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ABSTRACT

Water droplets penetrating a microchannel equipped with an array of micropillars are commonly seen in engineering applications, ranging from
micro-electro-mechanical systems to macro-heat-transfer facilities. Understanding the detailed droplet dynamics in this process is therefore
beneficial to the advancement of many fields of industry. In this study, we adopt a nonorthogonal multiple-relaxation-time lattice Boltzmann
model to simulate a water droplet penetrating a micropillar array in a microchannel. We first validate our model against the experimental results
of (a) off-center impact of a water droplet on a ridged superhydrophobic surface and (b) impact of a water droplet on a curved superhydrophobic
surface. Then a comprehensive parametric study is carried out by changing the droplet initial velocity, opening fraction of the micropillar array,
and wettability of the micropillar surface. It is found that when the droplet penetrates the micropillar array, its fingering dynamics in the longitudi-
nal direction is governed by the competition between the dynamic and capillary pressures, while the permeation process in the lateral and vertical
directions is dominated by the capillary effect. The change of the droplet initial velocity and configuration setup can significantly influence the
droplet penetration velocity, maximum wetted surface area, and penetration rate. Finally, a theoretical model is proposed to describe the transient
evolution of the droplet penetration mass for a variety of Weber numbers, opening fractions, and static contact angles.

Published under license by AIP Publishing. https://doi.org/10.1063/5.0047163

I. INTRODUCTION

In modern engineering, array structures composed of dozens to
hundreds of micropillars are extensively employed in the heat transfer ) . oHHEey
equipment’ * and microfluidic devices."” For example, a droplet pene- observed. In the studies of Yu e.t al.. and Cheung et al.,” a mlcroplllatr
trating a microchannel with a micropillar array is ubiquitous during array was used to separate the liquid phase and gas phase, where vari-
the processes of microdevice cooling,”®” phase separation,” and ous micropillar geometries were tested and compared. Similar configu-
microfluidic control.”” The heat transfer efficiency and mass separa- rations have been employed in applications of microfluidic passive

engineering. Two-phase flows in a pin-fin microchannel heat sink
have been extensively investigated in Refs. 2, 3, 6, and 7 where the sig-
nificant influence of droplet entrainment on cooling efficiency was

tion efficiency of the equipment are closely related to the wetted sur-
face area, droplet penetration rate, and penetration time.”” Besides,
those parameters are significantly influenced by the geometry of
micropillars and configuration setups.'’ Therefore, gaining an
improved understanding of droplet dynamics in such configurations
can benefit the design and application of this technique. Although a
lot of effort has been made in the past, detailed investigation of droplet
dynamics in complex structures is still challenging, especially from a
microscale perspective.””

Several experimental studies have reported the process of droplet
penetrating a microchannel with a micropillar array in advanced

control. Link et al.'" and Chung et al.” experimentally investigated the
droplet passive breakup by crossing the microchannel with an array of
obstructions. The effects of capillary number, droplet size, and the
interval between obstructions have been explored. More outcomes
after the droplet passing through the microchannel with an array of
obstructions were observed in Refs. 12-14. Owing to the small length
scale of this configuration (10° — 10* um), it is difficult to accurately
control the boundary conditions and collect quantitative data due to
the experiment limitations.”'" Detailed physical insights into the pene-
tration dynamics, including the evolution of droplet surface area, pen-
etration length, and penetration mass, are currently lacking.
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In recent years, numerical simulation techniques have been
employed to investigate the droplet dynamics when crossing a micro-
channel with obstacles. Li et al."” and Bhardwaj et al.'® have simulated
the droplet crossing a microchannel with a partial obstacle by the lattice
Boltzmann (LB) method (LBM). In their simulations, the droplet
breakup dynamics has been investigated for a variety of capillary num-
bers and obstruction geometries. Recently, Li et al.'” proposed a three-
dimensional diffuse-interface immersed-boundary method to simulate
the droplet interaction with complex geometry successfully. Chung
et al."® numerically simulated this configuration by a finite element-front
tracking method (FE-FTM). Ma et al."” and Lee and Son™’ numerically
investigated the droplet crossing a microchannel with a linear obstacle
by volume of fluid (VOF) and level set (LS) method, respectively. In the
study of Ma et al,” they observed five types of droplet rheological
behaviors when crossing the obstacle. And Lee and Son”’ suggested that
controlling the droplet volume distribution after the breakup can be
achieved by varying the obstacle configurations. Chen et al.”' deployed
the LB method to simulate a droplet dripping through microchannels
composed of several parallel sheets, and the critical dimensionless num-
bers governing the droplet deformation phenomena were investigated.

Despite the numerous studies in the field, there is a lack of
numerical studies on droplet crossing the microchannel with a micro-
pillar array. Considering the broad applications of such phenomena in
advanced engineering, it is desirable to conduct high-fidelity numerical
simulations in order to gain further physical insight. Therefore, we
adopt an advanced multiple-relaxation-time (MRT) LB model to
numerically study a water droplet crossing a micropillar array in a
microchannel in this work. The influences of the droplet initial veloc-
ity, micropillar geometry, and micropillar surface wettability are sys-
tematically investigated. The critical parameters including the droplet
penetration mass, penetration length, and surface area evolution are
calculated and analyzed in detail. In addition, a theoretical model for
predicting the drop penetration rate is constructed. In the Sec. 1], the
numerical model, computational setup, and model validation are pre-
sented. Section I1I presents the simulation results and discussion. The
conclusion of this study is drawn in Sec. IV.

Il. METHODOLOGY
A. The lattice Boltzmann multiphase model

Owing to the small scale of the microchannel system, traditional
numerical methods based on the continuum fluid assumption may fail
in simulating such a configuration.”’ Alternatively, as a mesoscopic
numerical method based on the kinetic theory, the LB method has
been broadly employed in simulating complex fluid flow, with scales
ranging from microscale to macroscale.””” In the past few decades,

scitation.org/journal/phf

the LB method has proven its advantages including high parallel effi-
ciency, robust numerical algorithm, and ability to handle complex
configurations.”* Specifically for multiphase flow, the interaction
between different phases is conveniently described by a pseudopoten-
tial,”>*® which allows interface deformation, merging, and breakup as
well as the specification of physical surface tension. Moreover, the
complex microchannel structures can be described with simple bound-
ary treatments including wetting conditions.”””* On the other hand,
many LB multiphase models in use suffer from problems such as large
spurious velocities, low density ratios, and the dependence of surface
tension and density ratio on the viscosity.”>** In the past few years,
many efforts have been made to overcome these drawbacks, such as
ensuring the mechanical stability, thermodynamic consistency, and
decoupling the surface tension and density ratio, as summarized in the
comprehensive reviews in Refs. 22 and 29. In this study, we employed
an efficient 3D non-orthogonal MRT-LBM™ which incorporates the
treatments by Li et al.”>" to handle large density ratios and indepen-
dent surface tension tuning.

In the MRT framework, the collision step is operated in the raw
moment space, and the relaxation rates for different moments are
adjustable. Compared with the fixed relaxation rate in the single relax-
ation time (SRT) LB scheme, the MRT framework provides better
numerical stability. In particular, the adopted non-orthogonal MRT-
LB model has a much lower spurious velocity compared with the
SRT-LBM,” which allows simulation of liquid-gas flow at a signifi-
cantly larger density ratio. The collision step of the MRT Boltzmann
model can be written as”’

[ty =fitet) = Alfi=£7]
+% [Fi(x,t) + Fi(x + eiAt, t + At)], (1)

fi and f indicate the discrete distribution functions before and after
the collision, respectively. x stands for the position vector, e; are the
discrete velocities and ¢ is the time. The equilibrium distribution func-
tions £ are given as

e;.u (ei.u)z

2 4
IO 2¢;

(u.u) @)

2 b
2¢3

1= polje) |1+

where p stands for density, the lattice sound speed ¢, = 1//3, and
u = [uy, uy, u;] demonstrates fluid velocity. The D3Q19 lattice model
is adopted in this study, and its wights are w(0) = 1/3, w(1) = 1/18,
and (2) = 1/36. The discrete velocities e; = [|e), |es), [ex),] are
described as

|eiy> = [07 17_17 07 07 O> 07 1>_17 17_17 17_17 17_17 07 07 07 07 17_17 17_17 17_17 17_1}T7

|eiy> = [07 07 07 17_17 07 07 17 17 _17_17 07 07 07 07 17_17 17_17 11 17_17

-1, 1, 1,-1,-1]",

‘eil> = [Oa 07 Oa 07 07 13717 07 07 05 07 17 17717717 17 17717717 17 13 17 1771771771371}1"

wherei =0, 1, ....,18, |- denotes a 19-dimensional column vector, and the superscript T represents the transposition. The forcing terms F; in Eq.

(1) are written as™

Fi=o(le]?) {e,» —
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F = [F,,F,, F,] is the total force imposed on the fluid. The pseudopo-
tential model is utilized to simulate the multiphase flow, and the inter-
actions between the liquid phase and gas phase are represented by a
pseudopotential force™

Fine = —GYs(x) Zw(\e,-f)l//(ere,-At)e,-, (4)

1

where the interaction strength G is usually set as —1, i is the pseudo-
potential, and the weights are w(|e;|*) = w(|e;|*) /c}. To simulate the
large density ratio multiphase flow, the square-root-form pseudopo-

tential Y = | /2(Pgos — pc?) /Ge? is applied in this work,”"”* where

¢ = 1 is the lattice constant and Pgs is the pressure in the equation of
state. In addition, the following term is incorporated into F;
(i.e., F = Fj;; + Fa4) to describe the interaction between the fluid
and a solid matrix:**

Fais = =Gt (%) Y w(|ef Jh(®)s(x + eder, (s

where Gy is the fluid-solid interaction strength to adjust the contact
angle. s(x) is an indicator function which equals 1 for solid and 0 for
fluid, respectively. For simplification, the static contact angle is
adopted during the simulation. It has been proved that this treatment
is able to simulate the droplet dynamics for a wide range of surface
wettability when the inertia effect plays an important role.”’ For cases
where the capillarity is dominant, the contact angle hysteresis should
be included via more advanced methods, e.g, the geometric
formulation.”*"”

The collision operator A in Eq. (1) equals M~'SM, where S is a
diagonal relaxation matrix and M is the transformation matrix. In
2014, Lycett-Brown and Luo™® initially constructed an MRT-LBM
based on a non-orthogonal transformation matrix and demonstrated
its improved stability compared to the classical SRT-LBM for 2D prob-
lems. Recently, Li et al.™ further showed that a 3D nonorthogonal
MRT-LBM can retain numerical accuracy while simplifying the imple-
mentation compared with its orthogonal counterpart. Based on a gen-
eralized multiple-relaxation-time scheme,””*’ Fei et al proposed
another nonorthogonal MRT-LBM which is compatible with different
discrete velocity models.” In this work, we employ the approach of
the non-orthogonal transformation matrix proposed by Fei et al.”’
Compared with the classical MRT model, this implementation has
been proved to be more efficient and exhibits better portability across
different lattice models.””"' Multiplication of the explicit form of
Eq. (1) by the transformation matrix M [given in Eq. (C4) in Ref. 30]
leads to the collision equation in the moment space as follows: "’

mt=m — S(m _ meq) + (I — g) Atf“, (6)

where I is the unit matrix, the transformation f; = f; — AtF; /2 has been
used to remove the implicit scheme in Eq. (1), m = Mf, m* = Mf*,
and F = MF. The equilibrium moments can be obtained

m* = [p, pu, puy, puz, puixity, pustiz, puyiz, p(1 + u?),
p(u — ), p(uy — u2), P&, pCiby, pCiity, pCitz,
peiity, peuz, pe(c; + iy + uy), pc (¢ + uy + 1),
pe (& +up + )] @)
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Similarly, the forcing terms in the moment space are given as

F = [0, F,, F,, E., Fxu, + Fyux, Feu, + Foux, Fyu, + Fouy,
2F -u, 2(Fuu, — Fyuy), 2(Fetx — Fouy), Focl Focl  Fycl,
cmf, F},CSZ, cmf, 2cf(qux + Fu,), ZCf(qux + Fu,),
ZCSZ(F),u), + quz)}T. (8)

Besides, the diagonal relaxation matrix S is defined as

S = diag(507 $1,51, 51, 52,52, 82, %20, 52,52, 53, 53, 53, 83, 53, 53, S4, S4, 54)'
)
The kinematic and bulk viscosities are calculated by v = (1/S,
—0.5)C3At and & = 2/3(1 /sy, — 0.5)C2At, respectively.
The tunable surface tension and thermodynamic consistency are
obtained via modifying some elements in the forcing terms™’

= T QXJ’ = = Qx;

F,=Fy———2 P =F5———2 __
LT (T —05)A 0T T (51— 0.5)A

= T Q}/Z

Fo=Fg——%
6T T (G = 0.5)At’

13/ _ F + 6O-|Fint‘2 4(Qxx + ny + sz)
T (s —05)AE - 5(sy —0.5)Ar

1’5; — 1’5 (Qxx B Qy}') FI _ ]E'g - (Qxx — sz)

ST (5T 05)A 0 (57— 0.5)At’

where the tunable parameter ¢ restores the thermodynamic consis-
tency. The variable Q, is given by’

Q= Kgl//(x) Z w(leil”) [ (x + eiAt) — (x)]eney,  (10)

1

where the parameter x is used to tune the surface tension (y).
Following the collision step, the discrete distribution functions are
reconstructed by f*, = M~'m". By streaming from the present posi-
tion x to the neighboring positions (x + e;At) along the discrete veloc-
ity directions, the updated discrete distribution functions are

fi(x+ eAt t + At) = f* (x,1). (11)
The fluid properties in the physical space can be calculated by

P:zi:fn P“:Zfiei+¥~ (12)

The introduced model has been widely adopted to simulate mul-
tiphase flow at large density ratios.”"*"**

B. Model validation

We first conducted a contact angle validation by simulating the
dynamic wetting process of a water droplet with a radius Ry = 35, and
Gaas is changed from —0.12 to 0.25. To eliminate the influence of the
interface width, the droplet is initially placed two lattices away from
the plate. After the droplet reaches a steady state, the static contact
angle (0) can be calculated by the relation tan(6/2) = 2h/I, where h
is the droplet height. The transient evolution of contact line length (/)
is plotted as a function of dimensionless time (t* = t/z, the inertia-
capillarity time © = (Ro>p;/7)"”) in Fig. 1(a). From the figure, we can
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FIG. 1. (a) A log-log plot of the transient evolution of contact line length as a function of dimensionless time. The lines in the figure are the fitted curves /Ry = C-(t/7)". (b)

The static contact angle 0 vs G ;.

find that the contact length evolution follows a power law I ~ ¢" in all
cases. And the slope of the best fitting functions [lines in Fig. 1(a)]
decreases with the increase of the static contact angle and ranges from
0.28 to 0.4, which is in line with the findings in Ref. 43. The relation
between G4 and 0 is plotted at Fig. 1(b). It is noticed that 0 has
approximately a linear relation with G,4. However, there is no analyti-
cal relation between the specified contact angle and the value of G,
and G4 needs to be tuned to match the prescribed contact angle.

We then validate our numerical models against the experimental
study™* of a water droplet off-center impacting on a single-ridge super-
hydrophobic surface. In the experiment, the initial diameter of the
water droplet (Dy) is 2.84 mm, the measured static contact angle (0) of
the surface is 160 = 1°, and the ridge width and height are 1.0 mm and
1.5 mm, respectively. The impact Weber number defined based on the
impacting velocity Vy (We = Dy Vo?p/y) is kept as 152, and the
dimensionless off-centered distance (¢* = e/Dy, where e is the dis-
tance between the vertical centerline of the droplet and single ridge)
varies from 0.16 to 0.54.

In our simulations, the droplet radius is fixed at 50 lattice units,
the corresponding ridge width and height are 35 and 53, respectively.
Ggs is set to be 0.3 to achieve the experimental wetting condition
(0 = 160°). Under the lattice units, the liquid density (p) is 1, droplet
kinematic viscosity (v) is 0.0025, and droplet surface tension (y) is
0.01. To match the experimental conditions, the density ratio and the
kinematic viscosity ratio between the liquid phase and the gas phase
are kept at 1000 and 20, respectively. With the Weber number
We=15.8*0.3, we have Ohnesorge number Oh = (pv)/\/ypD,
< 0.004 in the simulation. By changing the position of the droplet, we
achieve three cases considered in the experiments, namely, e* equal to
0.16, 0.33, and 0.54, respectively.

Figure 2 presents the simulated dynamic process of the droplet
interacting with the ridge. In line with the experimental results,"* the
three different off-center distances lead to different impacting dynam-
ics and outcomes, namely: (a) Type 1, the droplet passes over the ridge
and asymmetrically breaks up into two droplets; one satellite droplet

stays behind the ridge and the other goes in front of the ridge; Type 2,
the droplet bumps on the ridge and gets significantly deformed; a
small part of the droplet separates from the rest and sits on top of the
ridge; and Type 3, the droplet smashes onto the ridge; its head goes
over the ridge temporarily but retreats back behind the ridge. For all
three cases, the LB simulations reproduce all the dynamic features of
the initial droplet and its satellite droplets. Only small discrepancies
are observed in the fine details in the simulated and photographed
droplets, which may be attributed to different lighting or coloring
effects.

Further validation is conducted by simulating a water droplet of
radius Ry = 1.45 mm impacting a curved superhydrophobic surface,
and the simulation results are compared with the experimental results
in Ref. 45. The droplet initial radius is fixed as 50 lattice units.
Consistent with the experiment, the impacting We is set as 15.8, and
the diameter ratio between the curved surface and the droplet is
approximately 2.8. In this case, Gy is set as 0.28, the corresponding
static contact angle is 155°, v is 0.005, and Oh < 0.005. The evolution
of the droplet as well as the variations of the contact line length (nor-
malized by the droplet initial diameter) in the axial and azimuthal
directions is shown in Fig. 3. As shown in Fig. 3, the simulation results
are both quantitatively and qualitatively in agreement with the experi-
mental results. Some small differences occur at the contact line length
in the azimuthal direction when the droplet retracts, which may be
due to the differences in measuring the curved contact length between
the experiment and simulation.

C. Simulation setups

Figure 4(a) shows the three-dimensional (3D) physical configura-
tion of the droplet and a microchannel with a micropillar array assem-
bly, and Fig. 4(b) gives the two-dimensional top view. The micropillar
array is equipped with 5 micropillars in the lateral direction and 6
rows of staggered micropillars in the longitudinal direction. The height
(vertical) and width (lateral) of the microchannel are the same as the
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FIG. 2. Comparison between the experimental snapshots (gray)** and the LB simulation (blue) results of a water droplet off-center impacting on a single-ridge surface at
We = 15.2. Three different sets of droplet outcomes are observed for three different off-centered distances (€*).

width of the micropillar array; the length (longitudinal) of the micro-
channel is equal to the length of the micropillar array plus 4.5 times
the initial droplet diameter.

The center of the droplet is aligned with the centerline of the
microchannel in the longitudinal direction, and the droplet initial
diameter and velocity are Dy and V), respectively. As expressed in
Fig. 4(b), the distances between the center of two micropillars in the
longitudinal direction (Ls) and the lateral direction (W) are fixed as
0.5 Dy and 0.4 Dy, respectively. The opening fractions of the pillar
array in the lateral direction (¢, = (W — W,) /W) and in the longi-
tudinal direction (¢, = (Ls — L,) /Ls) are tuned by changing the
width (W,) and length (L) of micropillars, respectively. In this study,
periodic boundary conditions are imposed in the longitudinal direc-
tions, and the non-slip boundary condition is imposed at the micro-
channel walls as well as the micropillar array surfaces. For simplicity,
the walls and the array surfaces have the same wettability.

A mesh independence study is first conducted by simulating the
same configuration on successively finer grids. The initial diameter
and velocity of the water droplet are 0.5 mm and 1.1 m/s, respectively.
The static contact angle of the micropillar surface (0) is 46.5%; ¢, and
@), are both fixed as 0.5. The droplet radius (R) is refined gradually,

from 45, 55, 70 to 90 lattices, which leads to the final mesh number in
the lateral (Nj,), vertical (N,), and longitudinal (Nj,) directions,
Nip X NyxNp= 180 x 180 x 652, 220 x 220 x 798, 280 x 280
% 1015, and 360 x 360 x 1305, respectively. All the other parameters
are kept the same. Figure 5 presents the time evolution of the droplet
penetration mass, where the time and mass are normalized by the
inertial-capillarity time t and droplet initial mass My, respectively
(t* =0 denotes the time when the droplet first touches with the
micropillar array). As we can see, the cases dx = R/45 and dx = R/55
deviate from other cases apparently, indicating insufficient grid resolu-
tions. For the cases when dx < R/70, the differences are negligible.
Therefore, in the following simulations, 70 grid points are used for the
droplet radius, giving over 20 grid points for the distance between
micropillars, and this setup leads to the total grid points of over
75 x 10° for the following cases.

lll. RESULTS AND DISCUSSION

To systematically investigate the droplet dynamics when it pene-
trates a micropillar array in a microchannel, a comprehensive para-
metric study is carried out by varying the droplet initial velocity (Vj),
micropillar array opening fraction (¢, and ¢;,) and micropillar
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FIG. 3. (a) Simulation snapshots (blue) and experiment images (gray) for a droplet impact on a curved superhydrophobic surface; (b) comparison of the normalized contact
line length in the axial and azimuthal directions obtained by experiment (lines) and simulation (symbols).

surface wettability (0). In the following simulations, the water droplet
radius is kept as 0.25 mm. Owing to the droplet diameter far less than
the capillary length L, = 2.7 mm, the effect of gravity is negligible."®
Under the lattice units, the droplet initial radius equals 70, v is 0.005
and Oh < 0.005 for all cases. All the other setups are kept as the same
as Sec. [1C.

A. Influences of droplet initial velocity

In this section, we simulate the introduced water droplet with
four different initial velocities, Vo, = 0.3 m/s, 0.5 m/s, 1.1 m/s, and

2 m/s, giving the impacting We as 0.62, 1.72, 8.3, and 27.5, respectively.
The opening fraction of the micropillar array ¢;, = ¢;, = 0.5, and the
measured static contact angle of the micropillar surface (0) is set as
46.5°. Figure 6 presents the droplet evolution process at We =0.62,
8.3, and 27.5, respectively. As indicated in the figure, when the droplet
touches the micropillar array, driven by the inertia force, it penetrates
rapidly in the longitudinal direction as a finger shape and permeates
slower in the lateral and vertical directions. For the higher We cases,
owing to a higher inertia pressure, its penetration velocity is signifi-
cantly higher, and therefore its penetration length in the longitudinal
direction (L) is longer at the same time instant. In the meantime, for

Ls=0.5 D,

R (b
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g\tud\“a\

longitudinal

FIG. 4. The 3D main view (a) and 2D top view (b) of a water droplet and a microchannel with a micropillar array assembly.
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FIG. 5. The variation of the droplet penetration mass in the micropillar array for
various droplet radius resolutions.

the higher We cases, the droplet permeates wider in both the lateral
and vertical directions and finally leads to a higher wetted surface area
(S = Sliquid—gas + Sliquid—solid> where Sliquid—solid is the contact area
between the liquid phase and solid phase, and Sjiguig—gas is the interface
area between the liquid and gas phases).

The findings regarding the wetted surface area can be explained by
the balance of the droplet energy: owing to the small magnitude of Oh
(<0.005), the influence of the viscous force can be ignored compared
with the inertial force and surface tension.”” When the droplet touches
the micropillar array, its kinetic energy (KE = 0.5pV,?) is converted
into the surface free energy (SE = )Sjquid—gas + 7 liguid—solid Sliquid—solid>
where 74— sia i the liquid-solid interfacial energy). """ As a result, a
higher Vj indicates a higher KE and finally leads to a higher SE and S.

ARTICLE scitation.org/journal/phf

Additionally, for the case at We=27.5, it can be observed the liquid
necklace inside the micropillar further breaks up into satellite droplets,
as has also been captured in Ref. 49. A video for this case We =283 is
provided in the supplementary material movie 1.

The transient evolution of droplet penetration length and wetted
surface area is then recorded and analyzed. The dimensionless pene-
tration length (L* = L/Dy) and wetted surface area (S* = S/S,, where
So is the droplet initial surface area) vs ¢* are plotted in Figs. 7(a) and 7(b),
respectively. As shown in Fig. 7(a), for the droplet at We=27.5, its
penetration length increases the fastest, which concurs with the qualita-
tive results in Fig. 6. The penetration length evolutions for the lower
We (We=0.62 and We =1.72) cases almost coincide. Furthermore,
we can find during the whole evolution process (t* = 0 — 2) that the
penetration length generally increases linearly. To make it clear, the
development of droplet penetration length in the first row of micropil-
lars (L/Dy < 0.5) has also been plotted in the inset of Fig. 7(a). During
this period, for the cases with higher We (We > 10Y), inertia is
regarded as the dominant effect and therefore the penetration velocity
is increased with V; [see dotted line and dashed-dotted line in the inset
of Fig. 7(a)]. For the cases at lower We (We ~10°), as introduced in
Refs. 50 and 51, the development of the penetration length follows a
constant velocity at the very initial period [see solid line and dashed
line in the inset of Fig. 7(a)]. In Fig. 7(a), some small “steps” (stops of
penetration) can be found during the evolution, which implies the per-
meation of the droplet in lateral and vertical directions. Regarding the
evolution of §*, as demonstrated in Fig. 7(b), it first reaches a maxi-
mum value then decreases owing to the droplet retraction as well as a
part of the droplet going out of the micropillar array. As expected, the
maximum value of S increases with We, which is consistent with the
results in Fig. 6 and the previous energy analysis.

Figures 8(a) and 8(b) express the dimensionless droplet penetra-
tion mass (M* = M/M,) inside the micropillar array vs ¢*. For each
case, the penetration mass first increases to a peak value and then
decreases. Likewise, for the higher We case, the penetration mass accu-
mulates more quickly. To further explore the evolution of droplet
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FIG. 6. 3D main view of the droplet evolution in the micropillar array with different Weber numbers at ¢, = ¢, = 0.5 and 0 = 46.5°.
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FIG. 7. For various We cases, at ¢, = ¢, = 0.5 and 0 = 46.5°, (a) the dimensionless droplet penetration length and (b) wetted surface area as a function of dimensionless
time. The inset figure of (a) denotes the development of droplet penetration length in the first row of micropillars (L/Dy < 0.5).

penetration mass, we plot the droplet penetration mass during the
infiltration stage (shadowed area in Fig. 8(a), t*< 1.25) in a log-log
axis. As demonstrated in Fig. 8(b), during this stage, the evolution of
penetration mass follows a power-law fitting. More interestingly, the
exponent of the fitting lines is almost the same, independent of We.
The power-law dependency of the penetration mass is in line with
the previous findings for a droplet impacting a porous medium.’>*’
In the following, we will propose a new model to describe the evolu-
tion of droplet penetration mass. As the analysis of Fig. 7(a), the
droplet penetration length (L) in the longitudinal direction can be
regarded as a linear dependency, and the competition of the dynamic
pressure and the capillary pressure determines the penetration veloc-
ity. So, L scales as

4ycos(0y)
Vo? 4 ——— )
" PDmax

L~ (13)

where the term in the bracket is the approximate penetration velocity
(V) and it is achieved through the balance of the dynamic pressure
and capillary pressure before (0.5pV,?) and after (0.5pV,? + F(0y))
droplet impact. The capillary term F(0y) approximates —2ycos(0r)/
Dipnax. The maximum spread diameter Dy, approximates 2Dy, which
is a typical value when droplet impacting orifice structure for the
Weber number within the current range.” It should be mentioned
that we ignored the capillary effect in the lateral direction because of a
very short period of the droplet and micropillar interaction [see the
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FIG. 8. (a) The dimensionless droplet penetration mass of the whole simulation period and (b) droplet infiltration stage for various We cases, at ¢, = ¢, = 0.5 and
0 = 46.5°. The shadowed area in (a) represents the droplet infiltration stage, and lines in (b) stand for Eq. (17).
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inset of Fig. 7(a)].” Following Refs. 51 and 56, we calculate 0; by the
relation

07 =9ACa+ 0°, (14)

where constant A= 14 and capillary number Ca = ¢, - pv'Vy /7.

For the permeation of the droplet in the lateral and vertical direc-
tions, owing to the small inertia pressure in these two directions, it can
be assumed that the capillary effect is dominant. Gardner’” proposed
that the rise of liquid capillary length in a uniform radius (r) capillary
tube follows (yweos(0)t/(2pv)) °°. However, it cannot be directly
extended when the geometry varies in the different directions.”””
As an alternative, we adopted the theory in Ref. 58, where the perme-
ation length of the droplet in the lateral and vertical directions can be
scaled as

yeos(6)) v (15)

Ll,v ~ 4pl/W172D“ (t)ma

where the subscripts of L represent the directions, Dr is related to the
geometry, and 1 < Dy < 3.”° The approximate opening width w in
Eq. (15) is chosen as the opening width in the longitudinal and vertical
directions w = 0.4¢;,Dy, which are the main directions of the droplet
permeation (see in Fig. 5). Meanwhile, the effect of the opening width
in the lateral direction is ignored. The approximate dynamic contact
angle (0,) in Eq. (15) is chosen as a constant value 2 50°, which is the
typical value of the front contact angle in a low velocity region.”"””
Substituting the dimensionless number We and eliminating all the
constant terms, M* could be given as a scale of

M* ~ LLL, ~ (We+2-cos(07))" - ¢, o7 - (1) 777, (16)

In this study, we choose D = 1.37, and the best-fitted equation is

scitation.org/journal/phf

1.73

M* =054 (We+2-cos(07))* - " - () 17)

Equation (17) is plotted as lines in Fig. 8(b), where we can see the pro-
posed model agrees well with our simulation results over a wide range
of t* for different We cases. The penetration rates for simulation
results at We = 0.62 and We = 1.72 are slightly lower than the theoret-
ical one, possibly because the capillary effect term in Eq. (13) is overes-
timated at a low We. In the following, this model be further validated
under a wider range of key parameters (¢, and 0).

B. Influences of the micropillar geometry

In this section, we will further explore the effects of micropillar
geometry. We simulate the same penetration case as in Sec. IIT A,
where the droplet penetrates a micropillar array with 0 = 46.5°, at
Vo= 1.1 m/s (corresponding to We = 8.3). By varying W, and L,, ¢y,
and ¢, are changed from 0.15 to 0.85. The corresponding opening
width of the micropillar array in the physical unit varies from 38 um
to 220 um. The evolution of the droplet is plotted in Fig. 9. The first
and second rows stand for the micropillar array with the same ¢, and
different ¢,,, and the second and the third rows denote the micropillar
array with the same ¢, and different ¢,;,. A video for the case with
¢, = 0.31 and ¢, = 0.7 is provided in the supplementary material
movie 2. Qualitatively, we can find for the same ¢, cases, a higher ¢,
that the droplet has a longer penetration length at the same time point.
For the same ¢, cases, the development of penetration length is
slower for the lower ¢, case. As a result, we can find that more liquid
penetrates throughout the micropillar array at t/t = 2.2 for the higher
¢, and ¢, cases.

The detailed evolution of droplet penetration length (L) is plotted
in Figs. 10(a) and 10(b). As we can find in Fig. 10(a), for the cases with
a fixed ¢, = 0.5 and different ¢,,, the droplet presents the longest
penetration time for the lowest ¢, during the whole evolution period.
The reason is that a lower ¢, leads more liquid to permeate in the

t/t=0.15 t/t=0.7 t/t=13 t/t=2.2
| @l .mru ‘M
| i g

FIG. 9. 3D main view of the droplet evolution in the micropillar array at different ¢, and ¢, with We = 8.3 and 6 = 46.5°. The rows in the figure represent different ¢, and
¢y, cases, and the columns indicate time series.
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FIG. 10. For the cases of various ¢, and ¢,,, at We = 8.3 and 6= 46.5°. The dimensionless droplet penetration length vs the dimensionless time for (a) ¢, = 0.5 cases
and (b) ¢, = 0.5 cases. The inset figures of (a) and (b) denote the variation of droplet penetration length in the first row of micropillars (L/Dy< 0.5). (c) indicates the droplet

penetration time and (d) represents the wetted surface area vs the dimensionless time.

lateral and vertical directions; therefore, we can find more significant
“steps” during the evolution process [see the dashed and dotted lines
in Fig. 10(a)]. The permeation of the droplet in the lateral and vertical
directions decreases the inertia effect in the longitudinal direction,
which results in a lower penetration velocity. In contrast, for the drop-
let penetration in the first row of the micropillar array (L/Dy < 0.5),
as indicated in the inset of Fig. 10(a), a lower ¢, experiences a higher
penetration velocity when only considering the capillary and inertia
force. Moreover, it can be found that the length evolutions for
¢, = 0.69 and ¢, = 0.81 cases are similar because the inertial effect
plays a role when the lateral opening fraction is very wide. For the
cases with a fixed ¢, = 0.5 and different ¢;,, as shown in Fig. 10(b),
it can be found that for the highest ¢, cases, the droplet penetrates the
fastest. And we can see in the inset of Fig. 10(b), ¢;, has no influence
on the penetration velocity when the droplet crosses a parallel micro-
pillar because the inertia and surface tension forces are all the same
during this period.

We also recorded the penetration time t, = fo,, — t;, when the
droplet crosses the micropillar array, where t;, and t,,, are the time
instants when the liquid first touches the inlet and outlet of the micro-
pillar array, respectively. The dimensionless penetration time

(t; = tp/7) for different ¢;, and ¢, is plotted in Fig. 10(c). As we can
see, for the lowest ¢, cases, the droplet penetration time is the longest,
and the penetration time significantly decreases with the increase in
¢y,- For the higher ¢, cases, the droplet penetration time is shorter
because of the dominance of the inertial effect, and the variation of ¢,,
has little influence on the penetration time. Figure 10(d) presents the
evolution of §¥, as shown in the figure, for the cases with the same ¢,
[triangle symbols in Fig. 10(d)], the droplet spread rate is similar. For
the highest ¢, case, the maximum value of S is the lowest and
decreases the fastest.

Similar to Sec. IIT A, we recorded the penetration mass of the
droplet and plotted it in Fig. 11. Figure 11(a) shows the variation of
droplet penetration mass for different ¢p;, and ¢, cases. As we can
find, the droplet penetration mass first increases to a peak value and
then decreases. And the penetration rate is increased with ¢;,, consis-
tent with the trends of the penetration length. Moreover, we can see
for the higher ¢, cases, the droplet penetration mass decreases rapidly
after reaching the peak value, indicating droplet leaves the micropillar
array. Such a finding concurs with our results in Fig. 10(c). It can be
also observed that the penetration rates for the same ¢;, but different
¢y, cases are the same, which is because the penetration of the droplet
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FIG. 11. (a) Transient evolution of droplet penetration mass during the whole simulation period for different ¢, and ¢, cases, at We = 8.3 and 6 = 46.5°. (b) The development
of droplet penetration mass during the infiltration stage for ¢, = 0.5. The shadowed area in (a) represents the droplet infiltration stage, and lines in (b) stand for Eq. (17).

concentrates on the longitudinal and vertical directions. This finding
also validates Eq. (15). The droplet penetration mass for different ¢,
in the infiltration stage and Eq. (17) is plotted in Fig. 11(b). As shown
in the figure, our proposed model also agrees exactly with the LB sim-
ulation results at various of ¢;,. Some deviations occur at the very
beginning (t* < 0.08), which is due to a different dynamic mechanism
for droplet capillary penetration at this stage.”" "’

C. Influences of the micropillar surface wettability

Finally, the influences of the micropillar surface wettability will
be explored. In the following study, we simulate the same 0.25 mm
radius water droplet penetrating a micropillar array with different 0.

We consider four cases with 6 = 16.9°, 46.5°, 96.7°, and 131.3°, respec-
tively. The opening fractions of the micropillar array are set as
¢ = ¢, = 0.5, the droplet V) is kept as 1.1 m/s and the correspond-
ing We is equal to 83. Figure 12 shows the droplet evolution at 0
= 16.9°, 96.7°, and 131.3°, and a video for the case with 0 = 96.7° is
provided in the supplementary material movie 3. As shown in the figure,
the penetration rate is faster for the lower 0 cases, which is in line with
the results in Ref. 52. Likewise, for the lower 0 cases, its wetted surface
area (S) is significantly higher. The mechanism can be interpreted by
referring to the Young's equation (COS(O) = (ygasfsolid - yliquidfsolid)/ Vs
where g, is the gas-solid interfacial energy) and surface energy
equation (SE = ySjiguid—gas + Vliquid—salidSliquidfsolid)' For the same con-
verted SE, assuming all the other parameters are the same, a lower
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FIG. 12. 3D main view of the droplet evolution in the micropillar array with different 6 at We = 8.3 and ¢, = ¢, = 0.5. The rows in the figure represent different 6 cases,

and the columns indicate time series.
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FIG. 13. The liquid and air distributions in the symmetry plane in the vertical direction at t* = 1.2: (a) 0= 16.9°; (b) 0 = 46.5°; (c) 0 = 96.7°; and (d) 0 = 131.3°. The yellow
color indicates liquid while the blue colors represents air. The dark blue rectangles stand for the micropillars.

cos(0) indicates a higher Viiguid—solia> Which finally results in a lower
Siquid—solid and a lower S. In addition, it needs to be noticed that there is
no liquid penetration throughout the micropillar for the 6 = 131.3°
case.

Figure 13 demonstrates the liquid (yellow color) distribution in
the symmetry plane in the vertical direction at t*= 1.2 for various 0
cases. In line with the results in Fig. 12, for the lower 0 cases, the drop-
let penetrates faster and spreads wider. It is also noticed that a signifi-
cant air entrapment can be observed between the liquid and the wall
of the micropillar (blue color) for the lower 0 cases, which is caused by
the higher penetration velocity. This finding has also been observed in
the multiphase fluid interaction with the pores structure.”"* It is also
found that air entrapment significantly decreases for the higher 0
cases, mainly because the lower penetration velocity allows the liquid
to slowly fill the gaps between the micropillars, which features a finger-
ing structure.

The evolution of L* for different 0 cases is plotted at Fig. 14(a).
As indicated in the figure, the development of L* is faster for the
smaller 0 cases, which is the same as the qualitative results in Fig. 12.
Similar to the results in Fig. 7(a), the evolution process of L* during
the whole recorded period (t* =0 — 2) is approximately a linear
dependency. The transient evolution of L* in the first row of micropil-
lars is plotted in the inset of Fig. 14(a). As shown in the figure, the
hydrophilic micropillar surface (0 < 90 °) accelerates the penetration
owing to the capillary effect, which results in a higher penetration
velocity, while the hydrophobic micropillar surface (0 > 90°) prevents
the penetration because of the resistance from the surface tension and
leads to a lower penetration velocity. The droplet penetration behavior
in the longitudinal direction with different 0 also approves our previ-
ous analysis in Sec. IIT A and Eq. (13). For the variation of S*, as dem-
onstrated in Fig. 14(b), it first increases to a peak value and then
decreases slightly, and the maximum value of S* is increased signifi-
cantly as 0 decreases, which agrees with the results shown in Fig. 12
and the energy analysis.

The evolution of M* vs t* is plotted in Fig. 14(c). As seen in the
figure, the maximum value of M* is the lowest for the highest 0 case.
Furthermore, a higher penetration rate leads to the droplet passing
through the micropillar array more quickly. As a result, we can see
M?* decreases faster for 0 < 90 ° cases after the infiltration stage
[squares and circles in Fig. 14(c)]. Like Figs. 8(b) and 11(b), the tran-
sient evolution of penetration mass during the infiltration stage is
plotted in Fig. 14(d) with log-log axes. As demonstrated in the figure,
the droplet penetration rate follows a power-law dependency and the
exponent collapses, which concurs with our previous analysis in Sec.
11T A. The proposed model [Eq. (17)] is plotted as lines in the figure.
As it can be seen, our proposed model is consistent with the simula-
tion results, and the penetration mass for all cases follows a
M* = Ct*'7 dependency. However, due to a higher We (We
~10%), the capillary effect plays a negligible role. Therefore, it is
noticed that both the theoretical and simulation results of the droplet
penetration rate are very close to each other for all 0 cases.
Additionally, a slightly lower penetration rate is observed for the sim-
ulation results at hydrophobic cases (0 = 96.7° and 131.3°), possibly
because the adopted static contact angle model underestimates the
capillary resistance when 0y > /2.

The evolution of droplet penetration mass for all We, ¢,,, and 0
cases almost collapse into a t* to M*/(We + 2 - cos(Gf))O‘s ")
relation in Fig. 15. As seen, the modified penetration mass
M*/(We—l—2-cos(Hf))o‘5 ") agrees well with a (t/7)'”
dependency (the dashed line in Fig. 15) for a wide range of t*. It is
noticed that the main deviation occurs at the very early period for vari-
ous ¢, cases, which is in line with our finding in Sec. IIIB.
Furthermore, the modified penetration mass for all 0 cases is very con-
sistent with each other, which indicates the wettability effect on the
penetration rate is not significant for the current situation (We
~ 10'). Nevertheless, it is necessary to investigate the droplet penetrat-
ing dynamics for a wider range of surface wettability and impact veloc-
ity in future studies.
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FIG. 14. For the cases of various 0, at We = 8.3 and ¢, = ¢, = 0.5. (a) Transient evolution of the penetration length. (b) Transient evolution of the wetted surface area.
(c) The variation of the penetration mass during the whole simulation period and (d) the development of the penetration mass during the infiltration stage. Equation (17) is plot-

ted as the lines in (d).
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IV. CONCLUSION

In this study, a nonorthogonal MRT-LB model is applied to sim-
ulate a water droplet penetrating a micropillar array in a microchan-
nel. We first quantitatively and qualitatively validate the LB model
against experimental results of (a) off-center impact of a water droplet
on a single-ridge superhydrophobic surface and (b) impact of a water
droplet on a curved superhydrophobic surface. Then, a comprehensive
parametric study is carried out to investigate the effects of impacting
velocity Vj, opening fractions of the micropillar array (¢, and ¢,;,) as
well as the micropillar surface wettability (0). Based on the results and
analysis, we find the droplet dynamics in the longitudinal direction is
determined by the competition between the dynamic pressure and the
capillary pressure, and the development of the penetration length can
be approximated by a linear fitting. The permeation of the droplet is
governed by the capillary effect and mainly expands in the vertical
directions. For the higher Weber number cases (We > 10'), the drop-
let presents a higher penetration velocity, penetration rate, and maxi-
mum wetted surface area (S). For the lower We cases (We ~ 10°), the
penetration velocities have no significant differences. Regarding the
effects of the opening fractions of the micropillar array, we find a
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higher ¢,, leads to a higher droplet penetration velocity, shorter pene-
tration time, and lower maximum S. The shift of ¢, has little influence
on the droplet penetration time for higher ¢,;, cases. Moreover, the
penetration rate is decreased with ¢;,, and similar for the cases with
the same ¢,,, which is attributed to the negligible droplet permeation
in the lateral direction.

We also find the wettability of the micropillars has a significant
effect on the droplet penetration velocity and wetted surface area.
Generally, a higher 0 results in a much lower penetration velocity and
smaller maximum S. For the hydrophilic cases, the droplet penetration
velocity is larger, and the liquid penetrates throughout the micropillar
array faster compared with the hydrophobic cases. In contrast, the
hydrophobic micropillar obviously prevents the penetration of drop-
lets. It is also observed that the penetration rates for all 6 cases are
close, which may be attributed to the negligible capillary effect in the
considered parameter space. According to the precipices of droplet
dynamics in the different directions, theoretical models to describe the
transient evolution of the dimensionless droplet penetration mass
(M*) are proposed. By comparing the predicted results from the mod-
els with the simulations, it is shown that our proposed models work
well for a wide range of M* and t*, under various Vj, ¢y,, and 0. For
simplicity, the static contact model is adopted in this study, which
introduces some limitations in the present model. Therefore, it would
be informative to study a wider range of impact velocity and wettabil-
ity with a dynamic contact angle model in the future.
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