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Simulation of spreading and retraction behavior of water droplet on micro-pat-
terned surfaces with VOF coupled level-set model
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For the anti-icing technology of hydrophobic coating on turbine blades, the influence of the hydrophobic surface with
micropatterns on the impact characteristics of water droplets is studied in present manuscript. The spreading and retraction
characteristics of water droplets with diameters of 2~10 pm on micro-structured surface is numerically investigated in present
research by volume of fluid (VOF) and Level-set coupling method, and the influence of surface micropattern geometry and
water droplet diameter on the spreading and retraction process is analyzed in detail. It is found that the ratio of water droplet
diameter D, to micropattern size P has a significant effect on the dynamic process and final shape of the impact on the same
micropatterned wall; and the surface shows obvious hydrophobicity when the ratio of water droplet diameter D, to
micropattern size P is 2 < Dy/P < 4 and the movement of water droplets on the surface is in accordance with the description
of the Cassie model, although the contact angle of substrate material is 86°. However, the dynamic process and final shape of
water droplets are similar to those on a smooth plane with the contact angle of 86° when Dy/P < 1. In addition, when the water
droplet impacts the micropatterned surface with 2 < Dy/P < 4, the spreading coefficient on the micropattern surface is less than
1.0 and the dimensionless spreading period gradually lengthens with the increase of Dy/P value attributed to the large pressure
gradient near the three-phase line.

Keywords: Spreading and retraction, Water droplets, Micropattern, Hydrophobic surface, Wind power engineering, VOF
computational model.

Introduction o e

In wind power complex systems at high altitudes or
in frigid regions, the surface of the blades is prone to
ice formation, as shown in Figure 1. Under moderate
and severe icing meteorological conditions, the power
loss of wind turbines due to icing accounts for 5% to
25% of the total annual power generation [1-4], which
seriously affects the power generation efficiency of
wind turbines. At the same time, it will also cause the
failure of the wind speed and direction indicator [5],
and even cause damage to the mechanical mechanism
of the blade [6]. Therefore, the anti-icing problem of
wind turbine blades has become one of the research
focuses of the wind power engineering. By applying a
hydrophobic or superhydrophobic coating on the wind
blade to make the blade surface a hydrophobic surface
as shown in Fig. 2, the adhesion time of water droplets
on the blade can be shortened [7], thereby preventing
ice coating on the surface of the wind blade. Therefore,
it is of great significance to study the impact
characteristics of water droplets on hydrophobic
surfaces, especially the spreading and retraction
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Fig. 1. Ice accretion on a wind turbine.
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(a) Wenzel hydrophobic model
Fig. 3. Hydrophobic models.

characteristics of water droplets, for the study of the
icing phenomenon of wind turbine blades.

When a water droplet impacts the solid surface at a
certain speed, dynamic phenomena such as spreading,
retraction and bouncing will occur, and the appearance
and characteristics of these phenomena are related to
the diameter and speed of the droplet as well as wetting
characteristics of the contact surface. When the contact
surface has obvious hydrophobicity, such as lotus
leaves and cicada wings in nature, the droplets will
retract to nearly circular shape after spreading, so,
compared with hydrophilic surfaces like metal surfaces,
the solid-liquid contact area of droplets on hydrophobic
surfaces is significantly reduced, which are often
applied in self-cleaning [8-12], flow resistance reduction
[13-16] and ice/frost prevention [17, 18] to conserve
energy. For the above-mentioned bouncing characteristics
of droplets on hydrophobic surfaces, [19] and [20]
respectively pointed out that the reason lies in the
presence of a large number of micropatterns on
hydrophobic surfaces, as shown in Fig. 3, and the
three-phase contact characteristics among micropatterns,
droplets and air are the key factors that determine the
bouncing characteristics and contact angles of droplets
on surfaces.

With the continuous development of hydrophobic
materials, the hydrophobicity of icing surfaces can be
achieved by coating with fluorosilanes or nanocoatings.
In a previous study, the authors obtained surface
contact angles over 150 degrees by coating fluorosilane-
based coatings on icing surfaces. Electron microscope
photographs of the surface showed a large number of
microstructuFires ranging from a few hundred
nanometers to several micrometers on the surface [21],
and the microscopic characterization being consistent
with the hydrophobic model proposed by M. Suwan and
S. Supothina [22] fabricated optically transparent
poly(methyl methacrylate) (PMMA)/SiO, nanocomposite
superhydrophobic films by a dip coating method for a
small piece of specimen, and a spray-on coating
method for a large specimen such as a glass panel, the

(b) Cassie hydrophobic model
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Fig. 4. Hydrophobic surface model with micropatterns [24].

dip-coated film exhibited water contact angle (WCA)
of 160.4°. H. 1. Hsianga et al. [23] coated a perfluroalkyl
surfactant (perflurodecanoic acid, PFDA) on nano-
sized boehmite surfaces to obtain hydrophobic nano-
particles via surface modification, and the contact
angles of the thin film prepared by spin coating PFDA-
modified-boehmite on glass substrates were larger than
150°.

The Wenzel equation and the Cassie-Baxter equation
are often utilized to describe the contact angle of
droplets on hydrophobic surfaces. Based on the Wenzel
and Cassie models, many scholars have built surfaces
with micropatterns as shown in Fig. 4, and simulated
the spreading and retraction of water droplet impacting
on this kind of surface through experimental or
numerical methods.

Z. Yuan et al. [25, 26] carried out numerically studies
on the directional rebound behavior of liquid water
droplets on hydrophobic surfaces with micro-grooves,
and the results showed that there were three kinds of
droplet rebound and the rotating behavior, and these
behaviors were affected by the combined effects of the
unbalanced Young’s force, the wetting state, the Weber
number (We), and structural dimensions of grooves.
Besides, Z. Yuan et al. [26, 27] also proposed a three-
dimensional numerical simulation method to simulate
the impingement of droplets on textured surfaces with
primary structures. In addition, N. Samkhaniani et al. [28]
researched the hydrodynamics and heat transfer of the
water droplet impinging on a heated hydrophobic
surface, and a new correlation with contact time was
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noted based on comprehensive simulation. Furthermore,
two different movements of droplets on a micropatterned
surface were explored by J. Zhao and S. Chen [29]
through a many-body dissipative particle dynamics
method, and it was found that the migration trajectory
of the droplet was related to the impact velocity, the
height of micro-pillar, and the surface tension.

The dynamic behavior of water droplets on
hydrophobic surfaces was also experimentally studied.
Dong Song et al. [30] carried out experimental research
on the wetting states of water droplets on partially
micro-grooved surfaces, and found that the contact
angle along the direction parallel to grooves was larger
than that on the smooth surface, while the micropattern
had little effect on the contact angle along the direction
perpendicular to the grooves. Additionally, J. B. Lee et
al. [31] investigated the influence of the texture area
fraction and drop impact velocity on the spreading
characteristics of water droplet, and proposed a
modified equation to predict the maximum spreading
factor by involving various texturing effects and wetting
states. H. Wang et al. [32] carried out experimental
research to investigate the bouncing characteristics of a
water droplet on SHS (super-hydrophobic surface) with
large temperature difference, and an increase in the
droplet-SHS contact time or a decrease in rebounding
height was observed by lowering the SHS temperature
or by increasing the droplet temperature or droplet
diameter. Moreover, the movement characteristic of
droplets on unidirectional channels was investigated by
H. Wu et al. [33], and droplet metering, merging or
reaction, and rapid transport was observed by integrating
the idea of gradient wettability patterns into planar
microfluidic devices in a self-driven fluid transport.
Ding et al. [34] experimentally studied the effect of
superhydrophobic surface inclinations and themdegree
of supercooling on water droplet dynamics, and the
different rebound behaviors were observed with the
decrease of the surface temperature when a liquid
droplet of 14 pL impacted to a superhydrophobic
surface with static contact angle of 160 £ 1° at velocity
of 0.99 m-s™.

It is known from the above research that although
amounts of literature constructed micropatterned
surfaces to numerically simulate hydrophobic surfaces
according to the theory of Wenzel and Cassie, a large
contact angle is always set on the solid-liquid contact
surface in the numerical simulation, so the hydrophobic
motion characteristics obtained from the study cannot
reflect the role of the micropattern in the hydrophobic
dynamic motion of the water droplets.

To address above problems, the present research
establishes models of micropatterned surfaces with
different sizes but at the same contact angle of 86° to
investigate the effect of micropattern size and droplet
diameter on the spreading and retraction of droplet
impact, and possible conditions for the emergence of
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hydrophobic motion characteristics on micropattern
surfaces are discussed by multiphase flow section
interface tracking (VOF and Level-set coupling)
method.

Geometric Model and Numerical Simulation
Method

According to the Cassie model, a geometric model
with different micropattern sizes is established in this
paper as shown in Fig. 5, and the micropattern sizes,
water droplet diameters and drop locations of each
surface are listed in Table 1. The structured mesh is
generated for each model in Table 1 and the number of
grids was 518400, 1276400 and 1713600, respectively.
The mesh independence is validated by comparing
spreading area of the water droplet at the same time
point and the discrepancy is not more than 3%, so the
mesh with the number of 1276400 is taken as the
calculation mesh in the numerical investigations below.

Based on the above geometric model and mesh, the
VOF method combined with Level-set interface
tracking method is used to simulate the impact motion
of micro-water-droplet on the micropatterned surface.
According to the continuity equation, the volume
fraction of liquid water in each computational cell can
be solved by the following equation:

0
E(awpw )+Ve(a,p,u,)=0 (1)

The volume fraction of air can be obtained from 1-
o,. In the VOF method, the phase interface is
constructed by a piecewise linear function, and in order
to avoid the discontinuity problem that may be caused
by this, thus improving the tracking accuracy of the
interface direction and curvature, this model introduces
a level-set higher-order function ¢ to calculate the
interface curvature.

+|d| (x € air)
@(x,1)=10  (interface) (2)

—|d| (x € water)

The controlling equation of the function ¢(x,f) is
shown as below:

0

L~ Veuep) =0 3)

ot

Then the normal vector of the interface n and the
curvature of the interface x can be calculated by the
following formulas:

n=—— Kk =Ven (@)
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(a) Geometric model

Fig. 5. The geometric model and wall mesh depiction.

Table 1. Micropattern dimensions.

NO.  S(um)  Pum)  Hum)  Dy(um)  h(um)
4 3
1 2 2 2 6 3
8 3
2 6 6 6 6 4
10 10 10 6 6

The momentum equation of the flow field is shown
in the following equation.

D
pFl;z—gradp+,uV2u+pg+FSF (5)

In the above equation, Fgr is the surface tension
source term. And in this paper, the surface is assumed
to be smooth aluminum base with a surface contact
angle of 86° to explore the effect of micropattern on
the dynamic motion and bouncing characteristics of
water droplets. Besides, the density p and the dynamic
viscosity x4 are taken as the average volume of air and
liquid water, respectively. Here, the surface tension
coefficient is set as 0.073 n/m.

The impact motions of the water droplet on the
surfaces listed in Table 1 are calculated basing the
mesh shown in Fig. 5. In addition, the boundary
conditions of the numerical simulation are depicted in
Fig. 5(a), and values of parameters P, S, H, h and D,
can be found in Table 1.

In order to verify the above model, the numerical
results obtained by the model presented in this
manuscript are compared with the experimental results

(b) Enlarged view of the wall mesh
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Fig. 6. Comparisons between the numerical results and the
experimental results.

measured by high speed camera system (PCO12000hs,
Germany), as shown in Fig. 6. Through comparison, it
can be found that the calculated results of the model in
this paper agree well with the experimental results,
especially at the early stage of spreading and retraction,
the spreading coefficients obtained from numerical
simulation match with the experimental data.

Results and Discussions

Figs. 7~9 illustrate the morphological changes of
water droplets with the diameters D, of 4 um, 6 pm
and 8 pum, respectively, with an initial velocity of 0.25
m/s.

In this paper, the minimum size of the computational
cell is as small as 0.17 um to prevent water droplets
from deforming, so the time step needs to be less than
2e-8s in order to ensure that the courant number does
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not exceed 0.25. For the purpose of saving the
computational time, the falling positions of the three
different water droplets are set to the position where
the lowest point of the water droplet boundary is 1 um
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above the wall, i.e., the distance between the centre of
the water droplet and the wall is ~=4 pum, 6 pum and 8
um respectively for the droplets with different
diameters, and thus the time when the droplet began to

Ay S A

(a) 2.2 ps (b) 2.215 ps (¢)2.22 ps

iy S Al

(d) 2.24ps (e) 2.28ps

() 2.32ps

Fig. 7. Morphological changes of water droplet impact process on NO.1 surface of $=2 um (v=0.25 m/s, D=4 um, /=4 pm)
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Fig. 8. Morphological changes of water droplet on NO.1 surface of $=2 pm (v=0.25 m/s, D=6 um, /=6 pm)
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Fig. 9. Morphological changes of water droplet on NO.1 surface (v=0.25 m/s, D=8 um, /=8 pum)
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contact the wall is different due to height difference. As
shown in Figs. 7(a), 8(a) and 9(a), the time point is 2.2
ps, 3.35 us and 7.8 ps separately when the droplets
begin to impact the wall, and there is obvious
spreading phenomenon and retraction phenomenon at
0.04 ps and 0.08 ps after the impact, as shown in Figs.
7 (d) and 7(e). After several times of spreading and
retractions, the water droplets basically maintain the
shape, as shown in Fig. 7(f). Besides, compared with
the water droplets with D;=4 pum, the appearance time
of the spreading phenomenon of the water droplets
with Dy=6 pm and 8 pm is obviously delayed, and
appeared until 0.07 ps and 2.08 ps after the start of
impact, respectively. Moreover, the period from
spreading to retraction is obviously extended, as shown
in Figs. 8-9, the durations of time from spreading to
retraction for D=6 pm and 8 pm water droplets are 0.11
ps and 2.92 ps, respectively.

Furthermore, it can be seen from Figs. 7~9 that when
the water droplets impact on the surface with
micropatterns of 86° contact angle, the droplets did not
spread into a semicircle, but remained nearly circular,
i.e., they showed a better hydrophobicity. In addition,
the dynamic motion and the final shape of the water
droplets are related to the micropattern size, and by

comparing Figs. 7(f), 8(f) and 9(f), the conclusion can
be drawn that the final morphology of the water
droplets is closer to a circle as their diameter increases.

It can be found from the above analysis that when
the wall has the same micropatterns, the water droplet
diameter has a significant effect on the dynamic motion
and final shape of the droplet. To further analyze the
effect of micropattern on the water droplet impact
characteristics, the final water droplet morphologies
after the water droplet with Dy=6 pm impacts the NO.2
and NO.3 surfaces in Table 1 are presented in Figs.
10~11, respectively. The comparison among Figs.
10~11 shows that with the increase of micropattern
size, the influence of micropattern on water droplet
morphology gradually disappears, and the final shape
of water droplet gradually approaches to the spreading
state of water droplet on the smooth surface with the
same contact angle. The comparison of Figs. 7~11
reveals that the dynamic motion and final shape of
water droplets impacting the micropatterned surface are
related to not only the droplet diameter but also the
micropattern size: when Dy/P > 2, the micropatterned
surface shows obvious hydrophobicity; when Dy/P <1,
the dynamic process and final shape of water droplets
are similar to those impacting the smooth surface with

Fig. 10. Final spreading pattern of water droplets on the surface
with micropattern of $=6 pm, P=6 pm (v=0.25 m/s, D=6 pm, #=6
pm)

Fig. 11. Final spreading pattern of water droplets on the surface
with micropattern of S=10 pm, P=10 um (v=0.25 m/s, Dy=6 um,
h=10 pm)
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Fig. 12. Pressure field, velocity field and velocity vectors near the water droplet with D=6 pm on NO.1 surface in steady state.
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Fig. 13. Pressure field, velocity field and velocity vectors near the water droplet with D=6 um on NO.2 surface in steady state.
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Fig. 14. Pressure field, velocity field and velocity vectors near the water droplet with Dy=6 um on NO.3 surface in steady state.

the same contact angle.

As mentioned above, the droplet diameter and the
size of the micropattern have obvious effects on the
droplet impact process and the final morphology. To
explore the mechanism of these effects, the pressure
field, velocity field and velocity vector distributions
after the droplet with Dy=6 pm impacts on the
micropatterned surfaces of S=2 pum, 6 pm and 8 um
and coming into the steady state are presented in Figs.
12~14, respectively. Comparing Figs. 12(a), 13(a) and
14(a), it can be found that due to the presence of
surface tension, significant pressure gradients appear
near the contact surface of both gas-liquid phases.
Meanwhile, when P=6 um and 10 pm, the highest
pressure point appears at the centre of the contact
surface between the water droplet and the micropattern,
as shown in Figs. 13(a) and 14(a); while when P=2
um, the highest pressure point is located on the gas-
liquid-solid three-phase line as shown in Fig. 12(a), i.e.
This phenomenon is attributed to the differences of the
surface tension near the three-phase lines on surfaces
with different micropattern sizes. The pressure difference
near the three-phase line is significantly higher when
the micropattern size is smaller than the water droplet
diameter, thus maintaining a larger contact angle of the
water droplet on the micropatterned surface, as shown
in Fig. 12.

In addition, the velocity field and velocity vector

distributions on different micropatterned surfaces are
significantly different, as presenting in Figs. 12~14.
When the water droplet diameter D, is not smaller than
P, a region of elevated velocity appears near the three-
phase contact line as shown in Figs. 12(b) and 13(b),
while when D, is smaller than P, the highest velocity
appears at the top of the water droplet, as shown in Fig.
14(b), which may be due to a larger pressure gradient
exists near the three-phase line when the droplet
diameter is larger than the bump size, and generating a
higher velocity air flow when the droplet shape
changes.

To further explore the effect of surface micropattern
on the dynamic motion of droplet impact, the variation
of spreading coefficient with dimensionless time #*
after different diameters of droplets start to impact the
micropatterned surfaces with P=2 um and P=10 pm,
respectively, are presented in Figs. 15~16. The
spreading coefficient is defined as the ratio of the
droplet wetting equivalent diameter D to the droplet
diameter D, at the initial moment of falling, and the
dimensionless time ¢" is defined as follows.

_ tu,
D

Where, u is the initial velocity of the drop.
When the micropattern size is P=2 um, the water
droplets with D=4, 6, and 8 um all maintained a more

t*

(6)
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Fig. 15. Variation of surface spreading coefficient for different

diameter droplets impacting the NO.1 surface.
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Fig. 16. Variation of surface spreading coefficient for different
diameter droplets impacting the NO.3 surface.

complete spherical shape after a series of bounce, as
shown in Figs. 7~9. Therefore, the wetting area of the
water droplets on the micropatterned surface were all
similar to the top area of the micropattern, so the
spreading coefficient was always less than 1.0 when the
water droplets started to impacting the micropatterned
surface, as shown in Fig. 15. In addition, the spreading
coefficients of water droplets on the micropatterned
surfaces of D=4 pm and 6 pm show more obvious
periodic changes, with dimensionless periods of about
0.095 and 0.14 and maximum spreading coefficients of
0.86 and 0.58, respectively. However, the maximum
spreading coefficient of the D,;=8 um water droplet is
only 0.4, and the spreading period is extended to about
0.17, while the amplitude of the spreading coefficient
in a single period is much smaller than that of the D,~4
um and 6 pm water droplets.

When the micropatterned size increases to P=10 um,
the spreading coefficients of water droplets with
different diameters are greater than 1.0 and slightly
decrease with increasing diameter. As shown in Fig.
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Fig. 17. Variation of surface spreading coefficient of D/~6 pum
water droplet impacting surfaces with different sizes of
micropattern.

16, the maximum spreading coefficients are 1.82, 1.72
and 1.56 when the water droplet diameters are Dy=4, 6
and 8 pm, respectively, which increase by 111.6%,
196.6% and 290% correspondingly, compared to the
P=2 um surface. The periods were about 0.068, 0.083
and 0.094, which slightly extended with increasing
diameter but reduced by 28.4%, 40.7% and 44.7%,
respectively compared to the P=2 pm surface. It can be
seen that for the same surface substrate, when Dy/P <
1, the spreading coefficient of water droplets shows a
significant increase compared to that of 2 <Dy/P <4,
while the dimensionless spreading period is shortened
and no significant hydrophobic effect can be brought
about by the micropatterns.

Furthermore, the variation of spreading coefficient
with dimensionless time during the water droplets of
D=6 um diameter falling with an initial velocity of
v=0.25 m/s and impacting the micropatterned surfaces
of P=2, 6, and 10 pm is presented in Fig. 17 to analyze
the effect of surface micropattern on the spreading and
retraction of water droplets. As can be seen from Fig.
17, the spreading coefficients of the water droplets are
larger than 1.0 when P=10 pm and 6 um, with
maximum spreading coefficients of 1.72 and 1.41,
while spreading and retraction periods is 0.083 and
0.0667, respectively. When P=2 um, the spreading
coefficient drops to below 1.0 as mentioned before,
with a maximum spreading coefficient of 0.58 and an
oscillation period of 0.14.

Above analysis shows that the spreading-retraction
characteristics of water droplets on the micropattern
not only relate to the micropattern size, but also depend
on the droplet diameter. Only when the water droplet
diameter is larger than the micropattern characteristic
size, will the dynamic characteristics of the water
droplet show more obvious hydrophobic characteristics,
since its spreading coefficient and spreading period are
related to the value of Dy/P.
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Conclusions

In this paper, the spreading and retraction characteristics
of water droplets with different diameters on the
surface of a non-hydrophobic substrate with micron-
level patterns are investigated by utilizing VOF
method, and the influence of surface micropattern size
and water droplet diameter on dynamic impacting
motions is analyzed. The specific research findings are
as follows.

(1) Based on the VOF coupled Level-set model, the
present research constructs different micro-patterned
surfaces on metal substrates without pre-set large
contact angles, and the influence of microstructures on
the spreading and retraction characteristics of water
droplets is investigated, and the results can be used to
develop new anti-icing technology for wind power
system to reduce the icing phenomenon of cumulus
cloud droplets on the blade surface.

(2) When the wall micropattern is the same, the
water droplet diameter has a significant effect on the
dynamic process and final shape of the droplet. When
Dy/P is between 2 to 4, the spreading and retraction
characteristics of water droplets on the surface are in
accordance with the description of the Cassie model,
and the droplets maintain the morphology as is closer
to a circle after a series of spreading and retraction.

(3) The dynamic impacting motion and final shape of
water droplets impacting the micropatterned surface are
related to the micropattern size. When Dy/P>2, the
micropatterned surface shows obvious hydrophobicity;
when Dy/P < 1, the dynamic process and final shape of
water droplets are similar to that impacting on a
smooth plane with the same contact angle.

(4) With the same surface substrate, the spreading
coefficients of water droplets are all larger than 1.0
when Dy/P <1, which are significantly higher than
those of water droplets at 2<D,/P <4, while the
dimensionless spreading period was significantly
shorter and there is no obvious hydrophobic effect on
the micropatterned surface.

(5) When 2<Dy/P <4 the water droplets show a
larger pressure gradient near the three-phase line, so
that their spreading coefficients on the micropatterned
surface are all less than 1.0, and the dimensionless
spreading period gradually lengthens with the increase
of Dy/P value.

(6) The results of this paper are mainly aimed at the
impact process of cloud droplets of continental
cumulus clouds on the surface of hydrophobic surfaces.
Based on the results of this study, the research on the
freezing process of cloud droplets on the
microstructure surface will be carried out in the future.
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