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Abstract

It is very important to analyze and study the motion process of droplets impacting superhydrophobic surface, which is
of great significance to understand the mechanism of superhydrophobic surface and guide the design and manufacture of
superhydrophobic surface. Taking by three-dimensional volume of fluid (VOF) simulation coupling coupled level set (CLS)
algorithm, on the one hand, we simulate the morphological changes in the process of droplet impingement, as well as the
internal velocity and the pressure distribution; on the other hand, we focus on the effects of droplet impact velocity, surface
wettability, surface tension on the dynamics of the droplets. The CLSVOF model inherits the advantages of the VOF model
for accurately constructing the phase interface and inherits the advantage that the level set can accurately calculate the surface
tension, which improves the accuracy of the calculation of the droplet impact on the superhydrophobic surface. The computed
results distinctly demonstrated there were four stages: falling, spreading, shrinking and rebounding. The time history of
each stage agreed well with the pictures captured by high-speed camera, which indicated the computational fluid dynamics
scheme was effective. Moreover, the motion mechanism of the droplets impacting on the solid surface is elaborated, which
was helpful to control the solid-liquid interface to achieve a variety of solid interface characteristics.
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Introduction

From the initial “lotus leaf effect” to rice leaf, taro leaf,
rose petal, cicada’s wing, water strider leg and mosquito
eye with the same superhydrophobic effect, different kinds
of superhydrophobic biological samples have been found
continuously. According to its special important charac-
teristics such as waterproof, antifouling, anticorrosion and
self-cleaning, superhydrophobic technology can be applied
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to many fields such as construction industry, pipeline trans-
portation, medical-health care profession, national defense
and military affairs.

Inspired by the superhydrophobic phenomena in nature,
researchers designed and fabricated biomimetic superhydro-
phobic surfaces to disturb the flow behavior of liquid—solid
surfaces with the purpose of reducing the flow loss of solid
wall surface. Study on the flow behavior of superhydropho-
bic surface droplets will provide a theoretical basis for bionic
design.

In the field of mechanical science, materials science,
chemical engineering and others, there are usually droplets
impacting on the solid surface, such as the oil spray in diesel
engines and the droplets splashing on the surface of contain-
ers in chemical industry manufacturing [1-3]. In order to
avoid the crushing phenomenon and energy loss caused by
impact, researchers have conducted a lot of research on the
dynamic characteristics of droplets [4—6]. In recent years,
the dynamic characteristics of the droplets impacting on the
hydrophobic or superhydrophobic surface have attracted an
increasing attention [7-10].
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There are three methods for the research on the phenom-
enon of droplets impacting on the solid surface: theoretical
study, numerical simulation and experimental investigation.
In the field of theoretical research, Vafaei et al. [11, 12] have
studied the influence of the geometrical size of droplets on
the contact angle. Under the assumption that the interac-
tion between gravity and surface tension was ignored, the
force analysis of the droplets was performed and a math-
ematical model was established; thus, the theoretical relation
that physical property parameter, quality and other param-
eters were given to solve the size of the contact angle was
obtained. Zhang [13] and others have studied the impact
behavior between the supercooled droplets and various supe-
rhydrophobic surfaces; also the dynamic effects of rough-
ness, temperature and wettability on the impact of super-
cooled droplets were discussed. In the field of numerical
simulation, Shin et al. [14, 15] and others have used the hori-
zontal contour reconstruction (LCRM) method to numeri-
cally analyze the impact of droplets on periphery with supe-
rhydrophobic characteristics. Through the analysis, it was
found that while the impact velocity was low, the contact
time between the droplets and the surface rapidly decreased
as the impact velocity went up, yet while the impact veloc-
ity is high, the change in contact time was negligible. In
the field of experimental research, the relationship between
the critical impact velocity of the droplets impacting on the
superhydrophobic surface and the geometric structure of
the impact surface was studied through experiments by Hao
et al. [16]. It was shown that the roughness and microstruc-
ture of the impact surface would produce high liquid pres-
sure on the droplets [17-19].

In this paper, the dynamic process and energy distribu-
tion of the droplets impacting on a superhydrophobic sur-
face are numerically simulated by three-dimensional VOF
simulations coupling CLS algorithm. We aim to capture and
analyze the dynamic process of the droplets impacting on
superhydrophobic surface, which contributes to understand
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the multiphase flow mechanism in the solid-liquid interface.
Through the in-depth analysis on the droplet impact process
and the morphological changes, the paper offers theoretical
reference for the related fields involving droplets impacting
on the superhydrophobic surface.

The coupling of the level set and the VOF (CLSVOF)
overcomes the disadvantages of inaccuracy in the process of
the VOF calculating the parameters such as normal direction
and curvature; also it ensures the mass conservation of the
level set in the process of ¢ function convection transport
and reinitialization, which makes capture of the phase inter-
face more accurate and sharp [20, 21]. The basic computa-
tional flow calculated by the coupling of the two methods
is shown in Fig. 1.

Computational scheme
Computational model

The physical model of the droplets impacting on the supe-
rhydrophobic surface is shown in Fig. 2a; the droplets with
a certain initial velocity vertically impact onto the super-
hydrophobic surface. In the motion process, the droplets
are influenced by the gravity g=9.81 kg/m?; the direction
is vertically downward. Figure 2b shows a computational
domain geometry model for numerical simulation, which
is a three-dimensional cylinder with a bottom diameter of
D =10 mm and a height of #=6 mm.

The study of the droplets impacting on the surface refers
to the two-phase flow of the two media: liquid phase (water)
and gas phase (air). In the CFD calculation, the coupling of
the volume of fluid (VOF model) and the level set method
is used to track the interface position of the two phases, in
which the air is the main phase and the water is the second-
ary phase. The specific material parameters are shown in
Table 1.
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Fig. 1 Computational flow diagram of level set VOF (CLSVOF)
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Fig.2 The physical model and
computational domain model
of the droplets impacting on the
solid surface. a The physical
model that the droplets hit the
superhydrophobic surface at a
velocity perpendicular to the
superhydrophobic surface. b A
cylindrical numerical simulation
domain (D=10 mm, A=6 mm).
¢ The drawn grid of numerical

(c)

6 mm

simulation
" c—
-«
D=10 mm

k
Table 1 Material parameters of two-phase media
Media Main phase Secondary phase

Air Water
Density 1.225 kg/m? 998.2 kg/m?
Viscosity 17894 x 1075 Pa/s™! 0.001003 Pa/s~"!
Surface tension coef- 0.073 N/m
ficient

In the solution process, the air is the main phase, the
water is the secondary phase, and the pressure-based implicit
algorithm is used to process the transient solution of the
impacting process of the droplets. In the falling process, the
droplets are driven by gravity, and the gravitational accelera-
tion is g=9.81 kg/m?, which is vertically downward along
the z-axis of the coordinate system. The lower boundary of
the computational model area is set as a superhydrophobic
nonslip surface, and the rest of the boundary is set as the
pressure outlet boundary, with the pressure of 0. The PISO
algorithm is used for the coupling of the pressure—velocity,
in which the gradient format is Least Squares Cell Based,
the pressure difference format is PRESTO, the volume frac-
tion is solved by Geo-Reconstruct and the second-order
upwind format is adopted in other spatial discretization.
The sub-relaxation factor is in default value pressure
of 0.3, density of 1, body force of 1 and torque of 0.7. After
global initialization, a water droplet with the initial velocity
in downward motion is defined in the computational field
through the adapt and patch functions. The calculation of
CFD can be performed automatically by setting the appro-
priate time step and the number of time steps.

@ Springer

Since the structure of this computational model is relatively
simple and small in size, the ICEM (The Integrated Computer
Engineering and Manufacturing) software is used for the hex-
ahedral structure grid. The central region of the cylindrical
computational field is the main region of the droplet motion,
and the bottom surface area is the area where the droplets
interact with the solid surface, so grid encryption is performed
in these two parts to improve the accuracy of the numerical
calculation. The gird is shown in Fig. 2¢. The cell number
is 1.6 million. Based on the above factors and the numerical
computing results of a droplet with a diameter of 1.6 mm at an
initial velocity of v=0.45 m/s vertically impacting on a super-
hydrophobic solid surface with a contact angle of 8=152.4°.

Computational validation

It is a dynamic process that the motion of droplets impacts on
the solid surface, in which the shape of the droplets constantly
changes. In order to quantitatively study the motion process of
the droplets, three-dimensional parameters are defined accord-
ing to Fig. 3: spreading coefficient f, compressing/stretching
coefficient ¢ and rebound coefficient A. The function definition
is as follows:

ﬁ=D—0 (1)
5—0—0 ()
,a—hl
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Fig.3 The shape parameters of
the droplets

hﬂ

Dy

In the equation, Dy—the initial diameter of the droplets
(mm), D—the spreading diameter of the droplets (mm), A,
—the initial dripping height of the droplets (mm), #;,—the
maximum rebound height of the droplets (mm), h,—the
thickness of the droplets compressing/stretching (mm).

Captured by a high-speed camera, Fig. 4a shows the
motion state [1, 12] of the droplet at the diameter of 1.6 mm
at different moments after it impacts on the superhydro-
phobic with the speed of v=0.45 m/s. Figure 4b shows the
numerical calculation of the motion state after the droplets
impacting on the superhydrophobic surface under the same
initial conditions. It can be clearly seen from the comparison
chart that the numerical simulation motion of the droplets
and the motion of the droplets captured in the experiment
are basically consistent in the time node and the motion
morphology, which shows that it is feasible to simulate the
motion state of droplets impacting on the superhydrophobic
surface by numerical calculation, and the calculation results
can be used to further analyze the interaction between the
droplets and the superhydrophobic surface.

h;
D |

The experimental test data and numerical calculation data
of the spreading coefficient in the processing of the droplet
impacting on the superhydrophobic surface are extracted,
and the comparison diagram shown in Fig. 5a is drawn. It
can be seen from the diagram that the numerical simulation
results of the spreading coefficient are in good agreement
with the experimental test results. The spreading coefficient
increases sharply first and then decreases rapidly. The drop-
lets at around 6.8 ms depart from the solid surface, and the
spreading coefficient drops to 0. Figure 5b shows the con-
trast error value between the numerical simulation results
of the spreading factor and the experimental test results at
each time node in the first 5 ms. The error value between the
numerical results and the experimental results within the
first 5 ms is less than 15%, and the error value is within the
acceptable range, especially in the first 3 ms, the error value
is less than 10%, and the degree of coincidence in contrast
is very high. After 5 ms, the droplets are in the late stage
of retraction. The error value at this time is relatively large,
but the overall trend of the spreading coefficient curve is
consistent. Considering the presence of measurement error

(h.a.n..a..ﬂ..ﬂ.

0.67 ms 1.33 ms 2.33 ms

Fig.4 The experimental results and numerical calculations of the
droplets impacting on the superhydrophobic surface. a Captured by
a high-speed camera, the motion state of the droplet at the diameter
of 1.6 mm at different moments after it impacting on the superhydro-

3.67 ms 4.67 ms

phobic with the speed of v=0.45 m/s. b The numerical calculation of
the motion state after the droplets impacting on the superhydrophobic
surface under the same initial conditions
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Fig.5 The variation law of spreading coefficient and error analysis
of simulation and experimental results. a The comparison diagram of
experimental test data and numerical calculation data of the spreading
coefficient in the processing of the droplet impacting on the superhy-

and human factors, it is still possible to use the compound
level set VOF method to trace gas—liquid two-phase flow
interface in the moving process of the droplets impacting
on the solid surface.

Results
3D morphology

In order to accurately analyze the changes of the motion
morphology of the droplets after impacting on the superhy-
drophobic solid surface, as well as to obtain a more obvious
impacting effect, the numerical simulation for the droplets at
a diameter of 2 mm impacting on the superhydrophobic with
a #=160° contact angle at an initial velocity v=1 m/s is per-
formed. Figure 6 shows the simulation of the three-dimen-
sional shape of the droplet motion at different moments and
the two-dimensional shape of the YZ section.

After the droplets impacting on the solid surface, four
processes of spreading, retracting, rebounding and falling
are cyclically performed until the energy is dissipated, and
static on the solid surface remains in a certain form. In the
spreading stage, due to the difference in the dynamic distri-
bution of the fluid inside the droplets, the droplets gradually
spread from the center to the periphery, and the contact area
between the droplet and the surface reaches the maximum
at about 2 ms (Fig. 6b). At this time, the center height of the
droplet is basically consistent with the height of the edge,
and the two parts are transitioned in an inset circular arc
with large curvature. After that, the liquid in the center of
the droplet continues to move downwards while the liquid
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drophobic surface. b The contrast error value between the numerical
simulation results of the spreading factor and the experimental test
results at each time node in the first 5 ms

in the extrusion center flows to the edge. The edge of the
droplet can no longer be spread due to the surface tension, so
the liquid accumulates in the edge region and finally forms
a concave, in which the periphery is high yet the center is
low (Figure 6d).

When the central liquid reaches the lowest position, the
droplet formally enters the stage of retraction and rebound.
Under the action of surface tension, the outer ring liquid
shrinks and extrudes inward causing the liquid in the center
area rebounds, and the contact area between the liquid and
the solid surface gradually decreases. The liquid at the center
is squeezed to move upward at a great velocity, while the
liquid at the bottom moves inward at a transverse velocity, so
that the upper liquid moves a greater axial distance than the
lower liquid per unit time. The droplet starts to rebound in a
shape of “gourd,” in which the upside is narrow, yet the bot-
tom is wide (Fig. 6e—i), until finally leaving the solid surface.

Due to the difference in the velocity distribution inside
the droplet, the upper liquid will reach the highest position
of the rebound earlier than the lower liquid. As time pro-
gresses, the liquid in the lower area will gradually reach the
highest position, so the motion morphology will appear as
the shape of an “inverted pear” the upside is wide, yet the
bottom is narrow. When the droplet rebounds to the highest
position, the droplet begins to fall again under the action of
gravity, and repeat all stages of the previous cycle until the
energy is depleted to rest on the solid surface.

The outer contour of the droplet was drawn through the
four typical moments in the process of rebound, as shown
in Fig. 7a. It can be clearly seen from the diagram that with
the progress of the contraction and rebound of the drop-
let, the edge of the droplet shrinks inward under the action
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«Fig. 6 The motion morphology of the droplet in different moments.
The simulation of the three-dimensional shape of the droplet motion
at different moments and the two-dimensional shape of the YZ sec-
tion. b The maximum of the contact area between the droplet and
the surface at about 2 ms. d The droplet with the shape of concave.
e—i The motion morphology of the droplet rebounding in a shape of
“gourd,” which the upside is narrow yet the bottom is wide

of surface tension, which drives the center liquid to move
upward at the same time. From Fig. 7b, it can be found that
in the process of rebound, the droplet is not clinging to the
solid surface, but forms a concave “air cavity” at the posi-
tion where the droplet axis contacts with the surface. This
“air cavity” decreases as the contact area decreases (the area
between the droplet and the solid surface), and disappears at
a certain contact diameter. It can be known from the analysis
that the liquid on the drop axis has a vertical upward veloc-
ity, while the liquid far from the axis is an oblique upward
velocity vector. The velocity vector can be decomposed into
a lateral velocity directing toward the axis and an upward
longitudinal velocity paralleling to the axis. The droplet con-
tracts because of the transverse velocity, while the droplet
moves upwards due to the longitudinal velocity. In the axial
direction, the liquid in the center position has a greater axial
velocity than the liquid at the edge position, so that the liquid
in the central region has a larger moving distance per unit
time. Thus, the bottom surface of the droplet forms a con-
cave “air cavity” by the presence of the velocity difference.

Figure 8 shows a graph showing the spreading coefficient
and the compressing coefficient changing over time after the
droplet contacts with the solid surface. As shown in Fig. 8a,
the spreading coefficient shows a tendency to increase first
and then decrease. At the initial stage, the droplet has a large
initial velocity and spreads rapidly on the solid surface after
contacting with the solid surface, which shows in the graph

that the spreading coefficient increases sharply. At around
2 ms, the spreading coefficient reaches the maximum value,
about 1.4. In the stage of spreading, the kinetic energy and
the gravitational potential energy of the droplet are mostly
converted into the surface energy, while the remainder is
used to overcome the viscous work and frictional work of
the solid surface. Between 1.5 ms and 2.5 ms, the spread-
ing coefficient changes relatively slowly. This is because
when the droplet reaches or is about to reach the maxi-
mum spreading state, the motion of the internal mass of the
droplet is homogenized, so that the diameter of the contact
circle of the droplet with the surface changes little. Then
the droplet quickly retracts and the spreading coefficient
sharply decreases with a large amplitude until the droplet
rebounds away from the solid surface after 8 ms. In the stage
of retracting, the surface energy of the droplet is converted
into the kinetic energy and the gravitational potential energy
again, but there is still a part of energy loss to overcome the
viscous work and frictional work of the solid surface. At this
stage, due to the accumulation of energy loss, the retraction
time of the droplet is prolonged and the variation trend of
the spreading coefficient is slower than the spreading stage.
Referring to Fig. 8b, when the droplet reaches the maximum
spread state, the liquid in the center of the droplet is still at
a downward velocity, so that the center liquid continues to
move downward to compress the droplet. At about 3.6 ms,
the droplet reaches its maximum compression state, at which
point the center liquid velocity is zero, but there is still a
large upward acceleration. Thereafter, the center of the drop-
let begins to move upwards under the action of acceleration,
which is shown in the graph that the compressing coefficient
increases sharply. At around 8 ms, the compression coef-
ficient is up to a maximum of approximately 1.59. At this
point, the droplet is in the maximum tensile state, and the
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Fig.7 Contour curve of the droplet at typical moment. a The outer contour of the droplet at the four typical moments in the process of rebound.
b A concave “air cavity” at the position where the droplet axis contacts with the surface in the process of rebound
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Fig.8 The graph of the spreading coefficient and the compressing
coefficient that changing over time. a The curve of spreading coef-
ficient of droplet over time after the droplet contacts with the solid

liquid velocity in the upper portion of the droplet is equal
to the liquid velocity in the lower portion. The droplet then
leaves the surface and enters the rebound stage, at which the
overall velocity of the droplet gradually decreases. How-
ever, the velocity decrease in the lower liquid is smaller in
amplitude than the velocity decrease in the upper liquid.
The droplet as a whole shows a compressed state. Until the
highest position is reached, the overall velocity of the droplet
drops to zero, at which point the kinetic energy of the droplet
is converted into gravitational potential energy except for a
small portion of the energy loss.

Figure 9 shows the situation changes of the rebound coef-
ficient and contact time of the droplets at different impact
velocities. It can be clearly seen from the diagram that as
the impact velocity increases, the rebound coefficient of the
droplet gradually decreases, yet the contact time gradually
increases. After analysis, it can be known that when the
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Fig.9 The rebound coefficient and contact time of the droplets at dif-
ferent impact velocities

»
I

dwo)

=}
L

JUS151J209 UISSaL

=
(=2}
1

0.24

'0.2 T T T T T T T T
0 2 4 6 8 10 12 14

Time /(ms)

surface. b The curve of compressing coefficient of droplet over time
after the droplet contacts with the solid surface

impact velocity is small, the contact time between the drop-
let and the solid surface is short, and the energy loss when
the droplet spreads on the surface is relatively small, so the
rebound coefficient of the droplet is large. With the increase
in impact velocity, the contact time between droplet and sur-
face is increased, and the energy loss of the droplet on the
surface increases correspondingly, and the air resistance in
the process of rebound also increases. Under the comprehen-
sive action, the rebound coefficient of the droplet gradually
decreases. If the impact velocity of the droplet continually
increases, the droplet will break.

Flow field

Figure 10 shows the internal velocity cloud diagram and
vector changes of the droplet impacting on the surface at
different times. At the moment when the droplet impacts on
the solid surface, the velocity of the liquid near the surface
decreases sharply; especially, where near the central axis of
the surface contact area, the liquid velocity is close to zero.
The liquid velocity in the upper part of the droplet is rela-
tively large due to the buffering of the motion. Figure 10a
shows that the internal velocity of the droplet is distributed
in an arc-like hierarchy, the outer liquid velocity is large, and
the inner liquid velocity is small. In the stage of spreading,
the upper liquid moves downward with a larger longitudinal
velocity to push the edge of the liquid to the periphery, mak-
ing the liquid that near the surface produce a large transverse
velocity. As the droplet spreads over the surface, the lat-
eral velocity at the edge of the droplet gradually decreases.
When the thickness at the edge of the droplet coincides
with that at the center, the velocity of the edge decreases
to zero, at which point the spreading diameter of the drop-
let also reaches the maximum. Thereafter, the liquid in the

@ Springer



18

Bio-Design and Manufacturing (2019) 2:10-23

center of the droplet continues to move downward under the
action of inertia, and the liquid at the edge is subjected to the
extrusion and the surface tension of the liquid in the central
region to produce an obliquely upward velocity; thus, the
liquid accumulates at the edge (Fig. 10b, c). When the thick-
ness of the liquid on the central axis is at the minimum, the
liquid enters the contraction stage completely. At this stage,
the edge of the droplet rebounds inwardly with an obliquely
upward velocity vector, and the liquid at the central axis
moves upward at a vertical upward velocity. It can be clearly
seen from the cloud diagram that in the stage of rebound,
the upper axis of the liquid has a large rebound velocity,
which forms a gourd-like “air cavity” at the surface in the
motion morphology. In the whole spreading and contracting
stage, the contact area of the droplet with the surface is the
position where the overall velocity of the droplet is at a mini-
mum. Figure 10d-h shows that the maximum velocity of
the droplet gradually moves downwards from upwards and
appears at the bottom at the final stage, which also causes the
compressed form of the droplet in the process of rebound,
namely, the shape of “inverted pear” mentioned above.
Figure 11 shows the velocity distribution curve of the
largest section of the droplet in the spreading state (t=2 ms).
As shown in Fig. 11a, the liquid velocity is zero at the
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Fig. 10 Velocity cloud diagram and vector changes when the droplet
impacting on the surface. a The internal velocity of the droplet is dis-
tributed in an arc-like hierarchy, the outer liquid velocity is large, and
the inner liquid velocity is small. b, ¢ The liquid in the center of the
droplet continues to move downward under the action of inertia, and
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central axis. The liquid on both sides of the central axis
has a velocity of moving toward the two sides, respectively.
Within 0.8 mm from the central axis, the lateral velocity of
the droplet gradually increases and reaches a maximum at
0.8 mm. At 0.8 mm to the edge of the droplet, the lateral
velocity decreases until to zero at the edge. Referring to
Fig. 13b, the longitudinal velocity of the liquid is large at the
central axis, indicating that the liquid at this position moves
vertically downward. In the interval of — 0.8 mm to 0.8 mm,
the liquid has a downward longitudinal velocity, indicat-
ing that the liquid in this interval still moves downward,
while the liquid outside this interval is driven upward by the
squeeze of the central droplet. There is a large longitudinal
velocity at the edge of the droplet, but the lateral velocity is
0, indicating that the liquid at edge moves upward.

Figure 12 shows the velocity distribution curve of the
droplet circular section with the maximum diameter when
the droplet is retracted (=6 ms). As shown in Fig. 14a, the
internal velocity of the droplet is symmetrically distributed
along the central axis. The velocity in the center is zero and
the maximum velocity appears at the edge. According to
the velocity distribution law, it can be known that the lig-
uid on this section all contracts inwardly. Figure 12b shows
the distribution trend of liquid longitudinal velocity on the
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the liquid at the edge is subjected to the extrusion and the surface ten-
sion of the liquid in the central region to produce an obliquely upward
velocity; thus, the liquid accumulates at the edge. d—h The maximum
velocity of the droplet gradually moves downwards from upwards and
appears at the bottom at the final stage
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Fig. 11 Velocity distribution curve of the droplet section at #=2 ms. a The X-velocity distribution curve of the largest section of the droplet in
the spreading state (=2 ms). b The Z-velocity distribution curve of the largest section of the droplet in the spreading state (=2 ms)

(a)
0.30-
0.15 \
2 L |
< 0.00 e
2 ey
2 ™
Q)
% 0.15 k"\:\,\:
x \:\:
-0.30-
-1.0 0.5 0.0 0.5 1.0

X-Distance /(mm)

(b)

e o <
(%] N W
[=) ) [=]
1 1 1

Z-Velocity /(m/s)

e
v
1

0.5 1.0

0.0
X-Distance /(mm)

Fig. 12 Velocity distribution curve of the droplet section at =6 ms. a The X-velocity distribution curve of the largest section of the droplet in
the spreading state (=6 ms). b The Z-velocity distribution curve of the largest section of the droplet in the spreading state (=6 ms)

interface. It can be found that the longitudinal velocity val-
ues of the liquid on the cross section are all greater than
zero, indicating that the liquid at this time is all moving
upward. At the same time, the central longitudinal velocity is
the smallest, while the longitudinal velocity of the edge area
is the largest. Referring to Fig. 12a, b, the liquid at the edge
moves at an obliquely upward velocity, and the liquid in the
center area only has a velocity to move vertically upward,
which results in the “air chamber” in Fig. 7.

Figure 13 shows the pressure distribution cloud dia-
gram inside the droplet at different times. At the moment
when the droplet contacts the surface, the pressure in the
liquid region near the surface instantaneously increases;
thus, a large range of high-pressure zone is produced. As
the droplet spreads over the surface, the pressure at the
edge area increases, yet the internal pressure gradually
decreases. In the arc area where the outer ring transits
to the central part, a negative pressure is generated by

the change in the direction of the liquid velocity in this
area. From the overall pressure distribution, the internal
pressure of the droplet is axially symmetrical distribution.
When the droplet reaches the maximum spreading state
around t=2 ms, there are two high-pressure zones sym-
metrically distributed at the edge. Thereafter, the high-
pressure zone moves inward and gradually moves upward
as the droplet rebounds. During the movement of the high-
pressure zone, it separates into the top and bottom direc-
tions, respectively, thus forming the upper and lower two
high-pressure zones. It can be clearly seen from the figure
that in the rebound process of the droplet, the upper and
lower high-pressure zones are always exist, which also
causes the droplet to rise in the form of constant retract-
ing—stretching fluctuations in the rebound process.

Figure 14 shows the pressure variation curve of the solid
surface in the process of the droplet impacting on it. It can
be clearly seen from the graph that there are three peaks
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Fig. 13 Cloud diagram of pressure distribution at different times

in the pressure value, which are 0.02778 Pa, 0.00392 Pa
and 0.00227 Pa, respectively. The three peaks appear at the
moment of impacting, the spreading factor of 1 and mini-
mum compression state, respectively. At the moment of
impacting, the pressure on the surface instantly reaches a
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= 0.02-
&
~~
o
=
6 i
& 0.01

0.004 0.001 Pa

0 2 ¢ ° ’

Time/(ms)

Fig. 14 The pressure variation curve of the surface. The pres-
sure variation curve of the solid surface in the process of the drop-
let impacting on it with three peaks in the pressure value, which are
0.02778 Pa, 0.00392 Pa and 0.00227 Pa, respectively
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maximum and then quickly drops to the lowest point. As the
droplet comes into contact with the surface, there will be an
amplification interval in the pressure on the surface. When
the spreading diameter is the same as the droplet diameter,
the pressure on the surface reaches the second peak of wave.
Thereafter, the pressure on the surface slowly decreases as
the droplet spreads over the solid surface. When the liquid
at the droplet axis is compressed to the lowest point, the
pressure on the surface instantaneously rebounds to the third
peak of wave, and then, the pressure gradually decreases
until the droplet leaves the surface and drops to zero.
Figure 15 shows the analysis of the pressure values on
the circular section of the maximum spreading diameter of
the droplet at =2 ms and =6 ms, respectively. Figure 15a
shows that the internal pressure of the droplet is axially sym-
metrical distributed and there is a large pressure distribution
at the edge. While x=—0.8 mm and x=0.8 mm, the drop-
let pressure is less than zero for negative pressure, which
indicates that the internal velocity of the droplet changes
significantly at this position. At the center of the droplet,
there is a relatively large positive pressure on it, indicat-
ing that it still has a trend to move downward. Figure 15b
shows that the internal movement tendency of the droplet
is uniform. It is also inferred from the pressure distribution
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Fig. 15 Pressure distribution inside the droplet at different times. a
The analysis of the pressure values on the circular section of the max-
imum spreading diameter of the droplet at r=2 ms. b The analysis of

curve that the velocity within the droplet is distributed in
arc-like hierarchy.

Crushing behavior

Captured by a high-speed camera, Fig. 16 shows the crush-
ing pattern of a 2-mm-diameter droplet at a preliminary
velocity of v=1 m/s impacting on a hydrophobic surface
with a contact angle of §=160° [22]. It can be seen from
the diagram that the crushing of the droplet can be divided
into two stages. At the stage of spreading, the surface ten-
sion of the droplet edge cannot maintain the rapid spread-
ing, so that the liquid at the edge is detached from the large
water droplet to move outward in the form of small water
droplet with smaller diameters. At stage of the contraction
phase, the spreading thickness of the droplet is small and the
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the pressure values on the circular section of the maximum spreading
diameter of the droplet at =6 ms

unevenness of the internal force causes it to break from the
inside, so that the droplet crushes as a whole. It can be said
that the first stage of the crushing occurs outside, while the
second stage occurs internally.

Figure 17 shows the numerical simulation results of
droplet crushing pattern at different times. When the impact
velocity increases to a certain value, the surface tension of
the droplet is insufficient to withstand the energy conversion
caused by the kinetic energy of it; thus, the droplet frac-
tures in the process of spreading on the surface. As can be
seen from the diagram, when the droplet spreads to a certain
diameter, the edge of it begins to tear by the initial regu-
lar circle. As the tearing degree increases, the liquid of the
outermost ring of the droplet overcomes the intermolecular
force and will break away from the main body and shrinks
to a small droplet with a small diameter under the action of

Fig. 16 The crushing fracture pattern of a droplet captured by a high-speed camera after it impacting on a superhydrophobic surface. a Top view

of the droplet crushing process. b Front view of droplet crushing process

@ Springer



Bio-Design and Manufacturing (2019) 2:10-23

Fig. 17 The numerical simulation results of droplet crushing pattern
at different times. c—i The droplet is gradually broken from the outer
ring to the inner in layers, which includes the late stage of spreading
and the early stage of contracting. j-1 The droplet is gradually bro-
ken from the outer ring to the inner in layers, which includes the late

surface tension and then continues to move outward under
the action of inertia. While the intermolecular force of the
internal liquid is greater than the inertia it receives, it is still
connected to the main body of the droplet, thereby moving
outward in the form of small branches. This stage is the first
stage of fracture. The droplet is gradually broken from the
outer ring to the inner in layers, which includes the late stage
of spreading and the early stage of contracting (Fig. 17c—i).
When the edge of the droplet is fractured, the spreading form
of the main body of the droplet is extremely irregular, so

@ Springer

stage of spreading and the early stage of contracting. m—t When the
water droplets are completely broken, the force of the residual liquid
in the central area will converge toward the center to form a small
water droplet

that the liquid in the central area is unevenly distributed to
generate dislocations, and finally, the droplet breaks from the
inside. This stage is the second stage of fracturing, mainly in
the middle and late stages of droplet contraction (Fig. 17j-1).
When the water droplets are completely broken, the force of
the residual liquid in the central area will converge toward
the center to form a small water droplet (Fig. 17m-t). At
this time, the surface energy of the droplet is converted into
kinetic energy, so that the new water droplet contracts and
rebounds at a large velocity.
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Conclusion

In this paper, the dynamic process of the droplet impacting
on a superhydrophobic surface is numerically simulated by
the CLSVOF method. Through the analysis, the following
main conclusions can be obtained:

1. The process of the droplet impacting on the surface can
be summarized into four stages: falling, spreading, con-
tracting and rebounding. Due to the difference in energy
loss and force, the contracting process of the droplet
on the surface is significantly longer than the spreading
stage. In the contraction—rebound stage, the bottom of
the droplet forms a concave “air cavity” due to the dif-
ference in velocity between the edge of the droplet and
the central area.

2. In the whole process of the droplet impacting on the
surface, the internal velocity and pressure of it are sym-
metrically distributed along the central axis. In the pro-
cess of rebounding, the high-pressure zone is located at
the top and bottom of the droplet, causing the droplet to
rise in the form of constant retracting—stretching fluctua-
tions

3. The crushing of the droplet is divided into two stages.
The first stage occurs in the edge area of the droplet,
which is mainly caused by surface tension; the second
stage occurs in the inner area of the droplet, mainly due
to uneven internal forces.
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