and industry, which 43 

made it necessary to understand the kinetic behavior of droplets on superhydrophobic substrate surfaces. For this reason, 44 

many researchers have conducted experimental and numerical simulations on the dynamic characteristics of 45 

superhydrophobic cylindrical surfaces. Khurana et al.18 studied the impacting dynamics of droplets on wettability 46 

cylinders with different diameters, mainly in the wettability fraction, spreading factor, and liquid film thickness. Under 47 

the same impact Weber number, with the increases of cylinder diameter relative to the droplet diameter, the effect of 48 

curvature would decrease on the wetting fraction, spreading factor, and liquid film thickness. In contrast, the Weber 49 

number significantly affected the shape of liquid film, formation, and fracture. On the conservation of energy, an 50 

analytical expression for the evolution of liquid film thickness with time was proposed. Zhang et al.19, 20 proposed a new 51 

dimensionless parameter α=We/D* (ratio of inertial force to surface tension) to describe the dynamics of a droplet 52 

collision and used this parameter to distinguish between upward rebound and downward stretch. At the same time, the 53 

topological structure of the cylindrical surface caused the droplets to experience asymmetric spreading and contraction, 54 

which led to asymmetric rebound and breakup. Under the large impact Weber number, the splashing phenomenon first 55 

occurred in the azimuthal direction of the droplet. Based on D* and Weber numbers, the splashing threshold of the two 56 

directions was proposed. To learn more about the dynamics of droplets on the surface of a cylinder, Jin et al.21 considered 57 

the influence of temperature. It was found that the maximum spreading diameter of the droplet in the azimuthal direction 58 

was more significant than the maximum spreading diameter in the axial direction on the cylindrical superhydrophobic 59 

surface, and the temperature had an influence on the diffusion factor in the azimuthal direction. In addition, the contact 60 

time was also an essential parameter for studying the droplet collision process. Researchers studied the contact time of 61 

the droplet impacting the cylindrical superhydrophobic surface and proved that the contact time could reach the 62 

minimum when the droplet diameter was equal to the diameter of the cylinder22. Liu et al.22 found that water droplets 63 

impacting echevaria leaves exhibit asymmetric bouncing dynamics. The echevaria leaves surface was investigated by 64 

lattice Boltzmann simulation and system experiment. It revealed that this novel phenomenon results from an asymmetric 65 

momentum and mass distribution that allowed preferential fluid pumping around the drop rim. The asymmetry of the 66 

bouncing led ~40% reduction in contact time. The effects of the diameter ratio of cylindrical glass and Weber number on 67 

the postimpact regime, contact time, maximum spreading factor, and splash threshold were investigated by Khanzadeh et 68 

al.13 Found that contact time on the cylindrical surface was up to 50% less than the flat one. To reduce the contact time 69 

during the droplet collision, Abolghasemibizaki et al.23 fabricated a superhydrophobic surface fully decorated with 70 

cylindrical ridges. The dates showed that regardless of the droplet location of the contact point, when the kinetic energy 71 

of the drop is sufficient to completely wet the ridges, the contact time reduces ~13% as the consequence of ~20% faster 72 

retraction. After Abolghasemibizakiet et al.24 designed a ribbed surface with additional macrotexture and found that 73 

ribbed macrotexture could further reduce the contact time. In the study of non-Newtonian fluids, Ranjan Mishra et al.25 74 

reported the post-collision elasto-hydrodynamics of non-Newtonian elastic or Boger fluid droplets (polyacrylamide 75 

(PAAM)) solution in water on convex or cylindrical targets of various diameters. Both hydrophilic and superhydrophobic 76 

surfaces were studied to deduce the role of wettability. In the case of superhydrophobic surfaces, PAAM droplets 77 

rebound at larger cylindrical diameters and higher Weber numbers compared to water. In addition, a summary of the 78 

great experimental was given for the droplet impact on cylindrical superhydrophobic surfaces in the appendix, as shown 79 

in Table 2. 80 

The emergence of numerical simulation deepens the insights in the mechanism and dynamic behavior of droplet 81 

collision. Khojasteh et al.26 used the numerical algorithm of level set-VOF to investigate the impacting process and 82 

found that under the same impact conditions, the maximum spread area on the spherical surface was greater than that on 83 

the plane surface, and gravity played a more critical role on the curved surface. Li et al.27 adopted the improved 84 
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Boltzmann method to consider the droplet's eccentricity (β) to the cylinder's axis, surface wetness, viscosity ratio (λ), and 85 

other parameters. In case with λ <1, the viscosity ratio plays a minor role in the thickness variations of the deposited 86 

liquid, which decreases to a nonzero constant eventually; while for λ>1, the increase of the viscosity ratio significantly 87 

accelerates the decrease of the deposited liquid, and finally no fluid deposits on the cylinder. Wang et al.28, 29 found that 88 

the droplets separated and recombined at the bottom of the cylinder when impacting the cylindrical hydrophilic surface 89 

through a particle-based mesh-free numerical approach. On the hydrophobic surface of the cylinder, the droplets remain 90 

separated at the bottom of the cylinder after separation. The maximum axial spreading diameter increased with the 91 

increase of droplet impact velocity. In the rebound morphology, the contact time increased with the impact velocity and 92 

decreased with the impact velocity. Surface wettability is an important factor affecting droplet dynamics. Liu et al.30 used 93 

a coupled level set and volume-of-fluid method and found that the worse the surface wettability was, the easier the liquid 94 

film rebounds. The maximum spreading diameter increases with the increase of the impact velocity. A method with a 95 

rectangular ridge decorated on the cylinder is proposed by Zhang et al.31 to suppress and prevent the re-touch. With a 96 

small ridge height, the rebound pattern is changed from the intact re-touch rebound to the separate re-touch rebound, and 97 

the contact time is significantly reduced. Andrew et al.14 used Lattice Boltzmann method and found that the anisotropic 98 

curvature of the surface was responsible for the contact time reduction. With the increase of curvature, the contact time is 99 

reduced. Moreover, the obstacle shape would impact the bouncing, particularly for larger obstacles. In brief, a summary 100 

of the great numerical simulation is given for the droplet impact on cylindrical superhydrophobic surfaces in the 101 

appendix, as shown in Table 3. 102 

Although the dynamic behavior of droplets impinging the micro-structured surfaces and cylindrical surfaces has 103 

been widely studied, but the dynamic behavior of droplets impinging on the surface of a cylindrical structure was rarely 104 

studied. Therefore, cylindrical surface structures, including cylindrical pillar structure, azimuthal groove cylindrical 105 

structure (the groove is perpendicular to the cylinder’s axis), axial groove cylindrical structure (the groove is parallel to 106 

the axis of the cylinder) were designed in this work to explore the influence of cylinder surface on dynamic droplet 107 

behavior.  108 

EXPEIMENTAL AND MATERIAL 109 

A: Surface preparation 110 

In this work, cylindrical brass material with a diameter of 20±0.02mm, and precision CNC machining tools were 111 

used to make the cylinder azimuthal groove cylindrical surface, axial groove cylindrical surface, and cylindrical pillar 112 

surface, respectively. These three structural dimensions were 0.4±0.02mm, including the ridge width (w1 or w3), the 113 

groove width (w2 or w4), and the groove height(h), it was shown in Fig. 1b)-1),1b)-2),1b)-3). A commercial nano-coating 114 

(Never Wet, Ultra Every Dry, NC319, Made in China) is used to achieve superhydrophobicity on the cylindrical surface. 115 

The nano-coating treatment process mainly includes cleaning, impregnation, and drying. The specific process is as 116 

follows: (i) The surface of the brass structure cylinder was cleaned for 20 min by using an ultrasonic cleaning machine, 117 

repeated twice, and then washed once with deionized water to ensure a clean substrate material. (ii) The substrate 118 

material was placed for 5–7 min in a desiccator chamber (70°C) to ensure that the material was dry and non-oily. (iii) A 119 

superhydrophobic coating was evenly sprayed on the surface of the brass cylinder, which was then dried in a drying 120 

chamber (60°C-80°C) for 8–10 min. (iv) These steps above were reported three times to ensure the superhydrophobicity 121 

of the substrate material. The microscopic morphologies of the superhydrophobic surfaces, obtained through the above 122 

steps, are shown in FIG.1e. The ESEM (environmental scanning electron microscopy) image shows that the cylindrical 123 

surface is uniformly covered with silica nanoparticles. 124 

The surface wettability was determined by measuring the static and the dynamic contact angles of water drops 125 

(16µL) on a flat brass groove substrate and pillar substrate using a standard contact angle goniometer ((JY-82B Kruss 126 

DSA), as shown in Fig.1c). The contact Angle was measured by the droplet method and the measurement error was 127 

±2.5°, as shown in the first illustration presented in Fig.1c). The dynamic contact angles, including advancing and 128 
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receding angle, were measured using injecting liquid to the drop or sucking liquid from the drop [shown in the second 129 

illustration presented in Fig.1c)]. The static contact angle of the superhydrophobic groove is =158°±2.5°, and the 130 

advancing, receding angles and sliding angels are a =7°±2.5°, r = 82°±2.5°, s=8.5°±2.5°, respectively. These values 131 

were averaged over five measurements. 132 

B: Experimental setup 133 

In this experiment, the room temperature was 20°C, and the relative humidity was 50%. The experimental setup 134 

is shown in Fig.1a). The experiment was repeated five times for each view (cross view, front view, side view) with a 135 

camera under the same Weber number (same height condition). The liquid was using deionized water (the density (ρ) is 136 

1000kg/m3 and the surface tension () is 0.072m/N), and the droplets are produced by a syringe pump (LSP02-1b). The 137 

average droplet diameter D0 values were 2.4mm±0.02 mm, 3.1mm±0.02mm, 3.9mm±0.02mm, and 4.8mm±0.02mm. 138 

The droplet diameter, sample parameters, and experimental parameters are shown in table 1. Droplets were dropped from 139 

different heights and fell into the center of the cylinder surface. The impacting velocities ranged from 0.31 m/s to 1.9 m/s, 140 

corresponding to Weber numbers ranging from 3 to 150. Here, We=ρD0U0
2/  is the Weber number, representing the ratio 141 

of the inertia force and surface tension (where D0 is the drop diameter, ρ is the liquid density, U0 is the impact velocity, 142 

and  is the liquid-gas surface tension). 143 
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 144 

Fig.1. Schematic of the a) experimental setup, b) Schematic view of the micro-groove-liked texture cylindrical surface, 1) 145 

azimuthal groove cylindrical surface, 2) axial groove cylindrical surface, 3) pillar cylindrical surface. c) The static and dynamic 146 

T
hi

s 
is

 th
e 

au
th

or
’s

 p
ee

r 
re

vi
ew

ed
, a

cc
ep

te
d 

m
an

us
cr

ip
t. 

H
ow

ev
er

, t
he

 o
nl

in
e 

ve
rs

io
n 

of
 r

ec
or

d 
w

ill
 b

e 
di

ffe
re

nt
 fr

om
 th

is
 v

er
si

on
 o

nc
e 

it 
ha

s 
be

en
 c

op
ye

di
te

d 
an

d 
ty

pe
se

t.

P
L

E
A

S
E

 C
IT

E
 T

H
IS

 A
R

T
IC

L
E

 A
S

 D
O

I:
 1

0
.1

0
6
3
/5

.0
1
3
4
6
3
7

Author Accepted Manuscript version of the paper by Lijuan Qian et al.  
in Physics of Fluids, Vol 35 (2023) DOI: http://dx.doi.org/10.1063/5.0134637 

Distributed under the terms of the Creative Commons Attribution License (CC BY 4.0) 



 

6 

 

contact angles, and d) the maximum spreading diameter in the axial and azimuthal direction. e) Environmental scanning 147 

electron microscopy (ESEM) image of the cylindrical superhydrophobic surfaces. 148 

The droplet collision process was captured using a high-speed camera (Fastcam Mini AX 100-C), a microscopic 149 

lens, and a stroboscopic LED spotlight which is the no-stroboscopic white light source. A high-speed camera 150 

(FASTCAM Mini AX Type 200K-C-32GB) frame rate of 4000 fps and shutter speed of 1/4000 was employed; Photos 151 

were taken from the front view, left view, and cross view (the angle between the camera and the horizontal plane is 152 

~75°). Due to the angular differences in the crossed views, experimental data (the rebound threshold, contact time and 153 

maximum spread diameter) are obtained from the side view and the front view in this paper. The cross-sectional view is 154 

used to determine the morphology and process of droplet spreading. To ensure the repeatability of the experiment, the 155 

experiment was repeated five times for each condition. After each experiment, the substrate was dried using an air 156 

blower to remove the residue of water drops.  157 

Table 1: Experimental conditions. 158 

2

0 0e /W U D = , 0* /D D D= , 
3 31 10 (kg / m ) =  , 

27.2 10 (N / m) −=  , max max 0/
z z

l D = , max max 0/
a a

l D =  

D (mm) D0 (mm) Drop height (mm) Weber number 

20 2.4, 3.1, 3.9, 4.8 4–200 3-150 

Result and Discussion 159 

A: Droplet Rebound 160 

A high-speed camera (Fastcam Mini AX 100-C) is used to capture the droplet rebound process from the front, side, 161 

and cross views. As shown in Fig.2, the droplet underwent three processes after impinging the substrate surface: first 162 

spreading(0-5ms), then receding (5ms-12.5ms), and finally rebounding(12.5ms-15ms). In Fig. 2a, droplets' spreading and 163 

receding processes were relatively stable on the cylindrical superhydrophobic surface. The surface instability was almost 164 

non-existent, and the energy loss was slight. Surface tension and viscous force played a significant role in the collision, 165 

and droplets were not prone to splash. Therefore, the Weber number of the complete rebound of droplets on the 166 

cylindrical superhydrophobic surface was the largest. However, on the axial groove, azimuthal groove, and pillar 167 

cylindrical superhydrophobic surface, as shown in Fig. 2b, 2c, and 2d, there were unstable waves and disturbance 168 

phenomena on the surface of the droplet during the collision process. Especially in the process of receding (5ms-12.5ms), 169 

there was oscillation on the droplet’s surface, the surface instability was more violent, and the energy dissipation was 170 

more significant during the contraction process. Therefore, compared with the cylindrical surface, the maximum Weber 171 

number of complete rebounds is slightly lower. A classical approach is used to understand the dynamics of liquid 172 

droplets. Under the situation of the diameter ratio (4<D*<9) and Weber number (3<We<150), the complete rebound 173 

threshold (the droplet that could completely rebound without breaking during the collision) of cylindrical 174 

superhydrophobic surfaces with different structures is shown in Fig.3. It was found that the complete rebound threshold 175 

was different on the cylindrical superhydrophobic surface with different structures. The Weber numbers of complete 176 

rebounds were ~17 and ~21 on the azimuthal groove cylindrical superhydrophobic surface and axial groove cylindrical 177 

superhydrophobic surface, and the rebound threshold did not change with the changing of D*. However, the maximum 178 

Weber number of complete rebounds was ~58 on the pillar cylindrical superhydrophobic surface, and the maximum 179 

Weber number of complete rebounds decreased with the increase of D*. Finally, the maximum Weber number of 180 

complete rebounds of the cylindrical superhydrophobic surface was ~84. With the increase of D*, the maximum Weber 181 

number of complete rebounds increases gradually. This was because the rebound of the droplet depends on the energy 182 

loss when the remaining kinetic energy can overcome the dissipated energy in the contraction process.32-34 183 
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 184 

Fig.2. Schematic diagram of rebound morphology on superhydrophobic cylindrical surfaces with different structures. a) 185 

We=16, D*=6.44, rebounding off the cylindrical superhydrophobic surface b) We=16, D*=6.44 rebounding of the azimuthal 186 

groove cylindrical superhydrophobic surface c) We=16, D*=6.44 rebounding of the axial groove cylindrical superhydrophobic 187 

surface d) We=16, D*=6.44 rebounding of the pillar cylindrical superhydrophobic surface. Each image's first, second, and third 188 

rows represent high-speed snapshots selected from the front, side, and cross views. 189 
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 190 

Fig.3. a) Diagram of the We-D*, rebound threshold of cylindrical superhydrophobic surfaces with different structures, the black 191 

square, red circle, blue triangle, and the green inverted triangle represent the cylindrical surface, azimuthal groove cylindrical 192 

surface, axial groove cylindrical surface, and cylindrical pillar surface. b) At D*8.24, the critical lines are the recovery 193 

coefficient () of the cylindrical superhydrophobic surface with different structures, the black dashed line, and the red double 194 

dotted line. 195 

To better understand the rebound threshold difference in different structure surfaces, the variation curve of the 196 

recovery coefficient with the Weber number is plotted to describe the energy loss of the collision. The restitution 197 

coefficient ( =V1/V2) where V1 is the velocity of the droplet when it first touches the substrate, and V2 is the velocity of 198 

the droplet when it leaves the substrate. From the black dotted line (cylindrical surface critical line) and red double 199 

dotted line (cylindrical surface with different structures critical line) in Fig. 3b. When We>10, on the cylindrical 200 

superhydrophobic surface with structures, the restitution coefficient was significantly lower than that on the cylindrical 201 

superhydrophobic surface. This indicated that the droplet's energy loss during the collision was relatively significant on 202 

the structure surface. In this process, the droplet was in the Wenzel state, and the droplet filled the basal groove and had 203 

to overcome more barriers in the contraction process, so more energy was dissipated.35, 36 At the same time, there were 204 

significant disturbance and instability waves on the surface of the droplet when the droplet impacted the structured 205 

substrate. With the increase of Weber number, the inertial force overcomes the surface tension of the droplet at larger 206 

impacting velocities, and the droplet was more likely to splash and break. The broken droplet would take away some 207 

droplet energy which decreases the droplet recovery coefficient.  208 

In addition, the trend of the maximum spreading diameter with Weber number (We<40) was made for different 209 

structures. Here the axial and azimuthal maximum spreading diameters as lamax, lzmax in Fig.1d, and the corresponding 210 

non-dimension maximum spreading diametersβxmax=lamax/D0 and βzmax=lzmax/D0 is defined (where D0 is the diameter of 211 

droplet). Previous studies have shown that droplet spreading is mainly affected by impact velocity, surface shape, and 212 

surface structure. On the cylindrical superhydrophobic surface, the topology of the cylinder droplets distributed more 213 

momentum in the azimuthal direction, making droplets spread more. The results showed that the maximum spreading 214 

diameter of droplets is closely related to the substrate structure, and the groove structure could certainly facilitate or 215 

hinder the spreading of droplets. Comparing Fig. 4,5, and 6, it is found that the maximum spreading diameter of droplets 216 

is significantly limited in the direction perpendicular to the groove structure, and the maximum spreading diameter of 217 

droplets is somewhat promoted in the direction parallel to the groove. When the droplet collides with the substrate 218 

surface, the droplet fills the inside of the groove, and the movement of the droplet is restricted in the direction 219 

perpendicular to the groove. This is because the surface energy of the liquid caught in the inner part of the groove could 220 

not be converted into kinetic energy at all. However, in the direction parallel to the groove, the surface energy of the 221 
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droplet is more easily converted into kinetic energy. Thus, the spreading of the droplet is promoted. It could be 222 

concluded that the groove surface has anisotropic wettability, which significantly affected the maximum spreading 223 

diameter. In addition, a linear or exponential fit was used to obtain a prediction formula for the dimensionless maximum 224 

spread diameter with different structures. The prediction equations were also illustrated to predict the spreading during 225 

droplet collision. The error of fit is approximately 5%. The experimental error in the data is the measurement error, 226 

which totals approximately 3%. The total cumulative error in these equations does not exceed 10%. 227 

Azimuthal groove cylindrical surface of maximum spread diameter prediction formula: 228 

0.4

0

(0.14 )
0.2

max

0

1.75( )

D

D

x

D
We

D


−

−=                                                              (1) 229 

max

0

(1.95 0.1 ) 0.04
z

D
We

D
 = − +                                                             (2) 230 

Axial groove cylindrical surface of maximum spread diameter prediction formula: 231 

max 1.25 0.03
x

We = +                                                                      (3) 232 

0.12

max

0

(1.72 0.08 )
z

D
We

D
 = −                                                                (4) 233 

Pillar cylindrical surface of maximum spread diameter prediction formula: 234 

max 1.25 0.02
x

We = +                                                                      (5) 235 

max

0

(2 0.1 ) 0.025
z

D
We

D
 = − +                                                               (6) 236 

 237 

Fig.4. Diagram shows the maximum spread diameter of the azimuthal groove cylindrical surface. a) the Maximum 238 

spread diameter along the axial direction and b) the maximum spread diameter along the azimuthal direction. 239 
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 240 

Fig.5. Diagram shows the maximum spread diameter of the axial groove cylindrical surface. a) the Maximum spread 241 

diameter along the axial direction and b) the maximum spread diameter along the azimuthal direction. 242 

 243 

Fig.6. The diagram shows the cylindrical pillar maximum spread diameter. a) the Maximum spread diameter along the 244 

axial direction and b) the maximum spread diameter along the azimuthal direction. 245 

B: Droplet splash 246 

The droplet splash threshold critical line is shown in Fig.7. Corresponding to the complete rebound, the droplet 247 

splash Weber number was more significant on the cylindrical superhydrophobic surface. The splash threshold was 248 

slightly lower on the cylindrical superhydrophobic surface with structure. This is because the cylindrical 249 

superhydrophobic surface with structure increased the instability and perturbations of the droplet during the collision. 250 

The droplets are more likely to breakup and splash at a small Weber number. To better show the splash phenomenon of 251 

different structures and the difference in splash morphologies, a high-speed camera is used to capture the basic process of 252 

droplet splashing from the front view, side view, and cross view. Fig.8 shows the splash morphology at D* =5.14. As 253 

shown in Fig. 8a, when the weber number is 80, splashing on the cylindrical superhydrophobic surface did not occur 254 

compared with other structural superhydrophobic surfaces (as shown in Fig 8c, 8d, 8e). However, when the weber 255 

number is 120 (as shown in Fig8b), splashing would occur, indicating that splashing on the cylindrical superhydrophobic 256 

surface requires higher kinetic energy. Due to the topological structure of the cylinder, the droplets would gain more 257 

kinetic energy in the azimuthal direction, and the droplets would preferentially splash in the azimuthal direction. As 258 
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shown in Fig 8b, the droplet from the cross view would first spread into an oval, and fingers gradually form at the 259 

periphery of the liquid lamella (0-10ms), which is caused by the R-T instability (the higher the impact velocity and the 260 

larger the droplet size, the more the droplet rim instability. The finger shapes would appear at the edge of the droplet) of 261 

the droplet. Then the droplet would breakup and recede into a strip.37 In the azimuthal direction (side view), the droplet 262 

would spread along the surface of the circle (0-7.5ms). When the maximum spreading diameter is reached, the inertial 263 

force overcomes the liquid's surface tension and viscous force, and the droplet begins to breakup under inertial force and 264 

gravity (10ms). In addition, in the axial direction (front view), splashing does not appear. 265 

 266 

Fig.7. Diagram of the We-D*, splash threshold of cylindrical superhydrophobic surfaces with a different structure. The black 267 

and red dashed lines represent the critical threshold line of the cylindrical superhydrophobic surface and the cylindrical 268 

superhydrophobic surface with structure, respectively. 269 

As shown in the cross view in Fig 8c, the liquid droplets would spread out into a similar elliptical shape on 270 

azimuthal groove cylindrical superhydrophobic surface. Still, there would be jet-like fine waves (2.5ms) on both sides of 271 

the droplets, which are similar to jet flow. In the azimuthal direction (side view), unlike Fig. 8b, the droplets did not 272 

spread along the cylindrical surface but spread in a level wing-like (0-7.5ms). The droplet had a large horizontal velocity, 273 

and its spread angle was ~ 180°. Then the wings on both sides fall slowly due to gravity (12.5ms-22.5ms), and the 274 

droplet overcomes the surface tension and viscous force and splashes to both sides (15ms). In the axial direction (front 275 

view), the droplet is pinned to the substrate surface by the structure, which prevents the droplet from spreading and 276 

splashing. This is because the viscous force of the liquid caused the droplets to pin to the surface of the substrate. 277 

The splashing of the axial groove cylindrical superhydrophobic surface is shown in Fig.8d. From the cross view, the 278 

droplet spreads and appears jet-like fine waves on the left and right sides (0-2.5ms). At 7.5ms, the droplet began to 279 

shrink and appeared as a cross shape (12.5ms), and the droplet broke into multiple satellite droplets (22.5ms). In the axial 280 

direction (front view), the droplet had an upward lift on both sides (7.5ms) and then appeared as a level wing-like 281 

(12.5ms) with a spreading angle of 180°. Under the inertial force, the middle part of the droplet bounces upward with the 282 

remaining energy.  283 

As shown in Fig. 8e, the droplet perturbation and instability would be more pronounced on the pillar cylindrical 284 

surface. When the droplet reaches maximum spreading diameter (2.5ms), splashing occurs in both axial and azimuthal, 285 

forming a small satellite droplet (7.5ms), and the middle part of the droplet is pinned to the substrate surface 286 

(12.5ms-22.5ms). 287 
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Fig.8. Schematic diagram of splash morphology on superhydrophobic cylindrical surfaces with different structures. a) We=80, 289 

D*=5.14, rebounding off the cylindrical superhydrophobic surface, b) We=120, D*=5.14, splashing of the cylindrical 290 

superhydrophobic surface, c) We=80 D*=5.14 splashing of the azimuthal groove cylindrical superhydrophobic surface, d) 291 

We=80, D*=5.14 splashing of the axial groove cylindrical superhydrophobic surface, e) We=80, D*=5.14 splashing of the pillar 292 

cylindrical superhydrophobic surface. Each image's first, second, and third rows represent high-speed snapshots selected from 293 

the front, side, and cross views. 294 

This horizontal wing-like phenomenon is explained in Fig.9. During the spreading process of the droplet, the edge 295 

liquid gradually separates from the substrate surface, and the three-phase contact line is transformed into a two-phase 296 

contact line. The change of the contact line would reduce the disturbance of the droplet edge on the substrate surface. At 297 

the same time, the escaping air inside the substrate was also a critical factor in determining the splashing of droplets.4, 38 298 

As shown in Fig. 9, the droplet spreading velocity is Vl, and the air escape velocity is Va. When the droplet impacts the 299 

inside of the groove, the air inside the groove is squeezed out by the droplet, at this time Va>Vl, and the escaping air 300 

generates an upward aerodynamic force. Under the effect of aerodynamic force, the edge of the liquid film would lift up 301 

and gradually form a horizontal airfoil with an angle of ~180°. 302 

 303 

Fig.9. Schematic diagram of the level wing-like mechanism 304 

C: Contact time 305 

The droplet contact time is influenced by many factors, such as substrate wettability, curvature, and substrate 306 

structure. Fig. 10 compared the contact time of the cylindrical superhydrophobic surfaces with different structures at 307 

D*6.44. In a previous study, it was found that the receding speed of droplets during spreading can be expressed as 308 
1/2

r /v  （ ） 24, where the average thickness of the film is the end of spreading. Therefore, the contraction time can be 309 

expressed as 
1/2/ /

r
t r  = （ ） , and the contact time scale can be expressed as 

3

0r  = .24, 39 . Thus, the contact time 310 

scale   is used in this experiment, and the dimensionless time /
nc c

t t = is determined, where tc is the total time from 311 

the drop touching the substrate surface to leaving the surface. As shown in Fig.10, with the increase of Weber number 312 

(0<We<17), the contact time would decrease, indicating that the greater the impacting velocity, the lower the contact time. 313 

With the increase of Weber number (17<We<70), the contact time tends to be constant, which was independent of the 314 

droplet's impact velocity. Moreover, the contact time also was different on cylindrical superhydrophobic surfaces with 315 

different structures. The contact time of the axial groove cylindrical surface was the largest, followed by the cylindrical 316 

pillar surface, cylindrical surface, and azimuthal groove cylindrical surface, respectively. 317 
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Because of the topological structure of the cylinder, the droplets spread out into an elliptic shape during the collision, 318 

the liquid film thickness could be expressed as 
3

0 max max~ /
a z

r   ,22 the retraction speed could be expressed 319 
1/2

nc max max( / )
a z

t    .19 In theory, when βzmax/βamax reached maximum, the contact time was minimum. The relative 320 

ratio of the maximum azimuthal non-dimension spreading diameter, and the maximum axial non-dimension spreading 321 

diameter is used to measure the strength of the maximum spreading diameter in different directions, as shown in Fig. 10b. 322 

With the increase of Weber number (0<We<36), it was found that, the value of βzmax/βamax would increases on the 323 

azimuthal groove cylindrical superhydrophobic surface, the value of βzmax/βamax remains unchanged on the pillar 324 

cylindrical superhydrophobic surface, and the value of βzmax/βamax would decrease on the axial groove cylindrical 325 

superhydrophobic surface. According to the relation 
1/2

nc max max( / )
a z

t    , the contact time was the smallest on the 326 

azimuthal groove cylindrical superhydrophobic surface, followed by the pillar cylindrical superhydrophobic surface, and 327 

the axial groove cylindrical superhydrophobic surface was the largest. 328 

 329 

Fig.10.a) Schematic diagram of contact times of four different cylindrical superhydrophobic surfaces. b) Maximum 330 

spread diameter ratio, the ratio of maximum spreading diameter, βamax is the maximum spreading diameter in the axial 331 

direction, βzmax is the maximum spreading diameter in the azimuthal direction. 332 

D. Complete rebound threshold of mathematical formulation for the cylindrical superhydrophobic surface 333 

The surface energy was difficult to simplify on the cylindrical superhydrophobic surface with structure, because 334 

droplets spreading on the surface of the superhydrophobic cylinder with structure would appear in various forms in Fig. 335 

2b, 2b, 2d. Droplet spreading is greatly affected by surface structure. For the above reasons, complete rebound threshold 336 

of mathematical formulation for the cylindrical superhydrophobic surface with structure was not taken into account. In 337 

this section, the rebound threshold model of a droplet on the cylindrical superhydrophobic surface is considered. Based 338 

on the principle of energy conservation, a rebound threshold model of droplets on a cylindrical superhydrophobic surface 339 

is established. The threshold of complete rebound means that the droplet could fully rebound after hatted the substrate. 340 

Based on the energy balance principle, the pre-and post-impact energies are considered to be conserved and 341 

expressed as: 342 

0 0 0 1 1k s p s dis p
E E E E E E+ + = + +                                                                (7) 343 

where Ek0, Es0 and Ep0 are the kinetic energy, surface energy and potential energy of the droplet before impact; and 344 

Es1 is the surface energy of droplet at maximum spread; Ep0 is potential energy and Edis is energy dissipated due to 345 

viscous effect after impact. 346 

The change in potential energy is negligible in Eq.7. Because of its small magnitude compared to other energy 347 

components during spreading.40, 41 The pre-impact kinetic energy can be expressed as 348 
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3

2 0

0 0

1
( )( )

2 6
k

D
E U


=                                                                        (8) 349 

Considering that the droplet before impact assumes a perfectly spherical shape (experiments reveal that the droplets 350 

are nearly spherical before impact; however, mild distortions are possible, which are neglected in the present case), the 351 

surface energy of the droplet pre-impact is expressed as: 352 

2

0 0s
E D =                                                                                (9) 353 

where  is the surface tension of droplet. 354 

When the droplet has complete rebound, the droplet does not splash. When the surface energy of the droplet is 355 

maximum spread, the maximum spreading film can be approximately regarded as an ellipse with a major axis lzmax (in 356 

the azimuthal direction) and minor axis lamax (in the axial direction), and the area of the central film is πlzmaxlamax.
19 357 

Therefore, the surface energy of the central film is expressed as:  358 

1 max max (1 cos )
s a z

E l l   −                                                                   (10) 359 

where  is the static contact angle of droplet. 360 

Since it is a cylindrical superhydrophobic surface, the effect of viscous dissipation is not considered. A collision 361 

coefficient α was added to correct the surface energy. The area of the central membrane is πlzmaxlamax can also be written 362 

as απD2. 363 

2

1 (1 cos )
s

E D   −                                                                      (11) 364 

When the kinetic energy and surface energy of the droplet before collision are greater than the surface energy of the 365 

droplet under maximum spreading, the droplet would be broken and would not have complete rebound. Substituting the 366 

energy components (8), (9), (11) into equation (7), the net energy balance equation is of the form: 367 

3

2 2 20

0 0

1
( )( ) (1 cos )

2 6

D
U D D


     +  −                                                     (12) 368 

Non-dimensionalzing the expression with respect to the initial surface energy of the pre-impact droplet, the relation 369 

between Weber number and D* and static contact angle () is obtained as: 370 

21 ( *) (1 cos )
12

We
D +  −                                                                    (13) 371 

which can be further expressed as a semi-empirical function of We as: 372 

212( ( *) (1 cos ) 1)We D  − −                                                                 (14) 373 

The collision coefficient (α) was corrected by the experimental data, the collision coefficient (α) function of the 374 

surface energy coefficient is obtained as: 375 
1.652.45 *D − (3<D*<9)                                                                    (15) 376 

The collision coefficient function error is the experimental and fitting error, and the total error is about 8%. 377 

The cylindrical superhydrophobic surface semi-empirical formula for complete rebound is obtained as: 378 

0.3512(2.45( *) (1 cos ) 1)We D  − −  (3<D*<9)                                                    (16) 379 

The semi-empirical formula has a good coincidence with the experimental data, as shown in Figure 11. The 380 

complete rebound threshold could be well predicted on the cylindrical superhydrophobic surface.  381 
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 382 

Fig.11.Comparison of experimental (expt) value and theoretical (theo) function of complete rebound threshold for 383 

various D* and We conditions on cylindrical superhydrophobic surface. 384 

CONCLUSIONS 385 

In this paper, the dynamic behavior of droplets impacting cylindrical superhydrophobic surfaces with different 386 

structures is experimentally investigated. The effects of D*, Weber number, surface structure on droplet mode (rebound, 387 

splash), recovery coefficient, contact time, and other parameters were studied. The main results are as follows: 388 

1. The rebounding and splashing thresholds of cylindrical superhydrophobic surfaces with different structures are 389 

experimentally studied. It is found that the rebound and splash threshold is the largest on the cylindrical 390 

superhydrophobic surface, and the rebound threshold is lower on the cylindrical superhydrophobic surface with 391 

structure. Based on the principle of energy conservation, a semi-empirical mathematical model is constructed for the 392 

complete rebound of cylindrical superhydrophobic surface. The structure of the substrate surface increases the 393 

instability and oscillation of the droplet in the collision process, and the threshold of rebound and splash decreases. 394 

Meanwhile, the change of D* will also affect the threshold of rebound and splash.  395 

2. In the study of the maximum spreading diameter, the maximum spreading diameter in the perpendicular direction to 396 

the groove structure is inhibited during the spreading process of the droplet, and the maximum spreading diameter is 397 

promoted in the parallel direction to the groove structure. Here, the maximum spreading diameter is obtained on 398 

cylindrical superhydrophobic surfaces with different structures. In addition, a new phenomenon is discovered (level 399 

wing-like). Due to the aerodynamic force, a fine wave jet is generated to form the level wing-like further. Under 400 

certain conditions, this level wing-like is beneficial to reduce contact time. 401 

3. The contact time of the droplet impacting different structures is compared. The contact time firstly decreases with 402 

the increase of Weber’s number. After the Weber number reaches a specific value, the contact time remains 403 

unchanged with the increase of the Weber number ((the contact time is independent of the impact velocity), and the 404 

contact time on the cylindrical surface of the azimuthal groove cylindrical superhydrophobic surface is the lowest. 405 

The dynamic behavior of cylindrical superhydrophobic surfaces with different structures is considered in the paper. 406 

But the effect of structure size on droplet dynamic behavior is not considered, which is important in subsequent studies.  407 
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 APPENDIX 487 

A: Summary of the experimental and numerical simulation for the droplet impact on cylindrical 488 

superhydrophobic surfaces 489 

Table 2: List of experimental investigations and their most important findings regarding droplet impacting onto 490 

cylindrical superhydrophobic surface 491 

Author 
Dimensionles

s numbers 

Droplet dimension 

or size ratio 
Type of surface Main outcomes 

Zhang et al.19 7.5<We<70 0.38<D*<7.69 
Cylindrical stain 

steels 

Asymmetric rebound and 

stretched breakup could effectively 
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superhydrophobic 

surface 

Contact angle:156° 

shorten the contact time between 

drops and substrates, and the 

reduction in contact time is affected 

by α more dramatically in the 
stretched breakup regime. 

( / *)n n

c
We D  =  

Zhang et al.20 142<We<720 0.38<D*<7.69 

Cylindrical stain 

steels 

superhydrophobic 

surface 

Contact angle:156° 

The drop splash would 

preferentially occur in the axial 

direction and propose two disparate 

splash thresholds referring to Weber 

number We and diameter ratio D∗ in 

the azimuthal and axial directions, 

respectively. Hence, the normal 

Weber number in the axial direction 

and azimuthal direction can be 

expressed as 

2

0
2

0

*
( * 1)

1
*

3

3
(0 * 1)

2 *

c

c

c

D
We D

D

We z

We
D

D




 −

=

  



 

0

0

( * 1)

(0 * 1)
*

c

c

c

We D

We x

We
D

D


 


= 

  


 

Khurana et al.18 36<We<89 0.57< D*<1.67 

Stainless steel rods 

superhydrophobic and 

hydrophilic surface 

Contact 

angle:135°±2°and 

45°±2° 

The maximum wetting fraction 

is attained faster for lower diameter 

ratios. Moreover, in the case of SH 

surfaces, the wetting fraction reduces 

significantly, whereas the spread 

factor remains comparable to that of 

hydrophilic surfaces. 

The temporal evolution of the 

film thickness at the north pole of the 

target has been 

presented.

2

2 2
*( )

2

cyl

cyl d d d

R
h t

R D D D
=

+ −
 

Liu et al.22 7.9<We<70 2.1<D*<6.9 
Solid circular 

cylindrical 

The novel phenomenon results 

from an asymmetric momentum and 
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superhydrophobic 

surface 

Contact 

angle:163.4°±2.4 

mass distribution that allows for 

preferential fluid pumping around the 

drop rim.  

The asymmetry of the bouncing 

leads to ~40% reduction in contact 

time. 

Abolghasemibizaki 

et al.23, 24 
10<We<100 1<D*<3.5 

Borosilicate glass 

tubes with 

macro-scale features 

Contact 

angle:165.8°±2.6° 

It was found that regardless of 

the droplet location of the contact 

point, when the kinetic energy of the 

drop is sufficient to completely wet 

the ridges, the contact time reduces 

~13% as the consequence of ~20% 

faster retraction. 

Khanzadeh Borjak 

et al.13 
27<We<161 3.5<D*<16 

Cylindrical glasses 

Contact angle: 

158°±2.6° 

The contact time on the 

cylindrical surface is up to 50% less 

than the flat one. 

This study 3<We<150 3<D*<9 

Cylindrical brass 

Contact angle: 

158°±2.5° 

A new phenomenon is 

discovered (level wing-like). This 

level wing-like is beneficial to reduce 

contact time. 

A complete rebound threshold 

semi-empirical model is constructed 

for cylindrical superhydrophobic 

surfaces. 

212( ( *) (1 cos ) 1)We D  − −  

The collision coefficient () is used 

to correct the surface energy of 

droplet spreading. It's a function of 

D*. 
1.652.45 *D −  (3<D*<9) 

Table 3: List of numerical investigations and their most important findings regarding droplet impacting onto cylindrical 492 

superhydrophobic surface 493 

Authors Method 
Dimensionless 

numbers 

Droplet dimension 

or size ratio 
Type of surface Main outcomes 

Wang et 

al.28, 29 

particle-bas

e mesh-free 

numerical 

No define 

The number 

density of cluster 

for droplet is 9, 

and the radius of 

the droplet is 12 

Cylindrical 

surface 

Contact time is not a monotonic 

function of the impact velocity; it can 

increase first with the increase of 

impact velocity, then decrease with 

the further increase of impact 

velocity. 

Khojasteh 

et al.26 

Level-Set 

Method 

Weber number 

5<We<30 
2<D*<4 

Spheres surface 

Contact 

angle:163° 

The contact time of droplet is on 

the spreading diameter, almost same 

for flat surface and sphere surface 

with a higher value of D∗. 
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Li et al.27 

Improved 

interparticle

-potential 

lattice 

Boltzmann 

method 

No define 

Droplet radius:50 

lattice units. 

cylinder with 

radius:40 lattice 

units 

Solid circular 

Contact angle: 

70° or 170° 

Breakup and no breakup are 

determined by the eccentric ratio (β). 
The viscosity ratio strongly 

affects the shape of the daughter 

droplets, breakup positions, and 

thickness of the deposited liquid film. 

The wettability has an important 

effect on the dynamic behavior of the 

droplet, the deposition place of liquid 

film, and the passing time of the 

droplet passing cylinder. 

Liu et al.30 

A coupled 

level set and 

volume-of- 

fluid 

method. 

No define 0.2<D*<3 

Cylindrical 

surface 

Contact angle: 

107°,120°,135°,15

3° 

 

The worse the surface 

wettability is, the easier the liquid 

film rebounds. 

The maximum spreading 

diameter increases with the increase 

of the impact velocity. 

Zhang et 

al.31 

Lattice 

Boltzmann 

method 

10<We<45 0.57<D*<1.43 
Contact angle 

165° 

The rebound dynamics and 

contact times for the first and second 

bouncing both strongly depend on a 

combined dimensionless parameter, 

α=We/R* 

Andrew et 

al. 14 

Lattice 

Boltzmann 

method 

10<We<39 0.4<D*<2.5 
Contact angle 

165° 

Drops bounce upon cylindrical 

ridges varies substantially as the size 

of the ridge is changed. 

Increasing the width of the ridge 

has opposite effects upon the contact 

time. 

The anisotropic curvature of the 

surface is responsible for the contact 

time reduction. 

 494 

T
hi

s 
is

 th
e 

au
th

or
’s

 p
ee

r 
re

vi
ew

ed
, a

cc
ep

te
d 

m
an

us
cr

ip
t. 

H
ow

ev
er

, t
he

 o
nl

in
e 

ve
rs

io
n 

of
 r

ec
or

d 
w

ill
 b

e 
di

ffe
re

nt
 fr

om
 th

is
 v

er
si

on
 o

nc
e 

it 
ha

s 
be

en
 c

op
ye

di
te

d 
an

d 
ty

pe
se

t.

P
L

E
A

S
E

 C
IT

E
 T

H
IS

 A
R

T
IC

L
E

 A
S

 D
O

I:
 1

0
.1

0
6
3
/5

.0
1
3
4
6
3
7

Author Accepted Manuscript version of the paper by Lijuan Qian et al.  
in Physics of Fluids, Vol 35 (2023) DOI: http://dx.doi.org/10.1063/5.0134637 

Distributed under the terms of the Creative Commons Attribution License (CC BY 4.0) 



T
hi

s 
is

 th
e 

au
th

or
’s

 p
ee

r 
re

vi
ew

ed
, a

cc
ep

te
d 

m
an

us
cr

ip
t. 

H
ow

ev
er

, t
he

 o
nl

in
e 

ve
rs

io
n 

of
 r

ec
or

d 
w

ill
 b

e 
di

ffe
re

nt
 fr

om
 th

is
 v

er
si

on
 o

nc
e 

it 
ha

s 
be

en
 c

op
ye

di
te

d 
an

d 
ty

pe
se

t.

P
L

E
A

S
E

 C
IT

E
 T

H
IS

 A
R

T
IC

L
E

 A
S

 D
O

I:
 1

0
.1

0
6
3
/5

.0
1
3
4
6
3
7

Author Accepted Manuscript version of the paper by Lijuan Qian et al.  
in Physics of Fluids, Vol 35 (2023) DOI: http://dx.doi.org/10.1063/5.0134637 

Distributed under the terms of the Creative Commons Attribution License (CC BY 4.0) 



T
hi

s 
is

 th
e 

au
th

or
’s

 p
ee

r 
re

vi
ew

ed
, a

cc
ep

te
d 

m
an

us
cr

ip
t. 

H
ow

ev
er

, t
he

 o
nl

in
e 

ve
rs

io
n 

of
 r

ec
or

d 
w

ill
 b

e 
di

ffe
re

nt
 fr

om
 th

is
 v

er
si

on
 o

nc
e 

it 
ha

s 
be

en
 c

op
ye

di
te

d 
an

d 
ty

pe
se

t.

P
L

E
A

S
E

 C
IT

E
 T

H
IS

 A
R

T
IC

L
E

 A
S

 D
O

I:
 1

0
.1

0
6
3
/5

.0
1
3
4
6
3
7

Author Accepted Manuscript version of the paper by Lijuan Qian et al.  
in Physics of Fluids, Vol 35 (2023) DOI: http://dx.doi.org/10.1063/5.0134637 

Distributed under the terms of the Creative Commons Attribution License (CC BY 4.0) 



T
hi

s 
is

 th
e 

au
th

or
’s

 p
ee

r 
re

vi
ew

ed
, a

cc
ep

te
d 

m
an

us
cr

ip
t. 

H
ow

ev
er

, t
he

 o
nl

in
e 

ve
rs

io
n 

of
 r

ec
or

d 
w

ill
 b

e 
di

ffe
re

nt
 fr

om
 th

is
 v

er
si

on
 o

nc
e 

it 
ha

s 
be

en
 c

op
ye

di
te

d 
an

d 
ty

pe
se

t.

P
L

E
A

S
E

 C
IT

E
 T

H
IS

 A
R

T
IC

L
E

 A
S

 D
O

I:
 1

0
.1

0
6
3
/5

.0
1
3
4
6
3
7

Author Accepted Manuscript version of the paper by Lijuan Qian et al.  
in Physics of Fluids, Vol 35 (2023) DOI: http://dx.doi.org/10.1063/5.0134637 

Distributed under the terms of the Creative Commons Attribution License (CC BY 4.0) 



T
hi

s 
is

 th
e 

au
th

or
’s

 p
ee

r 
re

vi
ew

ed
, a

cc
ep

te
d 

m
an

us
cr

ip
t. 

H
ow

ev
er

, t
he

 o
nl

in
e 

ve
rs

io
n 

of
 r

ec
or

d 
w

ill
 b

e 
di

ffe
re

nt
 fr

om
 th

is
 v

er
si

on
 o

nc
e 

it 
ha

s 
be

en
 c

op
ye

di
te

d 
an

d 
ty

pe
se

t.

P
L

E
A

S
E

 C
IT

E
 T

H
IS

 A
R

T
IC

L
E

 A
S

 D
O

I:
 1

0
.1

0
6
3
/5

.0
1
3
4
6
3
7

Author Accepted Manuscript version of the paper by Lijuan Qian et al.  
in Physics of Fluids, Vol 35 (2023) DOI: http://dx.doi.org/10.1063/5.0134637 

Distributed under the terms of the Creative Commons Attribution License (CC BY 4.0) 



T
hi

s 
is

 th
e 

au
th

or
’s

 p
ee

r 
re

vi
ew

ed
, a

cc
ep

te
d 

m
an

us
cr

ip
t. 

H
ow

ev
er

, t
he

 o
nl

in
e 

ve
rs

io
n 

of
 r

ec
or

d 
w

ill
 b

e 
di

ffe
re

nt
 fr

om
 th

is
 v

er
si

on
 o

nc
e 

it 
ha

s 
be

en
 c

op
ye

di
te

d 
an

d 
ty

pe
se

t.

P
L

E
A

S
E

 C
IT

E
 T

H
IS

 A
R

T
IC

L
E

 A
S

 D
O

I:
 1

0
.1

0
6
3
/5

.0
1
3
4
6
3
7

Author Accepted Manuscript version of the paper by Lijuan Qian et al.  
in Physics of Fluids, Vol 35 (2023) DOI: http://dx.doi.org/10.1063/5.0134637 

Distributed under the terms of the Creative Commons Attribution License (CC BY 4.0) 



T
hi

s 
is

 th
e 

au
th

or
’s

 p
ee

r 
re

vi
ew

ed
, a

cc
ep

te
d 

m
an

us
cr

ip
t. 

H
ow

ev
er

, t
he

 o
nl

in
e 

ve
rs

io
n 

of
 r

ec
or

d 
w

ill
 b

e 
di

ffe
re

nt
 fr

om
 th

is
 v

er
si

on
 o

nc
e 

it 
ha

s 
be

en
 c

op
ye

di
te

d 
an

d 
ty

pe
se

t.

P
L

E
A

S
E

 C
IT

E
 T

H
IS

 A
R

T
IC

L
E

 A
S

 D
O

I:
 1

0
.1

0
6
3
/5

.0
1
3
4
6
3
7

Author Accepted Manuscript version of the paper by Lijuan Qian et al.  
in Physics of Fluids, Vol 35 (2023) DOI: http://dx.doi.org/10.1063/5.0134637 

Distributed under the terms of the Creative Commons Attribution License (CC BY 4.0) 



T
hi

s 
is

 th
e 

au
th

or
’s

 p
ee

r 
re

vi
ew

ed
, a

cc
ep

te
d 

m
an

us
cr

ip
t. 

H
ow

ev
er

, t
he

 o
nl

in
e 

ve
rs

io
n 

of
 r

ec
or

d 
w

ill
 b

e 
di

ffe
re

nt
 fr

om
 th

is
 v

er
si

on
 o

nc
e 

it 
ha

s 
be

en
 c

op
ye

di
te

d 
an

d 
ty

pe
se

t.

P
L

E
A

S
E

 C
IT

E
 T

H
IS

 A
R

T
IC

L
E

 A
S

 D
O

I:
 1

0
.1

0
6
3
/5

.0
1
3
4
6
3
7

Author Accepted Manuscript version of the paper by Lijuan Qian et al.  
in Physics of Fluids, Vol 35 (2023) DOI: http://dx.doi.org/10.1063/5.0134637 

Distributed under the terms of the Creative Commons Attribution License (CC BY 4.0) 



T
hi

s 
is

 th
e 

au
th

or
’s

 p
ee

r 
re

vi
ew

ed
, a

cc
ep

te
d 

m
an

us
cr

ip
t. 

H
ow

ev
er

, t
he

 o
nl

in
e 

ve
rs

io
n 

of
 r

ec
or

d 
w

ill
 b

e 
di

ffe
re

nt
 fr

om
 th

is
 v

er
si

on
 o

nc
e 

it 
ha

s 
be

en
 c

op
ye

di
te

d 
an

d 
ty

pe
se

t.

P
L

E
A

S
E

 C
IT

E
 T

H
IS

 A
R

T
IC

L
E

 A
S

 D
O

I:
 1

0
.1

0
6
3
/5

.0
1
3
4
6
3
7

Author Accepted Manuscript version of the paper by Lijuan Qian et al.  
in Physics of Fluids, Vol 35 (2023) DOI: http://dx.doi.org/10.1063/5.0134637 

Distributed under the terms of the Creative Commons Attribution License (CC BY 4.0) 



T
hi

s 
is

 th
e 

au
th

or
’s

 p
ee

r 
re

vi
ew

ed
, a

cc
ep

te
d 

m
an

us
cr

ip
t. 

H
ow

ev
er

, t
he

 o
nl

in
e 

ve
rs

io
n 

of
 r

ec
or

d 
w

ill
 b

e 
di

ffe
re

nt
 fr

om
 th

is
 v

er
si

on
 o

nc
e 

it 
ha

s 
be

en
 c

op
ye

di
te

d 
an

d 
ty

pe
se

t.

P
L

E
A

S
E

 C
IT

E
 T

H
IS

 A
R

T
IC

L
E

 A
S

 D
O

I:
 1

0
.1

0
6
3
/5

.0
1
3
4
6
3
7

Author Accepted Manuscript version of the paper by Lijuan Qian et al.  
in Physics of Fluids, Vol 35 (2023) DOI: http://dx.doi.org/10.1063/5.0134637 

Distributed under the terms of the Creative Commons Attribution License (CC BY 4.0) 



T
hi

s 
is

 th
e 

au
th

or
’s

 p
ee

r 
re

vi
ew

ed
, a

cc
ep

te
d 

m
an

us
cr

ip
t. 

H
ow

ev
er

, t
he

 o
nl

in
e 

ve
rs

io
n 

of
 r

ec
or

d 
w

ill
 b

e 
di

ffe
re

nt
 fr

om
 th

is
 v

er
si

on
 o

nc
e 

it 
ha

s 
be

en
 c

op
ye

di
te

d 
an

d 
ty

pe
se

t.

P
L

E
A

S
E

 C
IT

E
 T

H
IS

 A
R

T
IC

L
E

 A
S

 D
O

I:
 1

0
.1

0
6
3
/5

.0
1
3
4
6
3
7

Author Accepted Manuscript version of the paper by Lijuan Qian et al.  
in Physics of Fluids, Vol 35 (2023) DOI: http://dx.doi.org/10.1063/5.0134637 

Distributed under the terms of the Creative Commons Attribution License (CC BY 4.0) 



T
hi

s 
is

 th
e 

au
th

or
’s

 p
ee

r 
re

vi
ew

ed
, a

cc
ep

te
d 

m
an

us
cr

ip
t. 

H
ow

ev
er

, t
he

 o
nl

in
e 

ve
rs

io
n 

of
 r

ec
or

d 
w

ill
 b

e 
di

ffe
re

nt
 fr

om
 th

is
 v

er
si

on
 o

nc
e 

it 
ha

s 
be

en
 c

op
ye

di
te

d 
an

d 
ty

pe
se

t.

P
L

E
A

S
E

 C
IT

E
 T

H
IS

 A
R

T
IC

L
E

 A
S

 D
O

I:
 1

0
.1

0
6
3
/5

.0
1
3
4
6
3
7

Author Accepted Manuscript version of the paper by Lijuan Qian et al.  
in Physics of Fluids, Vol 35 (2023) DOI: http://dx.doi.org/10.1063/5.0134637 

Distributed under the terms of the Creative Commons Attribution License (CC BY 4.0) 


	Manuscript File
	1
	2
	3
	4
	5
	6
	7
	8
	9
	10
	11



