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Abstract: Based on experimental and simulation research, analysis of the morphological evolution
and interfacial effects of drop motion in the transverse vibration of inclined micro-textured plate
are studied. Experimental results show the morphological evolution of drop involves an oscillation
stage, spreading and migration stage, and infiltration stage. The spread diameter increases from the
initial 3.02 to 5.12 mm. Meanwhile, based on the real experimental morphology of the drop dynamic
wettability, a two-phase flow theoretical model of motion evolution of forced vibration drop was
established to simulate the drop spreading process. The analysis result shows the calculated results
are close to the experimental results, and the on micro-textured surface is faster spreading coefficient
is S-shaped and increases with the increase of time. The spreading velocity than the smooth one, and
there is low-speed rotating airflow in the micro-textured pit. The vortex cushion effect and vortex
wheel effect are the main reasons for the acceleration of drop motion. Two interfacial effects reduce
the friction resistance and impel fluid movement.
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1. Introduction

The behavior of drop on the solid surface transient migration and dynamic wetting is widely
used in transportation, new energy, aerospace, lubrication, and other fields [1,2]. In the past few
decades, people have been working on artificial hydrophobic surfaces to understand the effects of
micro- and nano-textures on drop migration. However, the pinning effect causes the liquid to adhere to
the fluid-solid interface, the liquid motion on the solid surface is limited. Therefore, how to overcome
the drop pinning effect and reduce fluid-solid interface adhesion has become a hot topic in the study of
drop motion on solid surfaces.

Vibratory drop dynamics is one of the classical problems in fluid mechanics [3]. Lei et al. [4,5]
used loudspeakers as vibration source, and a theory of stripping condensate drop from solid surface
was proposed. Boreyko et al. [6] used horn as vibration source to study the viscous effect of drop on
the surface of lotus leaves under vibration conditions. Yao et al. [7] found that using low-frequency
vibration, it was easier for the drop to overcome the pinning effect when the drop volume was constant.
Bormashenko et al. [8] observed the change of wetting mechanism of Cassie-Wenzel state by providing
a vertical vibration force on a substrate. Numerous studies have shown that the external energy input
of drop can overcome the energy barrier caused from the pinning effect by providing a vibration force
on the substrate. This will force the drop to change from a Wenzel to Cassie-Baxter state, eliminating
the phenomenon of drop contact angle hysteresis [9–12].
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Meanwhile, reasonable bionic design of surface texture could improve the dynamic characteristics
of the fluid-solid interface where the wetting characteristics of the vibration drop on the micro-textured
surface are also concerned [13–16]. Niu, D. et al. [17] had studied the dynamic and static transition of
drop on the surface of columnar nanosolids by molecular dynamics simulation. Jia, Z.H. et al. [18]
prepared square and circular micro-textured surfaces on polydimethyloxane (PDMS) substrate by
photoetching technique to analyze the wetting phenomenon of vibrating drop. Based on the relationship
between drop inertia force and adhesion force, Yong, C.J. et al. [19] proposed a prediction model for
the wetting process of vibrating drop. Hizumi et al. [20] studied the dynamic wetting of drop and the
stress distribution of the contact line. The author of this paper has studied the single-cycle oscillation
behavior of drops and the mechanism of elastic wave scattering [21]. Han, Taeyang developed a
model to explain the mechanism of the droplet movement and the effects of the wettability of the
inner walls of the groove on the droplet movement [22]. Katoh, K. used a photoreactive polymer
poly(7-methacryloyloxy coumarin) (PMC) whose molecular structure can be changed reversibly to
realize different wettabilities by ultraviolet irradiation [23]. Chowdhury, IU investigated the migration
characteristics of liquid drop on hydrophilic and hydrophobic orbits [24]. Wang, Z.L. studied the
relationship between surface geometry and contact line pinning [25]. However, none of the related
studies involves the motion behavior of vibrating drop on inclined substrate and dynamic modeling
and quantitative testing calculation of fluid-solid interface. Little is known about the mechanism of
motion evolution and interfacial effect caused between fluid-structure interface.

In view of this, in this study, the micro-textured metal substrate was processed by fiber laser
and the drop was driven by vibration force to carry out the transverse transport on of the inclined
micro-textured plate. High-speed photography was used to record the morphological evolution of
drop in different vibration cycles and the motion mechanism and interfacial effects of drop on the
micro-textured surface were revealed. Meanwhile, based on the real experiment morphology of the
drop dynamic wettability, the two-phase flow theoretical model of motion evolution of forced vibration
drop is established to simulate the spreading process of drop. The relationship between spreading
velocity, spreading diameter, spreading coefficient, and time of vibrating drop was quantitatively
analyzed. These provided the theoretical basis for eliminating the interfacial effect.

2. Experimental Model

2.1. Experimental Specimens

The topography diagram of the textured stainless steel surface is shown in Figure 1. All samples
are made up of Fe, Cr, Ni, Mn, C, and Si. The weight percentage of Fe/Cr/Ni/Mn/C/Si on the testing
specimen is 71.5:17.5:7.5:1.5:1.1:0.9, with the elements Fe and Cr being the key constituent elements.
The micro-textured square pit length a is 150 µm, the texture spacing b is 150 µm, and the height h is
150 µm.
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2.2. Experimental Devices

Figure 2 is a schematic diagram of the experimental device. It consists of a Keyence high-speed
camera, variable-frequency control cabinet, computer, micro-injector, and test piece. In the experiment,
4 µL distilled water is dripped steadily onto the micro-textured rough surface through a micro-injector.
The vibration is produced by the micro-mechanical vibration test device, and the variable angle table
can be adjusted to any desired angle for this experiment. By adjusting the vibration parameters of
the inverter control cabin, the periodic surface vibration of the micro-textured surface is generated,
and the vibration is transferred to the drop. The sinusoidal waveform is used in the experiment,
the amplitude is ±1.5 mm, and the vibration frequency is f = n/60. The vibration frequency is adjusted
by motor speed. The motor speed is 1200 r/min so the vibration frequency is 20 Hz. Three force
sensors are installed on the vibratory platform to measure the vibration characteristic curve, and the
time-domain and frequency-domain curves are obtained to find out whether the vibration source is in
accordance with the experimental requirement (the time-domain curve shows that the amplitude and
ripple of the experimental vibration show obvious periodic characteristics, the experimental waveform
is sinusoidal, and the vibration energy feed is stable. The frequency-domain curve shows that the
vibration frequency is around 20 Hz, which is consistent with the experimental plan, which indicates
that the vibration source meets the experimental requirements). It is then transferred to the computer
through the data acquisition card to store the vibration characteristic curve. The dynamic wetting
behavior of vibrating drop was recorded by using Keyence high-speed camera to collect images. It is
obtained using an acquisition speed of single-cycle vibration of 230,000 frames per second.
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Figure 2. Schematic diagram of experimental apparatus.

3. Experimental Results and Theoretical Analysis

3.1. Analysis of Experimental Results

In this experiment, the motion patterns of the special time nodes in three cycles of drop is collected.
The liquid interacts by vibrational energy, gravitational potential energy, and viscosity energy and
Figure 3 shows the transient evolution of drop motion under the condition of 5◦ declining substrate
and 20 Hz vibration frequency. The process consists an oscillation stage, spreading and migration



Coatings 2020, 10, 845 4 of 13

stage, and infiltration stage. The spread diameter increases from the initial 3.02 mm to 5.12 mm, and
the motion evolves as follows.
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Figure 3. Transient evolution of vibrating drop in three periods on textured surfaces.

The first stage is the oscillation phase. During the 0–π period, the vibration force is parallel to the
ground and moves to the left and the vibration energy begins to input to drop. When the drop is in
contact with the micro-textured surface, the surface tension γlv plays a leading role and the component
force of the vibration force on the slope overcomes the gravity work. The lowest-layer liquid adheres
to the textured surface because of the viscous resistance and the upper liquid of drop tilt towards the
direction of the vibration force because of the inertial effect. The advancing contact angle of the drop
increases gradually, and the receding contact angle decreases gradually; namely, the contact angle
lags behind. In the π–2π period, the vibration force faces to the right. The upper liquid of drop tilts
to the right. Due to the fact that the viscous resistance is greater than the resultant force of gravity
and vibration, the spreading diameter of drop is always 3.02 mm at this stage. The position of the
drop remains the same. The sum of input vibrational energy and drop gravity potential energy is less
than the viscous energy. The drop does not exhibit migration behavior but only changes in the surface
morphology, showing a tendency of being gentle first and then with steepness along the flow direction.

The second stage is the spreading and migration stage. In the 2π–4π period, the bottom liquid
gradually enters into the pit. As the contact area between drop and substrate increases, the spread
diameter is increasing. Figure 4 shows that when the curvature degree of the liquid surface at the
near wall increases from line 1O to line 2O, the curvature radius of the liquid surface decreases from
r1 to r2. According to ∆P = Ps − P0 = 2γlv/r [26] (where Ps is the internal pressure of drop and P0 is
the external pressure of drop. Because the drop is affected by vibration, the pressure inside the drop
increases. Vibration causes deformation, which leads to the change of the drop curve radius), when r
decreases, the pressure difference ∆P from inside and outside drop increases, which makes the drop
gain extra driving force and energy. Then, the drop starts spreading, and the pinning effect of the
substrate on drop is enhanced. Compared with the oscillating phase, the drop morphology changes
more dramatically in the spreading and migration phase.
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In the 2π–3π period, vibration forces parallel to the ground point to the left, and the drop
spreads and migrates to the left, overcoming the viscous resistance and gravity. In the 3π–4π period,
the vibration forces parallels to the ground point to the right, and drop spreads and migrates to the
right, and the drop only needs to overcome viscous resistance, and the gravity does positive work.
Oppositely, the gravity plays negative work. Hence, the distance to the right is longer than that of the
left. The spreading diameter increases from 3.02 to 4.28 mm. With the continuous superposition of
vibration energy, the forced force of drop is greater than the viscous force. The drop overcomes the
pinning effect and moves towards the direction of low surface energy. The drop gradually spreads out
on the substrate surface and macroscopic migration occurs.

The third stage is the infiltration stage. In the 4π–6π period, the drop infiltrates the micro-texture
surface. The solid-liquid-gas three-phase contact line gradually diffuses around the micro-texture
surface, the drop shape changes from a flat transition state to a jagged ripple. The more the cycles are
extended, the greater the ripple degree. The drop gradually fills the pits and the maximum spreading
diameter is reached at 5.12 mm. The spread speed is much faster than the first and second stages.
The drop is subjected to repeated stretching and contraction, and the drop radius, surface morphology,
and other characteristics are significantly changed.

3.2. Theoretical Analysis

The incline angle α is 5 degrees. The testing drop volume V is 4 µL. The drop radius r is 0.98 mm.
The Bond number [27] under this condition is

ρgr2

γlv
≈ 0.13 < 1. (1)

The tension of liquid-gas interfacial γlv is 71.42 × 10−3 N/m and the density of water is 996 kg/m3.
Since the Bond number is less than 1, gravity can be ignored. However, the author believes that
the effect of gravity on the drop exists on the inclined slope, so gravity is still considered in the
subsequent analysis.

According to Equations (2)–(5), we can obtain the velocity v of the substrate. v = 0.03 m/s. Because
the base is a rigid whole, the velocity of any point above is the same.

x =
1
2

aT2 (2)

v = aT (3)

T =
1
f

(4)
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v =
v
2

(5)

4. Numerical Calculation Results and Analysis

Based on the theoretical analysis and experimental results of the movement process of drop on
the textured surface (the initial geometric model and data are derived from the actual experimental
results), the wetting and migration process of drop is calculated by CFD, and the motion mechanism
of drop on the micro-textured surface is further studied. There are three general multiphase models
(VOF model, mix model, and Euler model) that can be chosen. The motion model of drop horizontal
migration involves drop and air. There is no mass transfer between them, and the motion of drop free
surface should be considered emphatically. The VOF model is the most suitable calculation model.

4.1. Governing Equations and Calculation Methods

The VOF model calculates the volume fraction of each control body in the computational domain
by calculating the incompatible components. The interpolation method is used to get the boundary
between each component, so as to simulate the multi-component flow [28].

The volume fraction of the q component in any unit is determined by Equation (6).

1
%q

[
∂
∂t

(
αq%q

)
+ ∇·(αq%qvq)

]
= Sαq +

n∑
p=1

( .
mpq −

.
mpq

)
(6)

where
.

mpq is the mass flow from component q to component p and %q is the density of component q.
All components in the whole computational domain are derived from the same momentum

Equation (7).
∂
∂t
(%v) + ∇·(%vv) = ∇p + ∇·

[
µ(∇v) + ∇v

T
]

(7)

where ρ is based on controlling the volume fraction of each component in the body and ρ and µ are
obtained based on their respective volume fraction.

Considering the influence of surface tension, the CSF (continuum surface force) model proposed
by Brackbill [29] is introduced into the equation of momentum as a source term. For two-phase flow

Fvol = σij
%ki∇αj

1
2 (% i+%j

) (8)

where σij is the surface tension coefficient between components and k is the sectional curvature.
The wettability gradient of the wall is set by contact angle, and its action is reflected in the normal

direction of the fluid boundary near the wall. The change of the direction of the method line will
change the curvature of the interface, thus indirectly affecting the magnitude of the surface tension.

n̂ = n̂wcos θr + t̂wsin θr (9)

where n̂w, t̂w are the unit normal vector and tangent vector of the wall surface and θr is the forward
contact angle.

4.2. Computing Area and Mesh Division

The simulated region is a two-dimensional rectangular (the two-dimensional model is used
because it is based on the initial state of the experiment, which represents the state of the plane in the
three-dimensional model with the same spreading radius and the same wetting angle) region with a
length of 6 mm and a width of 3 mm. The texture size is 150 µm × 150 µm and the texture simulation
calculation area is shown in Figure 5. The meshes are triangular unstructured meshes to simulate the
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gas-liquid-solid interface more accurately. The semicircular drop region grid is locally encrypted and
the whole area is composed of 15,608 meshes. The mesh model is shown in Figure 6.
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4.3. Boundary Conditions and Initialization

The simulated working medium of three-phase solid-liquid-gas uses 45 steel, water, and air,
where water is an incompressible viscous fluid. The density is 996 kg/m3, viscosity is 0.001 Pa·s, surface
tension γlv is 0.072 N/m, and gravity acceleration g is 9.8 m/s2. In the numerical model, the initial
radius r of drop is 0.98 mm and the initial velocity v of the substrate is 30 mm/s. The drop is discretized
by drawing point method and the surface of the experimental drop is replaced approximately by the
curved surface of the node, and the micro-deformation of the free surface is realized by the virtual
displacement of the node. The boundary of the calculated area includes the boundary of atmosphere
and the boundary of base. The atmospheric boundary is defined as ordinary pressure boundary, the top
and lateral boundaries are atmospheric boundaries, and the volume fraction of the second phase is
defined as 0, that is, the air phase is always in the top and the surrounding region, and the bottom of
the model is a non-slip 45 steel wall.

The physical model of the drop moving on the micro-textured surface is as follows. Considering
the drop is in an infinite atmosphere, it is placed on the inclined experimental substrate. The drop
is hemispherical and incompressible in the initial state. The initial velocity of drop is 0.03 m/s, and
it starts to move under the action of gravity and vibration. The pressure at infinity is a standard
atmospheric pressure.

4.4. Calculation Results

Figure 7 is the motion process of the vibrating drop along the inclined wall when the direction
of vibration is horizontal to the right under a single cycle, and the drop volume diagram shows the
numerical results are close to the experimental results. When the vibration force is horizontally facing
to the right, the drop deviates from the initial position, the spreading diameter increases, and the drop
shape changes greatly with the increase of time t. When t = 12 ms, the direction of vibration force is
right, the vibration force is opposite to the direction of gravity along the surface of the substrate, and the
component force of gravity places negative work on drop while the position of the drop is not changed;
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only the shape is slightly deformed and the upper half of the drop tilts to the left. When t = 18 ms,
the liquid which is closest to the substrate enters the interior of the micro-texture, the diameter of
solid-liquid contact increases. When t = 24 ms, the upper drop is gradually tilted from left to right, and
the lower drop spreads to the right on the inclined surface. When t = 36 ms, the vibration force is zero,
but the drop is still migrating and spreading down the slope due to inertia. As the iteration proceeds,
the drop spreads into a stable equilibrium stage and no longer migrates. The spreading rate of drop
gradually slows down, and eventually spreads around the drop at a constant speed and infiltrates into
the textured surface.
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Figure 7. Experimental and CFD calculation results of vibrating drop motion in a single period.

In order to further analyze the spreading state of vibratory drop in motion, the spreading coefficient
f (f = d/d0) is introduced, where d is the spreading diameter of drop at any time, and d0 is the spreading
diameter of drop at the initial moment. Figure 8 shows the relationship between drop spreading
coefficient f and time t. The results show that the calculated results are in good agreement with the
experimental results and the maximum error of spreading coefficient is less than 0.05. VOF calculation
method can be used to calculate migration processes of similar drop. The spreading coefficient f
assumes S-shape curve and increases with the increase of time t. When t < 20 ms, the slope of the
spreading diameter curve is small, and f increases slowly. When 20 ms ≤ t ≤ 30 ms, the velocity of drop
spreading increases rapidly, and when t > 30 ms, the growth rate of spreading coefficient slows down.
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Figure 8. Drop spreading coefficient varying with time t.

Figures 9 and 10 show the motion morphology, spreading diameter, and spreading velocity of the
vibrating drop on textured and smooth surface. Results show the vibratory drop gradually spreads
out on the textured surface and smooth surface with the increase of time t. The spreading velocity of
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micro-textured surface is higher than the smooth surface, and the difference is between 2.3 mm/s and
3.6 mm/s. When t < 20 ms, the spreading diameter on the textured surface is similar with smooth one,
which is about 2.5 mm. With the increase of time t, the spreading radius on textured surface is larger
than that on the smooth surface, and the gap is 0.65 mm. The state of the drop in Figure 9 is different
from that in Figure 2 because Figure 2 refers to the conversion of the drop from the Cassie state under
initial contact to the Wenzel state after vibration, which is a process of wetting state transition.
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In order to reveal the motion mechanism and interfacial effects of drop on the micro-textured
surface, the volume and velocity vector diagram of drop moving to 75 ms were analyzed. Local
amplification of six pits is carried out to study the gas motion and effects which is inside the pit,
as shown in Figure 11. Results show that there is low-speed swirling airflow which is inside the pit.
The direction of the airflow in pit 1O and pit 2O is counterclockwise rotation, and the upper liquid
moves to the left. The upper fluid of pit 3O is at the junction of the left and right fluid. The velocity of
the fluid at the junction is very small, and more liquid seeps into pit 3O. There is only a small amount
of gas that cannot form a rotating flow. The airflow of pit 4O, pit 5O, and pit 6O rotates clockwise and the
upper liquid moves to the right. Therefore, the rotating airflow which is inside the pit can produce a
double effect.
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Figure 11. Schematic diagram of the pit air vortex.

4.4.1. Vortex Cushion Effect

Figure 12 shows that the velocity of current Vl is 0.027 m/s and the velocity of rotating airflow
Va is 0.014 m/s. The low-speed rotating airflow causes gas-liquid contact between the inner airflow
and the external current of the pit, which forms a vortex cushion effect. It makes the velocity gradient
between high-speed current and low-speed airflow smaller, and the airflow velocity in the pit and
overflow pit along the liquid flow direction is lower. The pulsation intensity in the near-wall region
is reduced, and the loss of pulsation energy is also reduced accordingly. For a short period of time,
the liquid could not penetrate into the pit, and the friction resistance between the drop and the textured
surface was reduced.
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4.4.2. Vortex Wheel Effect

Figures 11 and 12 show there are many vortexes in the pits, and those vortexes have specific
rotation directions which are influenced by pits. The current flow is limited by the three sides of the
pit and generates additional power which makes the current flow over the rotating airflow in the pit,
which can be called the vortex wheel effect. The rotating airflow is similar to the role of the rolling
bearing. The sliding friction state between the gas-liquid interface is transformed into the rolling
friction state, and the sliding friction coefficient f 1 is larger than the rolling friction coefficient f 2, see
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Figure 13. The friction resistance of the fluid is reduced, which weakens the pinning effect of drop on
the textured surface and impels fluid movement.
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The vortex cushion effect and vortex wheel effect are the main determinants of the speed of
drop movement.

5. Conclusions

Based on experimental and simulation research, analysis of the morphological evolution and
interfacial effects of drop motion in the transverse vibration of inclined micro-textured plate are studied.

(1) The experimental results show the morphological evolution of drop involves an oscillation stage,
spreading and migration stage, and infiltration stage in the transverse vibration of inclined
micro-textured plate with the continuous input of vibration energy, and the surface shape of the
drop changes from a flat transition state to a jagged ripple. The drop spreading diameter changes
from the initial 3.02 mm to 5.12 mm.

(2) Based on drop motion mechanism, a two-phase flow theoretical model of motion evolution
of forced vibration drop is established. The calculated results are close to the experimental
results and the maximum error of spreading coefficient is less than 0.05, f is S-shaped and
increases with the increase of time t. When t < 20 ms, the spreading coefficient increases slowly.
When 20 ms ≤ t ≤ 30 ms, the velocity of drop spreading is accelerated rapidly. When t > 30 ms,
the growth rate of spreading coefficient slows down.

(3) The motion of vibrating drop on smooth and textured surface was simulated. The spreading
velocity on a micro-textured surface is faster than for a smooth surface, and there is low-speed
rotating airflow inside the micro-textured pit. The vortex cushion effect and vortex wheel effect
are the main reasons for the acceleration of drop motion. Two interfacial effect reduce the friction
resistance of the fluid, weaken the pinning effect of the textured surface to drop, and impel
fluid movement.
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