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ABSTRACT

A superhydrophobic surface (SHS) patterned with pillar arrays has been demonstrated to achieve excellent water repellency and is highly effective for
self-cleaning, anti-icing/frosting, etc. However, the droplet impact dynamics and the related mechanism for contact time (¢.") reduction remain elu-
sive, especially when different arrangements of pillar arrays are considered. This study aims to bridge this gap by exploring a droplet impinging on an
SHS with square pillar arrays in a cuboid domain. This fluid dynamics problem is numerically simulated by applying the lattice Boltzmann method.
The influences of the droplet diameter (D), the Weber number (We,,), and the pillar spacing and height (s* and h*) on the droplet dynamics and ¢.*
are investigated. The numerical results show that the droplet can exhibit different bouncing patterns, normal or pancake bouncing, depending on
We,, s*, and h". Pancake bouncing usually occurs when We,, >1.28, h">1, and s* ~ 1, yielding a small ¢.". Among all cases, a small #." can be
attained when the conversion rate of kinetic energy to surface energy (AE,,”) right after the impacting exceeds a critical value around 0.038. This
relation broadens that given in A. M. Moqaddam et al. [J. Fluid Mech. 824, 866-885 (2017)], which reported that the large total change of surface

area renders small ¢.". Furthermore, the maximum impacting force remains nearly the same in all cases, regardless of the bouncing patterns.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0238611

I. INTRODUCTION

Droplets impinging solid surfaces are omnipresent in nature and
engineering applications, and they can exhibit complex dynamic behav-
iors, including spreading, bouncing, splashing, spinning, icing, and boil-
ing."” Such behaviors are dominated by a variety of factors, such as
droplet properties including size, velocity, viscosity, surface tension, tem-
perature, surface properties encompassing temperature and morphology,
wettability arising from intermolecular interactions among all phases in
contact, and environmental temperature and pressure. Some of these fac-
tors can be tuned to manipulate the droplet impingement dynamics
associated with contact time,” spreading pattern,”* bouncing deforma-
tion,” etc. In many engineering systems, controlling droplet impact
dynamics is important, particularly when it comes to the reduction of
contact time, which is a common concern across numerous applications,
including anti-icing,” self-cleaning,” inkjet printing,” and anti-corrosion.”

Contact time is referred to as the period that a droplet remains in
contact with the solid surface after impacting it. Superhydrophobic
surfaces (SHSs) have been extensively applied for the reduction of

contact time. Richard et al.” revealed that for droplets impacting flat
SHSs, inertial effects are dominant, and the contact time is determined
by the balance between inertia and capillary effects. Under this condi-
tion, the contact time increases with droplet radius but is independent
of impact velocity. This sets a theoretical limit for the contact time of
droplets impacting SHSs.

Recent studies revealed that when small-scale structures are
incorporated into flat SHSs, the overall wettability is modified, the
impingement dynamics of droplets can be altered, and shorter contact
time is achievable, breaking the theoretical limit proposed by Richard
et al.” In literature, two popular structures of this type are ridge struc-
tures and arrays of pillars/posts.

The efficacy of using ridge structures for contact time reduction
was tested in a pioneer work by Bird et al,'” where a 37% reduction
was achieved. After that, such strategies have been adopted in numer-
ous follow-up studies and their effectiveness for contact time reduction
has been widely examined.'"° For instance, Shen et al.'’ reported
that “three-forked,” “cross-shaped,” and “five-forked” ridge structures
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can further increase droplet deformation and reduce droplet contact
time compared to when only one ridge structure is applied.
Furthermore, ridge structures have also been applied on curved SHSs,
such as cylindrical SHSs, for contact time reduction, as demonstrated
in Chen et al.'* and Zhang et al.'” More related studies can be found
in some recent comprehensive reviews.'* '

In the above studies, a limited number of ridges are applied. When
droplets cannot directly impact them, their effectiveness in reducing
contact time decreases. This disadvantage can be overcome by integrat-
ing arrays of pillars/posts on SHSs. For example, Liu et al."”*’ found
that pillar arrays can cause an extremely fast droplet detachment with-
out recoiling (named as “pancake bouncing”) by effectively converting
the surface energy of the impinging drop into kinetic energy for the
upward motion. Wang et al.”" investigated the droplet impact on pillar-
arrayed polydimethylsiloxane surfaces with different solid fractions. The
contact time of bouncing droplets on sparse pillars was drastically short-
ened due to the accelerated retraction. Patil et al.”* found that an inter-
mediate pillar spacing can result in full bouncing, while other spacing
can cause partial bouncing. Hu and Liu™ investigated the dynamic
characteristics of microdroplet impingement on array structured SHSs
at a wide range of impacting velocities and showed that the droplet’s
contact time is in the range of microseconds and pillar height increased
the droplet’s surface adhesion. Song et al.”* observed typical pancake
bouncing on the superhydrophobic pillar arrays of 1.05 mm diameter,
0.8 mm height, and 0.25 mm spacing, yielding a 57.8% reduction in con-
tact time. Wu et al.”” designed a dual gradient surface consisting of a
vertical spacing gradient made of tapered pillar arrays and a lateral cur-
vature gradient characterized as macroscopic convex. The impinging
droplet at low Weber number (We) presented an asymmetric bouncing
mode with a contact time reduction of 20%, while the pancake bounc-
ing mode at high We was adopted with a contact time reduction of
70%. Ma et al.”® studied the bouncing dynamics of impinging droplets
on the nano-pillared SHSs and explored the effects of We, solid fraction
(fixed pillar width), and pillar height. There exists an optimal range of
solid fraction and pillar height to induce pancake bouncing at interme-
diate We. The critical We to trigger pancake bouncing was affected
largely by nanostructures. To reveal the fundamental mechanism of
using SHS with pillar arrays for contact time reduction, Mogaddam
et al”’ investigated the dynamic behaviors of a droplet impacting on
surfaces with tapered posts over a wide range of We, figuring out that
increase in surface area allows to store kinetic energy during impinge-
ment, which in turn reduces the contact time.

Although SHSs patterned with arrays of pillars/posts have been
proven effective in reducing the contact time, the mechanism for
manipulating the impingement dynamics of a droplet has not been fully
understood, especially when different pillar arrangements are consid-
ered. This paper aims to bridge this gap through a systematic computa-
tional study. Specifically, an SHS with arrays of square pillars of
different heights and spacings is considered, and the impact dynamics
of droplets of distinct sizes on such surfaces at various We are explored.
A mechanism contributing to the reduction of contact time is elucidated
through a comprehensive analysis, together with the analysis of the
effects of other factors on associated properties pertinent to impact
dynamics, including spreading factor, impacting force, and evolutions
of kinetic, surface, and dissipation energy during impingement.

The outline of this paper is as follows: The problem and method-
ology are described in Sec. II. The simulation results are given in Sec.

pubs.aip.org/aip/pof

I11, where the influences of droplet size, Weber number, and pillar
spacing and height on the impact dynamics are revealed, and the dom-
inant factor for the contact time is identified. The conclusions of this
work are presented in Sec. I'V.

Il. PROBLEM DESCRIPTION AND METHODOLOGY
A. Problem description

Figure 1 shows the model of a droplet of diameter D, impacting a
superhydrophobic surface (SHS) patterned with an array of square pil-
lars at an initial velocity U, in a cuboid domain with edge length L.
The height, width, and spacing of the pillar array are h, w, and s,
respectively.

B. Methodology

The impingement dynamics of the droplet is solved numerically
based on the lattice Boltzmann method (LBM). The Bhatnagar—
Gross-Krook collision algorithm is adopted, and the lattice Boltzmann
equation is given by Chen et al.,*

Ju(x + €00, t + ;) — fu(x, 1) = —% [ S (x, 1) — f1(x, t)] + Afy(x, 1),
(1)

where f, (x, t) is the distribution function at time t and position x with
velocity e,. J; is the time step. T denotes the relaxation time. Af, (x, t)
is the body force term. £,%(x, t) is the equilibrium distribution func-
tion, which can be written as

e, u (e u)?
- 2
a2 t 2¢2|’ @

S S S

;q:wm/) 1+

where o, is the weighting factor, ¢; is the speed of sound. p is the fluid
density, and u is the fluid velocity, which can be expressed as

e,fu(x,t
pzzxfd(x,t), u:%. 3)

The kinematic viscosity of fluid (v) is derived from an extended multi-
scale Chapman-Enskog analysis,

FIG. 1. Schematic of a droplet impacting an SHS patterned with square pillar arrays
in a cuboid domain.
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v=c(t—0.5)d,. (4)

Herein, a three-dimensional LBM model, ie., D3Q19 model, is
applied. As such, w,=1/3 for =0, w,=1~18 for o =1-6, and
,=1/36 for o ="7-18."" ¢;=c/+/3, where c¢=0,/5;, O, is the lattice
spacing, and 6, = 1 and J, = 1 in LBM by convention. The discrete
velocity is written as
(0,0,0), % =0,
e, =< (£1,0,0)(0, *1,0)(0,0, =1), x=1~6
(£1, £1,0)(0, £1, *1)(*£1,0, *1), x =7 ~ 18.
©)

The force term Af,(x, t) is incorporated into Eq. (1) using the exact
difference method,”””” which can avoid the physically unrealistic
relaxation phenomena over a wide range of relaxation times, written as

Af(x. 1) = £ [p(x. 1), u+ Au] — [ p(xt) ], (6)
where the variation of velocity Au can be derived from
Au=F-9,/p. (7)

F is the total force density composed of the fluid—fluid force density
(F;np), the fluid-solid force density (F;), and the gravitational force den-
sity (Fy). In this study, a single component multiple phase pseudopo-
tentlal model is apphed According to Kupershtokh et al”"** and
Gong and Cheng, F;,, can be expressed as

Fi = —B(%)D_ Glx, x ) (x + e,5:)e,

1—/;2

where the value of f§ and G(x,x’) can be found in Ref. 33. In D3Q19
model, /(x) is given as

+ eaé )em (8)

Y(x) = \/2(p — pei)/coB, ©)

B=—1.0and ¢,=6,"and p is the pressure, which can be evaluated as
R'T ap®a(T

po PRT _ ap (T) . (10)

1—bp 14 2bp—b?p?

Based on the Peng-Robinson (P-R) equation of state,”” where

2
R=1la=2%b=2%aT)= {1+0.87324(1— Tl)} . 7F, can
be evaluated by
Fy(x) = —Gh(x)>_ 0,S(x + e,0,), (11)

where G describes the strength of force between the fluid and surface
and determines the wall wettability. S denotes an indicator function
with §=1 for solid and S = 0 for fluid. F, can be written as

Fy(x) = (p — p,)8 (12)

where g is the gravitational acceleration and p,, represents the gas den-
sity. The velocity U can be evaluated using the expression provided by
Ginzbourg and Adler,”

pubs.aip.org/aip/pof

pU = pu + 0.56,F. (13)

Half bounce-back boundary conditions” are adopted at the
upper and bottom walls to achieve no-slip conditions, and periodic
boundary conditions are applied on other surfaces of the domain.

Herein, the pillar width (w), the initial velocity (Up), and density
(py) of the droplet are chosen as the repeating variables, unless other-
wise noted. Dimensional analysis shows that the droplet dynamics in
this study is mainly dominated by the Weber number, We,
= p;Ugw/y, Ohnesorge number, Oh,, = u/./p/w}, Bond number,

2
Bo,, = %, viscosity ratio, u* = y/u,, density ratio, p* = p;/p,,

droplet diameter, D" = D/w, pillar height, h* =h/w and spacing s"
=s/w, the length, width, and height of the computational domain,
L*=L/w, and the dimensionless time £ = t/(pw>/7)°>, where 7 is the
surface tension.

To facilitate the analysis, different types of energy of the droplet
are considered, including the kinetic energy (Ej;,), surface energy
(E..r)> and dissipated energy (Eg;). The initial total energy of the drop-
let is defined as E,,, including the initial surface energy and initial
kinetic energy. Herein, we normalize all energies by E,,. Specifically,
the instantaneous kinetic energy of the droplet is defined as

Ekin* = J pUZdV/EtOH (14)
\4

where V denotes the droplet volume. The surface energy of the droplet
is expressed as”’

Esur* = “/sz/Emt» (15)

where 7;, denotes the surface tension of the droplet, and A is the sur-
face area of the droplet. Ej;,* can be written as”’

Egs* = JJ %(VU + VU dvdt/Epy, (16)
0JV

where 1y, is the liquid viscosity. The dimensionless increment of surface
energy is defined as

AEsur* = (Esur,max -
l 38

According to Hu et al.,
defined as

Esur‘O)/Etat- (17)

the impacting force in the vertical direction is

F, = | Pn.dA, (18)
JQ

where P is the pressure, and Q is the surface area of the droplet con-
tacting with the SHS. The dimensionless impacting force can be writ-
ten as

F* =F./(p,U;D}), (19)

where Uj is the droplet initial velocity and D, is the droplet diameter.

C. Model validation

The numerical solver developed based on the above three-
dimensional LBM-based pseudopotential model is validated by the fol-
lowing two cases. In the first one, a stationary droplet is placed at the
center of computational domain with periodic boundary condition
imposed on all boundaries, where the relaxation time 7= 1.0 and the
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domain length L* =28. In the equilibrium state, Fig. 2 shows that the
pressure difference between the inside and outside of the droplet is
inversely proportional to its radius. This accords with Laplace’s law,
where AP =2y/R,, with AP being the pressure difference and R, the
droplet radius. Accordingly, y = 0.227 in this validation case.

In the second case, a droplet normally impacting a flat surface is
considered. The impingement dynamics is quantified by the normal-
ized contact time t.= t./(Ro/Up) We.">, where t. is the time period
from contacting the surface to bouncing off, R, is the droplet radius,
Uy is the droplet initial velocity, and We is the Weber number defined
based on R,. Existing studies have demonstrated that there exists a lin-
ear relation between In(z,) and In(1—cos0) when the surface is hydro-
phobic and We ranges from 15 to 35, where 0 is the contact
angle,”>”” ** as shown in Fig. 3. The simulation results (denoted by
five-pointed star symbols in Fig. 3) yielded by the developed numerical
solver for We=25, and 0 = 120°, 140° and 160°, can reproduce this
relation, and In(z,) in these cases is close to that in the similar cases of
other studies. These two validation cases demonstrate that the devel-
oped numerical solver can provide reliable simulation results for the
droplet impact dynamics.

D. Grid independence verification

To ensure that the numerical results are independent of the mesh
and time resolution, one case where the droplet impacts the SHS with
the array of pillars described in Sec. IT A is selected for the mesh resolu-
tion test, where the droplet diameter D" =10.4, the Weber number
We,, = 0.14, the pillar height h* =5, the pillar spacing s* =1, and the
contact angle is 0 =166.5° (see Fig. 4). Herein, the mesh spacing
5 =w/5 and the time step ,= t.,/63 (where t., = (pw’/y)0> denotes
the capillary time) in the coarse-resolution case, while 6, = w/10 and
0y =1,,/126 2 in the fine-resolution case. Figures 4(a) and 4(b) illus-
trate that the droplet evolution and D,/D, are independent of the mesh
resolution. The time series of all the normalized energies in these two
cases are nearly indistinguishable [see Fig. 4(c)]. Hence, , = w/5 and
0, =1.,/63 are selected for the numerical simulation throughout this
study.

Note that Eq. (11) denotes the interaction force between the fluid
and surface, where G, describes the strength of fluid-surface

0.03} [
¢
0.02}
5 ®
@
¢®
I ®
0.01 o
0 1 1 1 1
0 0015 0030 0045 0060 0075
IR,

FIG. 2. Variation of AP with 1/R,.
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interaction force and determines the surface wettability. Herein, G
exhibits a linear relation with the contact angle (0), as shown in Fig. 5.
Specifically, 0 =7.13 G, + 195.26 for G, ranging from —22.0 to —4.0.
In the mesh resolution test, G; is selected as —4.0, which corresponds
to 0 =166.5°. This value is also adopted throughout this study.

E. Case summary

In this study, the computational domain is set as a cuboid with
length L* = 28. Both the density ratio p* and dynamic viscosity ratio
W are selected as 36.5, corresponding to T/T,,= 0.8 in Eq. (10). The
gravitational effect is negligible with the Bond number Bo,, set below
0.008.”” The intrinsic contact angle 0 is chosen as 143.5° on the flat
surface, corresponding to G;= —7.0 in Eq. (11).

The droplet diameter D* ranges from 8 to 14, and both the pillar
spacing s* and height h" vary from 1 to 5. We,, is chosen from the
range 0.14-3.57, while Oh,, is selected as 0.42. It should be noted that
the effects of Oh on the impacting dynamics of droplet can be negligi-
ble when it is smaller than 1.0. Therefore, the findings in this study are
applicable for some common droplets, such as water and ethanol drop-
lets, whose Oh number is around 0.5.” The values of parameters are
summarized in Table I. In the following, the influences of D* and We,,
are discussed first, followed by the effects of pillar spacing s* and
height h".

lll. RESULTS AND DISCUSSION
A. Effects of D" and We,,

For a more cohesive discussion, we will simultaneously discuss
Fig. 6 for the morphology of the droplet and Fig. 7 for time series of its
diameter change, energy, and impacting force. Figure 6 shows the
droplet shape evolution in the two representative cases at Weber num-
ber We, =0.14 and 3.57 when the droplet of diameter D" =10.4
impacts the SHS with pillar height #* =5 and spacing s* = 1. Herein,
the instant when the droplet starts to contact the pillars is defined as
£'=0.

In the case when We,, = 0.14, the droplet gradually deforms and
spreads on top of the pillars after £ =0, as shown in Figs. 6(al) and
6(a2). At t*=3.81, the contacting factor (defined as the ratio of the
diameter of the droplet’s cross section intersecting the top surfaces of

2.0
1.6} Q..o
1210 Yinetal 139 &, A %
® O Lietal [ % I
:»‘-j/ A Gaoetal A
0.8F ¥ Wang etal 2 %
O D.Patil et al. 2
04+< DPatiletal
> Lietal 14
0 % Our ].“B results . . )
0.2 0.3 04 0.5 0.6 0.7

In(1-cos )

FIG. 3. Variation of In(z,) with In(1—cosf).”****
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"= 40.08

FIG. 4. (a) Droplet shape evolution (red:

Oy = w/5 and 6;= 1/63t.; black: 6, = 2w/5
and o;= 2/63t;,), (b) variation of D/D, vs
time, and (c) time histories of Eg,*
(square), Eyp" (circle), Egs™ (triangle), and
Ewt (inverted triangle) when o,=w/5
and o;=1/63t,, (dark gray color) and
Ox=2w/5 and ;= 2/63t;, (pale blue) for
D*=104, We,=0.14, h*=5, s"=1,
and 0 = 166.5°.
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FIG. 5. Variation of contact angle of droplet (0) on the smooth surface vs Gs.

pillars to the droplet initial diameter) approaches its maximum, i.e.,
D./Dy=0.593, as shown in Fig. 7(a). During this process, the impact-
ing force also approaches its maximum, i.e., F* =0.801 [see Fig. 7(c)],
and the kinetic energy (Ej;,") is gradually converted to the surface
energy (E,"), accompanied by a small amount of energy dissipation
quantified by E;", as shown in Fig. 7(b).

As time advances, the droplet remains stuck to the pillars with
negligible overall movement, and D./D, remains large and gradually
decreases at a much smaller rate, while Ey;,” is close to zero, as shown
in Figs. 7(a) and 7(b). By contrast, the droplet keeps deforming and
approaches the largest overall deformation at *=8.58, at which
instant E,,,* approaches its maximum, as shown in Fig. 7(b). At

TABLE |. Definition and selected values of key non-dimensional parameters in this
study.

Dimensionless parameter Definition Value
Droplet diameter D*=D/w 8-14
Pillar spacing st=s/w 1-5
Pillar height h*=hlw 1-5
Weber number We,, = p,Uw/7y 0.14-3.57
Radius-based Weber number We=D"We,,/2 1.43-35.68

Ohnesorge number

Oh,, = p/\/pwy 0.42

around the same instant, the impacting force reaches its local mini-
mum, i.e., F* =0.164 [see Fig. 7(c)]. Immediately after that, the droplet
starts to recover its original shape, as evidenced by the decreasing E,,”"
[see Fig. 7(b)]. As the droplet still contacts the top surfaces of the pil-
lars, it imposes a downward force on the pillars and obtains the
upward momentum for bouncing off. As such, the impact force
approaches another maximum at around " =12.39, as shown in
Fig. 7(c). This increase in impact force expedites the bounce-off pro-
cess, as evidenced by an increase in the decreasing rate of D,/D, shown
in Fig. 7(a). During this period, surface energy is gradually converted
to kinetic energy, as shown in Fig. 7(b). At around " =17.63, D /D,
approaches zero, and the droplet completely leaves the SHS, as shown
in Figs. 6(a4) and 7(a).

When We,, = 3.57, the droplet impacts and spreads on the top
of the pillar arrays from =0 to 3.79, as shown in Figs. 6(b1)-
6(b3). During this period, D,/D, and F* gradually approach their
maxima, i.e., 1.40 and 0.803, respectively, as shown in Figs. 7(a)
and 7(c), and the kinetic energy is converted to the surface energy,
along with energy dissipation, as shown in Fig. 7(b). At the same
time, the lower part of the droplet penetrates the pillar arrays and
gets into the gaps, as shown in Figs. 6(b2) and 6(b3). Although the
variations of D./D, with ¢ are similar for We,, = 0.14 and 3.57 dur-
ing this period, the droplet impingement in these two cases is dif-
ferent. Compared to the case of We,, = 0.14 where the droplet stays
above the pillars, evident penetrations are exhibited in the case of
We,,=3.57. This mainly stems from the fact that the kinetic
energy of the droplet is larger when We,, =3.57, resulting in a
more intense impact. For the same reason together with the
induced penetration phenomenon, a much faster conversion from
the kinetic to surface energy is exhibited and faster energy dissipa-
tion occurs, as shown in Fig. 7(b). Furthermore, unlike in the case
when We,, = 0.14, the instant at which Ey;," approaches its mini-
mum is ahead of that at which D./Dy approaches its maximum in
the case when We,, = 3.57. This is associated with the fact that the
droplet motion is mainly stopped by the pillars before complete
spreading of the droplet. As such, the maximum F" approaches its
maximum earlier when We,, = 3.57, as shown in Fig. 7(b).

Phys. Fluids 36, 112115 (2024); doi: 10.1063/5.0238611
Published under an exclusive license by AIP Publishing

36, 112115-5

9%:€2:60 G20¢ Jaqwiadeq 80


pubs.aip.org/aip/phf

Physics of Fluids ARTICLE

ot‘=0 ‘=381 =11.38 t
Con factor )

AnananaAnnnATn AN

Aob2 b b

t

A0 AAnnARTIAnRAMR HHHIIIIIIIIIIIIIIIIIIHH

'=8.06 - 82
| —-— o
annannaanm

pubs.aip.org/aip/pof

U\]m f

NN

b4 s (a) We, — 0.14 and (b) We, — 3.57.

FIG. 6. Droplet shape evolution when
impacting on an SHS with pillar arrays:

After spreading to the maximum diameter, the part of the droplet
in the pillar gaps starts to retract fast while the top part of the droplet
continues moving downward at a small speed. The fast retraction of
the bottom part of the droplet causes the surface energy to decrease
and converts it into kinetic energy rapidly (see Fig. 7b). At around
" =5.5, Ey;," approaches its local maximum, ie., Ey;," = 0.209, while
E,,, reaches its local minimum, i.e., Ey,,” = 0.282. Such a fast retrac-
tion of the droplet among pillar gaps causes rapid separation of the
droplet bottom from pillar tops. As a result, at " =7.38 the droplet
completely leaves the pillars and bounces off the surface with a pan-
cake shape roughly before it begins to recover the spherical shape, as
shown in Fig. 6(b4). During this period, D,/D, and F* monotonically
decrease to 0, as shown in Figs. 7(a) and 7(c).

Compared to the case when We,, =0.14, the conversion from

AAAAnAARAY A

stems from the fast droplet retraction among pillar gaps for
We,,=3.57 while no penetration is exhibited for the case when
We,, = 0.14. Furthermore, unlike the case when We,, = 0.14 where the
droplet recovers to the original shape when it sits on the top of pillars
yielding a second peak of F*, the droplet with We,, = 3.57 has been
detached from the pillars before major recovery to the original shape,
as shown in Figs. 6(a3) and 6(b4). As such, only one peak for F* is pre-
sented in the case when We,, = 3.57. Even though complete distinct
droplet impact dynamics, the global maximum F is independent of
We,,, as shown in 7(c).

The above analysis clearly shows the dependence of droplet
impingement dynamics and contact time (.") on We,,. When We,, is
small, the droplet exhibits slow bouncing, while it undergoes fast

bouncing (corresponding to small "), usually named as “pancake
»19

surface to kinetic energy is faster in the case when We,, = 3.57. This bouncing,”'” when We,, is sufficiently large. Moqaddam et al.”” figured
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out that the reduction of ¢, is positively associated with increase in the
surface energy. This can be further corroborated by the above two
cases, where the maximum increment of surface energy AE;,,” = 0.044
and 0.232 for We,,=0.14 and 3.57, respectively, and " = 17.63 and
7.38, respectively.

When h* =5 and s* = 1, the dynamic behaviors of the droplet in
the cases with other values of We,, and D" are similar to either the case
with We,,=0.14 or 3.57 and D"=10.4. Therefore, the detailed
dynamic behaviors and impingement process are not repeated for each
We,, and D" for the sake of space, while only the key quantities repre-
senting the impact dynamics are given and discussed for these cases.
In the following, we will show the trend of varying D" and We,, for a
comprehensive evaluation of the effect of these parameters.

Figure 8 shows the time histories of D./Djy at different D* and
We,,. When We,,=0.14, D,/D, increases rapidly to the maximum
with time and then decreases to 0 slowly for all D, as shown in
Fig. 8(a), meaning that the droplet spreading time (¢,") is shorter than
its retracting time (¢,"), where #," is defined as the time from starting to
contact the pillars to the maximum spreading, and the retracting time
is defined as t,"= . — t,". Additionally, the maximum D./D, and #,*
increase with D”, while " approaches its maximum at an intermediate
D" ie,D"=11.6.

When We,, increases to 0.57, the initial kinetic energy of the
droplet augments, resulting in a larger D./Dy, as shown in Fig. 8(b).
This can be further evidenced by the scaling relation D,,,/Dy
~ We,,.*? revealed in Fig. 8(f), where D,y,,,/Dy is the maximum spread-
ing factor that is defined as the maximum circumferential diameter of
the droplet observed from top view to the droplet initial diameter [see
Fig. 6(a4)]. Since t," remains roughly unchanged, the increasing rate of
D,/D, becomes larger. On the other hand, the variation trend of D,/Dy
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and influences of D" roughly remain the same when We,, increases
from 0.14 to 0.57, as shown in Fig. 8(b).

Compared to when We,, < 0.57, the increasing rate of D./D; is
larger than that when We, > 1.28 but the droplet spreading time
remains roughly unchanged, as shown in Fig. 8. The retraction rate of
the droplet is faster when We,, > 1.28, arising from the change in
bouncing-off patterns of the droplet, as mentioned above. Therefore,
t.* is smaller when We,, > 1.28.

The variation of £ with We,, and D" is summarized in Fig. 9.
When We,, > 1.28, t. increases with D* generally in a linear manner,
while it approaches its maximum at D*=11.6 for We, < 0.57.
Furthermore, ¢.* in the cases when We,, > 1.28 is much smaller than
that in the case when We,, < 0.57 for each D*. However, t." does not
decrease monotonically with We,, when We,, > 1.28, and it approaches
its minimum when We,, = 2.28. This could be due to the fact that when
We,, is over a critical value between We,, = 1.28 and 3.57, the portion
of the droplet penetrating the pillar gaps increases, which requires more
time for retraction during bouncing off. Therefore, to achieve maximum
reduction of the contact time, one needs find a proper We,,..

Figure 10 shows Eg;", AEg, ", and the normalized kinetic energy
when the droplet bounces off the surface (Ey;,, ") for different We,,
and D". It is seen that E;;" increases with We,, and D", as shown in
Fig. 10(a). This arises from the fact that the droplet with a larger We,,
or D" (corresponding to a larger initial velocity or size and the result-
ing larger Ey;,, ;" at £*=0) undergoes a more violent collision with the
SHS and could penetrate more into the gaps among the pillars. As
such, more energy can be dissipated before it bounces off the surface.
For the same reason, AE," generally increases with We,, and D".
Furthermore, Ey;,, ;" is almost independent of D*, while it approaches
its local maximum when We,, = 2.28 for each D",
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Figure 7(c) reveals that the maximum impacting force (") is
independent of We,, in the cases with We,, =0.14 and 3.57 when
D*=10.4. Such an independent relation remains for all We,,. F,,." is
also independent of D*, as shown in Fig. 11, where F,,,," = 0.81. This
finding agrees well with those given in Hu et al.,”* where F,,,," ~ 0.85
at higher We. Herein, We = D*We,,/2 is adopted for comparison with
the finding in Hu et al.™®

B. Effects of s" and h*

Next, we study the change of the geometry of the SHS on the
droplet impingement dynamics. Figure 12 shows the shape evolutions
of the droplet of diameter D* = 10.4 in five representative cases with
pillar height h* ranging from 0 to 5 and pillar spacing s* ranging from
0 to 5 (h"=0 or s*=0 corresponds to the flat surface), when the Weber
number We,, =2.28. For h" ranging from 0 to 5, the droplet shape
evolutions are similar, as shown in Figs. 12(a), 12(d), and 12(e). The
variation trends of the kinetic, surface, and dissipated energies with
time and their maximum or minimum values are roughly the same in
all these cases, as shown in Figs. 13(a), 13(d), and 13(e). However, the
impingement and bouncing-off processes of the droplet differ in these
cases.
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In the cases when h*=1 and 5, the droplet gets into the gaps
among pillars during impingement, like in the case when We,, = 3.57
and D" = 10.4 discussed in Sec. [1] A. Such a penetration speeds up the
conversion of kinetic to surface energy during droplet rebounding.
This enables the droplet to leave the surface just when it exhibits a pan-
cake shape, as shown in Figs. 12(a5) and 12(d6). By contrast, when
h* =0, the surface is flat, and the droplet remains stuck to the surface
for a longer time. Even though the droplet also exhibits a pancake
shape during rebounding, as shown in Fig. 12(e4), at such an instant
the bottom of the droplet is still in touch with the surface and does not
leave the surface like it does when h"= 1 and 5. This means that energy
conversion among the pillars can accelerate the energy conversion rate
and hence reduces the contact time (¢.°). This accounts for the contact
time reduction in the cases when h*= 1 and 5 compared to the case
when "= 0. The smallest #.* can be achieved at h*=1, indicating that
the critical 4™ for the fastest bouncing is around 1.

It is interesting to note that in these cases, the maximum surface
energy is generally the same, indicating that the droplet deforms to
similar extents. Unlike in the cases when h"= 1 and 5 where the incre-
ment in surface energy stems from the droplet’s penetration into the
pillars and deformation of the droplet above the pillars, no pillars are
involved in the flat-surface case with "= 0. As such, the increment in
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FIG. 12. Droplet shape evolution when D* =10.4 and We,,=2.28: (a) s* =1, h* =5; (b) s* =2, h* =5; (c) s* =5, " =5; (d) s"=1, h" =1, and (e) s" =0 or h* =0 (corre-
sponding to a flat surface).
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(corresponding to a flat surface).

surface energy can only be caused by droplet deformation above the
surface. Under this condition, droplet deformation above the surface is
larger when h*= 0, associated with the greater maximum contacting
factor (D,/Dy), as shown in Fig. 14(a).

Compared to those of h*, the influences of s* on droplet impact-
ing dynamics are more evident, which can be seen by comparing the
four representative cases with s*=0, 1, 2, and 5 when h* =5, among
which the cases when s =0 and 1 have been discussed above. Note
that the case with s* =0 corresponds to the case without pillars and
hence is the same as that with #* = 0.

Unlike in the case when s” = 1 where only a small portion of the
droplet can penetrate the pillar arrays, the penetration is much more
pronounced in the case when s* = 2, if comparing the first and second
rows of Fig. 12. This stems from the smaller resistance imposed on the
droplet by the pillars for larger s*. Such a deep penetration causes fast
energy dissipation right after the droplet just impacts the pillars. This
is evidenced by the fact that the normalized dissipated energy (E ;")
increases from 0 to 0.2 from =0 to 1.91 when s =2, while the
period for the same increment of Ez" is from t*=0 to 2.86 when
s"=1, as shown in Fig. 13(b). For the same reason, the spreading pro-
cess of the droplet is also delayed, as shown in Fig. 14(a), where the
instant at which D./D, approaches its maximum is around ¢* = 5.72.
In addition, the spreading of the droplet is constrained by the nearby

pillars. Under this condition, the maximum D./Dj is smaller in the
case when s* =2. The deep penetration also prolongs the retraction
process of the droplet and retards the related energy conversion pro-
cess. This can be seen from the slower variation of E,,,” and normal-
ized kinetic energy (Ej;,") after the maximum E,," is approached
in the case when s*=2 than in the case when s* =1, as shown in

(a) ——s5 =1,k =5 (b)l.O —a—s"=1,h"=5
L6 —o—5'=2,h"=5
—A—s"=5h"=5

sS=1,hn=1

0 9 18 27 36
t

FIG. 14. Time histories of (a) Do/Dy and (b) F* for different s™ and h*.
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Figs. 13(a) and 13(b). Eventually, the droplet bounces off the surface in
an ellipsoidal shape [see Fig. 12(b6)].

When s™ increases to 5, the gaps among pillars become larger and
the resistance force of the pillars on the downward-moving droplet is
smaller. As such, during impingement, the droplet directly encapsu-
lates the pillar below it, impacts the side surfaces of the eight neighbor-
ing pillars and the base surface of the pillars, and presents a cloverleaf
shape, as shown in Figs. 12(c1)-12(c3). Owing to the sparser arrange-
ment of pillars, less constraint is imposed to stop subsequent spreading
of the droplet, compared with that in the case when s*=2. As such,
the spreading is more appreciable when s* =5, as demonstrated in
Figs. 12(b4) and 12(c3). For the same reason, the overall energy con-
version process when s* =5 is slower than when s* = 2. For instance,
the maximum E,,,” and minimum Eg;,  can be achieved at around
" =12.15 when s* = 5, while those can be obtained earlier at around
" =5.72 when s* =2, as shown in Figs. 13(b) and 13(c). Furthermore,
when s* =5 the interaction between the droplet and the base surface
of the pillars is also intensively involved from "= 3.57 to " =20.25,
just like in the case without pillars shown in Fig. 12(e), while this does
not occur when s* =2 despite deep penetration. This causes a slower
energy conversion process during retraction of the droplet when
s"=5.

Despite different droplet impact dynamics exhibited in the above
representative cases, the maximum impacting force (F,,,,") remains
nearly the same, ie., F,,,," &~ 0.808, as shown in Fig. 14(b). This value
also remains roughly unchanged for other #* and s*, as shown in
Fig. 15. Furthermore, F,,,," = 0.808 for other We,, and D", as given in
the previous section. This means that F,,,, " is independent of We,,
D", b, and s". Additionally, another local maximum of F* can be
exhibited if the droplet remains in contact with the pillars during
retraction, such as that in the associated cases discussed in Figs. 7(c)
and 14(b), and its value remains approximately 0.35, and is roughly
independent of the above parameters. The value is also close to the one
given by Li et al,” which is 0.45. This means that the finding in Hu
et al.”” where only a flat SHS is considered is also applicable to more
general scenarios where pillars of different arrangements are integrated
with the SHS.

Figure 16 summarizes the maximum spreading factor (D,y,4,/Do)
and . in the cases with 4" ranging from 0 to 5 and s* ranging from 0
to 5 when D" varies from 8 to 14. When h* =5, D,,,,/D, mainly
changes with s* and is generally independent of D", as shown in
Fig. 16(2). D,pax/Dy approaches its minimum at s* =2 due to the evi-
dent constraint of pillars on the lateral spreading of the droplet, as
revealed above. Additionally, for each D", t." is the smallest at s* =1,
since the droplet can bounce off the pillars with pancake shape, as
shown in Figs. 12(a) and 16(b). For each s*, t.* is roughly proportional
to D* (indicated by the consistent collapse of ¢.*/D" at each s"), mean-
ing that larger droplet undergoes slower bouncing. In the cases when
s"=1 and h" > 1 where pancake bouncing is present, D,,,./Dy is
roughly independent of D", and it remains smaller than 1.32, as shown
in Figs. 12(a), 12(d), and 16(c). D,u/Dy approaches its minimum at
h"=1 and saturates when h* > 3, and so does t.", as shown in
Fig. 16(d). The above relations of #.* with h* and s" imply that there
exist optimal #* and s™ between 0 and 3 for the smallest ¢,".

The effect of s* on Ey;", the maximum increment of normalized
surface energy (AEg,"), and the normalized kinetic energy when
bouncing off the surface (Ey;,, ,°) for D" ranging from 8 to 14 are
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FIG. 15. Variation of F,,,," with s™ for h* =1, 3, and 5.

revealed in Fig. 17. Specifically, E;;" and AE,,,” approach local mini-
mum at s* =1 and 2, respectively, while they generally increase with
D*. Additionally, Ey;,, ;" is less dependent on D" and approaches its
maximum at s* = 1. The influence of 4" can be seen in Fig. 18. In par-
ticular, for each D, Ey" and AE,," generally decrease when h”*
increases from 0 to 1, while their changes are less evident when ™ fur-
ther increases to 5. Ey;,,, ,” increases with k™ first and then levels off at
h*>3.

C. Effects of the increment of surface energy (AEg,,")
and energy conversion rate (AEg,,") on t.”

Mogaddam et al.”” revealed that the reduction of contact time
(t.) is positively correlated with increase in the surface energy of the
droplet. This can be confirmed by the cases discussed in Sec. IIT A of
this study, where the Weber number (We,,) varies from 0.14 to 3.57
and the droplet diameter (D) is in the range of 8-14. Particularly,
Fig. 19(a) shows ¢ vs the increment of surface energy (AE,,”). It is
seen that when AE,,,," is larger than a critical value, i.e, AE,,, . =0.12,
t." is generally smaller than that when AE,,” < AE,,,, .

By contrast, such a relation is not applicable for the cases dis-
cussed in Sec. I11 B where both the arrangement of pillars changes and
the pillar height (h") and spacing (s*) vary from 0 to 5. This is demon-
strated by Figs. 19(b) and 19(c). For instance, in the case s*=1, the
droplet can bounce off the pillars with pancake shape and yield the
smallest £.". However, AE,,," is generally smaller than that in the case
when s*=0 where pancake bouncing is not present, as shown in
Fig. 19(b). Such discrepancies could be due to the fact that the varia-
tions of #* and s* are not considered in Moqaddam et al,”” and the
finding in that study is not sufficiently general to be applied in other
types of cases.

The analysis in the previous sections shows that when the conser-
vation rate of the surface energy to kinetic energy is faster, rapid
rebounding can be achieved. This indicates that the rate of energy con-
version from kinetic to surface energy could be a good indicator for
determining the impacting and rebounding speed of the droplet and
thus the contact time. Herein, such an energy conversion rate is
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defined as AE,,," = AE,,*/At;", where At;" denotes the period over
which the surface energy approaches its maximum from t* = 0. AE,,,,”
vs t." is plotted in Figs. 19(d)-19(f). In each subfigure, the cases can be
separated into two distinct regimes by a vertical line at AE,,* with a
value of approximately 0.038. Cases with small " are predominately
clustered on the right of this line. This indicates that AE,," could be a
more general metric for determining whether small #.* is attainable.

IV. CONCLUSIONS

This study furthers our understanding of the droplet impact
dynamics when it impinges on a superhydrophobic surface (SHS) pat-
terned with sparse/dense and tall/short square pillar arrays and extends
the findings of previous studies, by exploring the impact dynamics of a
droplet when its diameter D* ranges from 8 to 14, the Weber number
We,, ranges from 0.14 to 3.57, the pillar spacings s* range from 1 to 5,
and the pillar heights /* range from 1 to 5. The major findings are
summarized as follows:

(1) The droplet’s bouncing pattern turns from normal to pan-
cake with We,, increasing from 0.14 to 3.57, rendering a sig-
nificant reduction in contact time (#"). The type of
bouncing pattern is generally independent of D", and ¢," lin-
early increases with D" when pancake bouncing is exhibited.

(ii)

(iii)

(iv)

The bouncing pattern varies with the specific design of the
SHS, including h* and s". Pancake bouncing can be achieved
at a sufficiently large b, i.e., h*>1, and an intermediate s",
i.e., s & 1. In other cases, the droplet is either stuck to the
SHS (such as when h*=1) or confined among the pillars
(such as when s'=5) and undergoes slow rebounding.
Hence, to achieve a small #.", a moderate s* and a large h*
are desired.

The impacting force usually approaches a large peak during
the impacting process and a small peak during the rebound-
ing process for normal bouncing, while only a large peak is
present for pancake bouncing. In all cases, the values of
these two peaks are independent of D, We,, s*, or h*. The
value of the large peak is around 0.81, and that of the small
one is close to 0.35. These are generally in accord with those
presented in Hu et al.,”” where only the droplet impinging a
flat surface is considered.

Small ¢ can be achieved when the increment of the nor-
malized surface energy AE,,," is sufficiently large for s*=1
and h" = 5. This agrees well with the findings by Moqaddam
et al.”” However, this relation is not applicable to more com-
plex scenarios where sparse or short pillars are considered.
Our analysis reveals that ¢." is not primarily determined by
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AE,,," itself but rather by its rate of change, ie., AE,".
Specifically, when AE,,,* exceeds a threshold around 0.038,
which corresponds to a rapid conversion of kinetic energy
into surface energy, a significant reduction in ¢ can be
achieved.

Based on our results, the following future endeavors can be
extended to further enhance our understanding of the impinging
dynamics of droplets. For example, due to constraints within the
model, only a moderate density ratio of around 40 is examined. Future
works may consider investigating other regimes in the density-ratio
space. Additionally, this study is limited to regular array patterns, and
only vertical droplet impingement is considered. One can potentially
study the effect of oblique droplet impingement to introduce asymme-
try in these processes.
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