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ABSTRACT

Droplet impacting on the solid substrate, which typically is a simple planar surface, has been extensively studied for various technological
applications. Here, through numerical calculation, we explore the droplet impacting on a single hemispherical bead and double bead
structures. Several key physical parameters have been taken into account, including the Weber number, wettability, and geometry of
microstructures. We reveal the spatiotemporal evolution of the droplet pattern, the correlated physical parameters, and the underlying
physical mechanisms (air cushion or bubble). These results provide theoretical guidance to control jump-off forces via the structure design
and suitable wettability for the relevant applications such as erosion protection.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0190154

I. INTRODUCTION

Droplet impacting on solid surfaces not only exhibits the intrigu-
ing dynamical patterns, but also holds substantial technological appli-
cations."”” For example, the interaction between droplets and non-
planar superhydrophobic surfaces is indispensable to self-cleaning’
and anti—icing1 for wires, cables, or antennas. Schutzius ef al.” proposed
the use of wettability-engineered surfaces to manipulate the impacting
droplets for microfluidics and fluid-assisted templating applications.

The dynamics of droplet impacting on solid surfaces is extremely
complicated, as determined collectively by several physical parameters,
including impact velocity, relative impact direction, droplet size, and
liquid properties.” ” Generally, dimensionless Weber number and wet-
tability offer a comparative basis across various experimental and theo-
retical studies.'’"'* The Weber number is defined as We = pVizd /o,
where p, 0, d, and V; represent the liquid’s density, surface tension,
droplet diameter, and impact velocity, respectively. Also, surface wetta-
bility can significantly influence droplet impacting dynamics™'* ' and
is characterized by the contact angle (C.A.).”” For example, superhy-
drophobic surfaces refer to high contact angles (often exceeding 150°)
and very low contact angle hysteresis (generally less than 10°).”” In
contrast, hydrophilic surfaces exhibit small contact angles, typically
below 90°, promoting efficient droplet spreading.”* The intermediate
range between these two extremes is designated as hydrophobic surfa-
ces. Interestingly, when droplet falling on superhydrophobic surfaces,

a distinct peak of the normal force during the rebound stage has been
recently identified, emerging through flow focusing to generate a
Worthington jet‘z()’ll‘l‘;‘%

Droplet impacting on non-planar surfaces, such as cylindrical
wires and solid spheres, has been explored primarily through experi-
mental approaches, yielding insights into post-impingement behaviors
and the formation of impinged droplet crowns.”” " Yada et al.’' used
a high-speed camera to study droplet impact on surfaces with inclined
micropillars. Qian et al.’” studied the dynamic behavior of droplets
impacting cylindrical superhydrophobic surfaces with different struc-
tures, such as azimuthal grooves, axial grooves, and pillars. Li et al’®
designed a superhydrophobic substrate with a specific ridge to break
the symmetry of flow focusing and weaken the droplet jump-off force,
shedding light on the erosion protection.

On the other hand, numerical simulations can provide a more
insightful understanding of droplet impacting dynamics on curved
surfaces and other microstructures.” *” Liu e al.”* conducted numeri-
cal research on the dynamic characteristics of a droplet impacting a
hydrophobic tube. Liu et al.”* studied the sharp interface cartesian grid
method, a technique for simulating droplet interactions with surfaces
of arbitrary shape. This fixed-grid, sharp interface method is designed
to simulate droplet impact and spreading on complicated surfaces.
Khojasteh et al. conducted three-dimensional numerical simulations
through level-set method to investigate water droplet impact on both
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curved and flat hydrophobic and superhydrophobic substrates.'®
Abubakar et al."’ explored the impact of droplets on a hydrophobic
surface, focusing on the influence of surface wetting state on droplet
behavior. These simulations aim to explore both bouncing and non-
bouncing cases, expanding from two-dimensional models to three-
dimensional representations.

The volume of fraction (VoF) method is another numerical tool
employed to track the gas-liquid interface. Pasandideh-Fard et al."’
investigated capillary effects during droplet impact on a solid surface,
using a numerical solution of the Navier-Stokes equation with a modi-
fied Solution algorithm volume of fraction (SOLA-VoF) method to
model droplet deformation. Comparison of computer generated
images of impacting droplets with photographs confirmed the accu-
racy of the numerical model in predicting droplet shape evolution.
Blake et al."” performed simulations in ANSYS Fluent using a coupled
VoF and level-set method to capture the air-water interface, and an
enthalpy-porosity method is used to capture the liquid—solid interface.
The simulation strategy successfully predicts the overall droplet
response for several droplet impact conditions.

In this work, the primary objective is to conduct a comprehensive
investigation into the dynamics of droplet impacting on complicated
microstructures through numerical simulation. A two-dimensional
model is developed to analyze the influence of various parameters,
including Weber numbers, wettability, bead size, and spacing between
beads on substrates, and parallel computation techniques are utilized
to enhance computational efficiency. The volume of fraction (VoF)
method is employed to track the liquid-gas interface in the multiphase
flow, and the reliability and accuracy of the numerical method are veri-
fied through comparisons with experimental data and theoretical solu-
tions. We will reveal the spatiotemporal evolution of the droplet
pattern, the correlated physical parameters and the underlying physical
mechanisms (air cushion or bubble), allowing the controllable jump-
off force via the structure design and suitable wettability.

Il. GOVERNING EQUATIONS

In the numerical simulation, the governing equations for the
entire liquid-gas (water—air) domain are the momentum and continu-
ity equations™’ as follows:

0
(gtu)+v'(puu)=7Vp+V-r+pg+F, (1a)
V-u=0, (1b)
oo
E+u~Vc¢—O. (1c)

Here, Eq. (la) is the Navier-Stokes equation for the momentum,
where p,p, g, and F represent density, pressure, gravity, and surface
tension force, respectively. In the current study, the gravity is 9.8 m/s>.
Equation (1b) is the continuity equation for the incompressible water.
Term V - 7 in Eq. (1a) is calculated by

V.t=V-(»Vu)+ Vu- Vv (2)

The surface tension force F is defined as

F- J[V~ (%)] (Va0), 3)

pubs.aip.org/aip/pof

where n = % is the unit vector normal to the interface and ¢ is the
interfacial tension at the liquid-gas (water—air) interface.

Here, the phase function o is calculated by Eq. (1¢), where a =1
for water, oo = 0 for air, and o = 0.5 represents the air-water interface.

Density p and viscosity v can be expressed as

p=op; + (1—a)p,, (4)
v=oav; + (1 — a)v,, (5)

where p; and v, are the density and viscosity of water and p, and v,
are the density and viscosity of air.

lll. NUMERICAL MODEL AND VALIDATION

Figure 1(a) illustrates a two-dimensional droplet impact model,
which is designed to facilitate parallel computation with OpenFOAM.
The top and side boundaries are exposed to the atmosphere, while the
bottom boundary is set as the impacted substrate with varying contact
angles (C.A.) to analyze the effect of wettability. A structured mesh is
generated by blockMesh, and the grid size is standardized to encom-
pass regions where the droplet may spread, rebound, or splash under
any circumstances. The droplet’s radius is denoted as 7, and the initial
center position is (0,7). The computational domain measures
12 x 24 mm?, consisting of 1200 x 2400 cells. It is decomposed into
64 parts of 8 x 8, each for parallel computation using 64 processors.
The multiphaseinterFoam solver is employed to implement the vol-
ume of fraction (VoF) method.

The procedure of parallel computation is demonstrated in
Fig. 1(b). We first initialize the mesh, boundary conditions, internal
fields, and the initial conditions of the droplet, including its position
and velocity, as illustrated in Fig. 1(a). Next, the computational domain
is decomposed into 8 x 8 sections, to enable parallel computation,
which allows for efficient processing of the simulation. Subsequently,
the time step size for each iteration is updated, following the calcula-
tion of interested variables, such as the volume fraction of air and
water, along with other relevant quantities. The process of updating
the time step and computing the variables are repeated if the simula-
tion continues. Finally, the outputs from all processors involved in the
simulation are reconstructed for further analysis and interpretation of
the results.

Four grid sizes, 5, 10, 20, and 40 um, is tested in Fig. 1(c), and the
grid size of 10 um is adopted to ensure both accuracy and calculation
efficiency. Figure 1(d) presents a quantitative validation with experi-
mental measurements and Wagner theory.” Droplets with We of 34
and 134 are scrutinized for validation purposes. The y-axis, L, denotes
the radial length of the turning point. As inferred from the compari-
son, the computed results align well with the experimental data, as
shown by the typical snapshots in Fig. 1(¢). The minor discrepancy
between the numerical prediction and theoretical solution likely arises
from the fact that Wagner theory does not account for the viscosity of
fluids, as denoted by L = +/3rV;t, where r, V;, and t are the initial
radius, initial velocity of an impacting droplet, and the time after
impacting.

IV. RESULTS AND DISCUSSIONS
A. Impacting forces on microstructures

Figure 2 depicts the model sketch and impacting force of a water
droplet (radius, r=0.6mm) on various microstructures. Here, we
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FIG. 1. A two-dimensional droplet impacting model is adopted in this study to allow
parallel calculation with OpenFOAM.* In (a), the domain is filled with structured
mesh and the grid size is uniformed to encase the regions where the drop will
spread or rebound in either case. The radius of drop is r, and the initial center posi-
tion is (0,r). The computational domain is 12 x 24 mm?, with 1200 x 2400 cells,
decomposed into 8 x 8 parts for parallel computation using 64 processors. (b) A
flow chart of parallel computation. (c) Predicted shape outlines of four grid sizes, 5,
10, 20, and 40 um are tested to verify the numerical model. (d) Numerical simula-
tion of droplet impacting on hydrophilic substrates (at Weber number We = 34 and
134) validated with experimental measurements and Wagner theory, and the y-axis
indicates the radial length of the turning point. (¢) The snapshot comparison
between the experimental observation [indicated by the green dots in (d), the red
line indicating for the substrate] and the numerical prediction [indicated by the dash
line in (d)] of a water drop impacting on the hydrophilic substrates.

mainly investigate the following three cases of the geometry: (a) a flat
substrate, (b) a single bead, and (c) double beads.

The instantaneous impacting force F is calculated by the follow-
ing equation:

n
F:ZAP,-~Ax,~5, (6)

i=1

where n =1, 200 is the number of grids along the x-axis of the model,
AP; is the localized pressure change, Ax; is the length of a grid, and
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FIG. 2. Time-dependent droplet impacting forces on various microstructures: (a) a
flat substrate, (b) a single hemispherical bead, and (c) double hemispherical beads.
(d) Maximum impacting force dependent on wettability and microstructures.
[r=0.6mm; We=269 and C.A. = 150° for (b) and (c); and h/r = 0.5 in (c);
We = 269 in (d)]. Multimedia available online.

¢ = 0.1 mm is the virtual thickness of the two-dimensional computa-
tional domain.

For the case of a flat substrate, the effect of We and C.A. is exam-
ined shown in Fig. 2(a) (Multimedia view). Initially, the impacting
force increases with time and reaches a peak value or primary peak
force, as the droplet touching down the substrate and spreading along
the substrate. At this stage, the pronounced primary force is enhanced
with We as shown by the enlarged inset from 0 to 0.5ms, and clearly,
the elevated force corresponds to We =269 (the blue line). Afterward,
the force gradually decreases, but there might be a secondary peak
force associated with the hydrophobic surface at high We, such as
C.A.=150° and We=269 (the black line), as indicated by the
enlarged inset from 5 to 7 ms. This secondary peak force is consistent
with the recent study of jump-off peak force for a water droplet falling
on superhydrophobic surfaces.”””"*”

For the case of a single bead (similar to a ridged surface”®), the
impacting forces become much more complicated than that of the flat
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surface, and Fig. 2(b) (Multimedia view) demonstrates the effect of
bead size by controlling the ratio of h/r=0.1, 0.5, 1, and 2. The second
peak force, higher than the initial impacting force, is captured from 0.1
to 0.4ms for h/r = 1 and 2 (indicated by the green, black, and blue
lines). Additionally, lower force peaks are observed when droplet frag-
ments rebound at around 5ms for 4/r = 0.1, 0.5, and 1 (indicated by
the red, yellow, and green lines).

For the case of double beads, the primarily peak force becomes
much higher as indicated in Fig. 2(c) (Multimedia view) for the same
We=269 as in Fig. 2(b). The initial impacting forces peak reaches
over 20 mN, when D/r > 1 (indicated by the yellow, green, black, and
blue lines).

For various cases, the maximum impacting forces (F,,,,) at a
given We are presented in Fig. 2(d). For hydrophilic surface
C.A. = 30° and hydrophobic surface 150°, the similar F,,,, indicates
the primary peak force might be independent of the wettability. For a
double-bead structure, the significant increased F,,,,, likely arises from
the entrapped or compressed air between the two beads, resulting in
the elevated high pressure. Since the gas is assumed to be incompress-
ible in the simulation, this enhanced F,,,, might be overestimated
compared to the compressible air, and would require future experi-
mental verification.

B. Splashing satellite droplets at the peak force

Figure 3 shows the pressure change AP = P — P, and normal-
ized velocity magnitude V = V/V; when a water drop of radius
r=0.6 mm impacts on (a) a flat substrate, (b) a single bead, and (c)
double beads at a high We =269 upon non-wettable hydrophobic sur-
face C.A. = 150°. Figure 3(a) presents that the jump-oft force or local
peak force is caused by a splashing droplet rebounding vertically on a
flat substrate at (ii) time t=6.00ms and (iii) 6.50 ms. Also, Fig. 3(b)
illustrates that the satellite droplets splash side-way when it impacts a
single bead or double beads. However, as shown in Fig. 3(c), nearly a
half of the droplet is trapped between the beads at (iii) and (iv), so
there is no jump-off peak force observed under this situation. It should
be noticed that the entire droplet bounces off from the substrate in
only 4ms in Fig. 3(b). Therefore, the non-wettable hydrophobic sur-
face with an array of single beads might be a potential solution for ero-
sion protection due to the short contact time of the impacting droplet.

C. Case of a flat surface: Wettability

Figure 4 demonstrates the pressure and phase field evolution at a
given high We = 269, dependent on the wettability for (a) C.A. = 150°,
(b) C.A. =90°, and (c) C.A. = 30°. Here, AP = P — P, is defined as
the pressure change along x-axis over time. Upon impacting on hydro-
phobic surfaces with various We, droplets undergo two distinct phases:
(i) spreading and (ii) retracting, as illustrated in Figs. 2(a) and 4. (i)
During the initial spreading stage, the droplet becomes flattened,
because the kinetic energy is converted into interfacial energy, accom-
panied by minimal energy dissipation. (ii) Subsequently, the droplet is
retracted to recover a spherical shape before eventually detaching in the
vertical direction. It is noteworthy that prior research has unveiled phe-
nomena associated with droplet impacting on hydrophobic surfaces,
including rebounding, where the droplet bounces off the surface, typi-
cally observed at a lower We or impact velocities. However, at a higher
We exceeding a critical threshold, the droplet shatters into several

pubs.aip.org/aip/pof

FIG. 3. For the splashing satellite droplets peak force, the associated pressure
change (AP = P — Py, the right panel of the snapshot) and normalized velocity
magnitude (V = V/V;, the left panel of the snapshot), when a water drop of radius
r= 0.6 mm impacts on (a) a flat substrate, (b) a single bead (h/r = 2), and (c) dou-
ble beads (D/r = 2) (We=269 and C.A. =150°).

fragments before bouncing off the substrate, leading to a splashing phe-
nomenon as depicted in Fig. 4(a). It should be noted that in Fig. 4(b), a
minor portion of the droplet remains on the substrate while the major-
ity detaches after impacting a hydrophilic surface of C.A.=90°.
Additionally, the droplet in Fig. 4(c) does not bounce off after retracting
if C.A. is as low as 30°.

Despite the distinctive impacting dynamics and the morphology
evolution, the color-maps of pressure have the similar trend, and the
initial pronounced pressure at the center gradually spreads outward to
form a red cone shape in the map.

D. Case of a single bead: Bead size

Figure 5 presents the pressure variation, AP = P — Py, along the
x axis and the trapped air cushions and air bubbles for the different
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FIG. 4. For the case of flat substrate, the effect of wettability on pressure changeover time (AP = P — P, along the x axis): (a) C.A. =150°, (b) C.A. =90°, and (c)
C.A. =30°. The left and right panel of the snapshot for the pressure and the volume fraction of water (). The schematic view of the models is illustrated in Fig. 2(a),

We = 269.

situations, (a) h/r = 0.1, C.A. = 150°, (b) h/r = 2, C.A. = 150°, and However, when the size of the bead surpasses that of the droplet
(c) h/r =2,C.A. = 30°. As shown in Fig. 5(a), the small and tiny (h/r = 2) as shown in Fig. 5(b), the impacting droplet quickly disinte-
bead punctures a hole at the center of the spreading droplet, causing grates into multiple fragments and splashes, causing a fluctuation of
the water to retract in the opposite direction where it breaks. Similar force [represented by the black line in Fig. 2(b)]. Noticeably, air cush-
phenomena are observed for h/r = 0.5 and 1. ions and bubbles are captured in Figs. 5(b) and 5(c). A larger amount
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FIG. 5. For the case of a single bead, effect of hir and C.A. on pressure variation, AP = P — P, along the x axis and inside air cushions, (a) h/r = 0.1, C.A. = 150°, (b)
h/r=2,C.A. =150°, and (c) h/r = 2, C.A. = 30°. The left and right panel of the snapshot for the pressure and the volume fraction of water (). The schematic view of the
models is illustrated in Fig. 2(b), We = 269.
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FIG. 6. For the case of double beads, the effect of D/ir and C.A. on pressure variation, AP = P — Py, along the x axis and inside air cushions, (a) D/Ir=1, C.A. =150, (b) D/
r=2, C.A.=150° and (c) Dir=2, C.A. = 30°. The left and right panel of the snapshot for the pressure and the volume fraction of water (). The schematic view of the mod-

els are illustrated in Fig. 2(c), hir=0.5 and We = 269.

of air is trapped when droplet impacting the bead on a hydrophobic
substrate than on a hydrophilic surface. The expanding thin water
layer over the large air cushion in Fig. 5(b) leads to a quick collapse
and splash, whereas small air bubbles are trapped at the edge of the
bead during the expansion stage in Fig. 5(c). Neither bouncing nor
jump-off force is observed when impacting a hydrophilic surface.

E. Case of two beads: Bead spacing

Figure 6 illustrates the pressure change along the x axis and inside
air cushions for (a) D/r = 1, C.A. = 150°, (b) D/r = 2, C.A. = 150°,
and (c) D/r = 2,C.A. = 30°. In Fig. 6(a), air is trapped between the
double beads till the fragmented droplet at the top jump off. As spacing
between beads is increased, as shown in Fig. 6(b), intense splashing is
captured immediately upon impact, resulting a cluster of small drop-
lets detaching from the original one when the distance between the
beads is comparable to the size of the droplet. Eventually, a significant
portion of the droplet is trapped between the double beads after the
intense splashing. In Fig. 6(c), the droplet splashes and then falls back
to the hydrophilic substrate during its expansion, which might capture
more air.

It should be noted that air cushions are observed around beads in
both Figs. 5 and 6, when the size of the beads is comparable to the size
of the droplets. The pressure inside these air cushions falls below atmo-
spheric levels when the covering water is retracting in Fig. 6(a) and
rises above the atmospheric levels when the water is spreading in Figs.
5(b) and 6(c).

V. CONCLUSION

In conclusion, to investigate a droplet impacting on microstruc-
tures, a two-dimensional model for numerical simulation is established
and validated to analyze the effects of various physical parameters,

including We, C.A., heights of single hemispherical bead, and distan-
ces between double beads on substrates. Distinct force peaks on sub-
strate are captured when either an intact droplet or drop fragments
rebound. Droplet rebounding is typically observed at a lower We, while
splashing occurs at a higher We. When impacting on a single hemi-
spherical bead and if bead size exceeds the droplet size (h > r), droplet
quickly fragments and splashes, causing force fluctuations. When
impacting on double hemispherical beads and if D/r = 2, a notable
amount of water is trapped between the double beads. Furthermore,
air cushions are observed around beads when the bead size is compara-
ble to the droplet size, and pressure inside these air cushions fluctuates
depending on whether the covering water is retracting or spreading.
This comprehensive analysis might provide valuable insights into the
complex dynamics and jump-off forces of droplet impacting on vari-
ous microstructured surfaces, advancing our understanding of the rele-
vant fluid dynamics and offering potential applications in various
fields such as erosion protection. In future study, machine learning
algorithms can be utilized to develop predictive models for droplet
impacting dynamics, which could significantly reduce the computa-
tional load and time for complex simulations.
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