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Abstract: Self-cleaning of surfaces becomes challenging for energy harvesting devices because
of the requirements of high optical transmittance of device surfaces. Surface texturing towards
hydrophobizing can improve the self-cleaning ability of surfaces, yet lowers the optical transmittance.
Introducing optical matching fluid, such as silicon oil, over the hydrophobized surface improves the
optical transmittance. However, self-cleaning ability, such as dust mitigation, of the oil-impregnated
hydrophobic surfaces needs to be investigated. Hence, solution crystallization of the polycarbonate
surface towards creating hydrophobic texture is considered and silicon oil impregnation of the
crystallized surface is explored for improved optical transmittance and self-cleaning ability. The
condition for silicon oil spreading over the solution treated surface is assessed and silicon oil and
water infusions on the dust particles are evaluated. The movement of the water droplet over the
silicon oil-impregnated sample is examined utilizing the high-speed facility and the tracker program.
The effect of oil film thickness and the tilting angle of the surface on the sliding droplet velocity is
estimated for two droplet volumes. The mechanism for the dust particle mitigation from the oil film
surface by the sliding water droplet is analyzed. The findings reveal that silicon oil impregnation of
the crystallized sample surface improves the optical transmittance significantly. The sliding velocity
of the water droplet over the thick film (~700 um) remains higher than that of the small thickness
oil film (~50 um), which is attributed to the large interfacial resistance created between the moving
droplet and the oil on the crystallized surface. The environmental dust particles can be mitigated
from the oil film surface by the sliding water droplet. The droplet fluid infusion over the dust particle
enables to reorient the particle inside the droplet fluid. As the dust particle settles at the trailing edge
of the droplet, the sliding velocity decays on the oil-impregnated sample.

Keywords: water droplet; silicon oil impregnation; crystallization; hydrophobic; polycarbonate

1. Introduction

Mitigating dust from surfaces in outdoor environments is challenging since dust
strongly pins over the exposed surfaces [1]. Change in climate triggers a dust storm, which
causes several problems to be tackled in many sectors such as energy [2], medical [3],
and agriculture [4]. In renewable energy and transportation sectors, dust settlement has
an unfavorable effect on the system performance because of the reduced system output,
which relies on the optical transmittance of solar energy devices and detectors. In solar
energy applications, photovoltaic panel efficiency is related to the amount of solar radiation
reaching the panel’s active surface. Similarly, for autonomous transportation systems,
proper transmittance and detection of the signals from the environment become vital
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for sustainable operations; however, dust settlement on surfaces creates obstacles for the
incoming signal to be received by the detection system. Moreover, different techniques have
been purposed to mitigate the dust from surfaces. Water splashing [5], air-jet blowing [6],
mechanical brushing [7], electrostatic repelling [1], and self-cleaning [8] are some of the dust
mitigation methods. As the optical transmittance becomes important such as PV panels,
the regular cleaning of dusty surfaces becomes essential. Moreover, one of the techniques
to lower dust adhesion is to lower the dust contact area on the settled surface. This can be
realized via texturing of surfaces; hence, interfacial contact between dust and surface is
reduced by the trapped air in the texture gaps. Depending on the surface texture topology,
the wetting of the surface changes towards the hydrophobic state. This further lowers the
pinning force of dust on surfaces [9]. Although the surface having a hierarchical texture
of micro/nanopillars gives rise to hydrophobic wetting, the texture of the surface results
in scattering and diffusion of incident optical rays. This reduces the optical transmittance
of the hydrophobized samples. To enhance the UV visible transmittance, thin oil film
matching the refractive index of the textured surface can be utilized via spreading over
the textured surface [10]. However, the spreading of oil film over the sample surface is
related to the spreading factor, which is governed by the surface tension of oil, interfacial
resistance, and surface free energy of the textured surface [11]. Hence, the minimum
thickness of the film remains critical in terms of the formation of a continuous oil film
on the surface. As the dust grains settle over the oil film, the oil infusion takes place on
the particle surfaces. This makes it challenging towards mitigating the settled particles
from the oil film surface. Consequently, the examination of optically transparent textured
surfaces and thin oil film impregnation towards dust particles mitigation from the textured
surface becomes necessary.

Considerable research studies are carried out for exploring the self-cleaning of sur-
faces. Hydrophobic and superhydrophobic surfaces remain favorable for self-cleaning
applications. Surface free energy of the textured material is one of the key parameters
achieving the superhydrophobic state on the textured surface. Hence, textured surfaces
can be coated by a low surface energy material, such as octyltriethoxysilane (OTES), in the
secondary process. Nevertheless, the durability of such a coating is challenging in outdoor
environments [12]. Besides, applying octadecyl isocyanate (ODI) on TiO, particles can
create similar wetting states on the surface by creating hydrophobic alkyl chains with the
hierarchical crystalline structure [13]. The coating resulted can undergo hydrogen bonding
among adjacent alkyl chains, which greatly increases the sustainability of the coating sur-
face. Introducing nano-composite thin films on surfaces via depositing silica nanotubes can
improve the hydrophobic state of the surface and the optical transmittance of the surface
may reach up to 87% [14], which is considered to be low for photovoltaic applications.
Tailoring the surface texture for the improved hydrophobic wetting state is also possible via
lignocellulose coating [15]; however, aging of the coating in harsh environments requires
further investigations. In addition, coating of surfaces by perfluoroalkylated laponite
nanoparticles can create hydrophobic and omniphobic surfaces [16]; yet the contact angle
for water droplet is about 106°, which limits the self-cleaning application of the coated sur-
face by a rolling water droplet. Antifriction coating of surfaces can minimize the damages
of hard particles, such as scratches created by the dust particles [17]. Although surface
lubrication can improve the scratch resistance, the UV visible transmittance can be reduced
considerably for energy harvesting applications. The liquid-infused porous surfaces can
also be utilized for self-cleaning applications. A typical surface can be formed via the
infusion of silicon oil on the porous electropolymerized polyaniline surface [18]. Care must
be taken towards covering the textured porous surface with a uniform film thickness of
silicon oil. Besides, the optical transmittance of the silicon oil-impregnated surface remains
vital for the self-cleaning of optically transparent surfaces. The oil refractive index matches
with the refractive index of the impregnated surfaces, the optical transmittance of the
oil-impregnated substrate improves [10]. One of the applications of oil impregnation of the
transparent surfaces is to enhance the UV visible transmittance of the hydrophobic samples;
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in which case, the optically transparent and oil-impregnated surface can be utilized for
self-cleaning applications [19].

On the other hand, environmental dust has various densities because of variation in
composition [20]. Due to the non-stochiometric composition of constituting compounds of
some small size particles, these particles adhere strongly on solid surfaces even though
the surface is being hydrophobized [21]. In addition, several coating techniques have been
developed towards hydrophobized surfaces for self-cleaning applications [14,17,22], yet
further tests are needed for the assessment of dust adhesion and mitigation from these
surfaces. Dust mitigation from hydrophobic surfaces via utilizing gravitational potential,
by surface tilting, may not be always successful and some dust residues remain on the
surface. Introducing the avalanche effect on dusty surfaces can improve the dust mitiga-
tion rates, particularly, for hydrophobic surfaces; however, creating the avalanche effect
becomes challenging on dusty surfaces [23]. Moreover, chemically modification of the dust
particles by diluted hydrofluoric acid lowers dust adhesion, which enhances dust mitiga-
tion from surfaces [9]; nevertheless, the process requires additional cost for dust treatment.
Hence, the dust mitigation incorporating the oil film on optically transparent surfaces may
become fruitful in terms of the effective self-cleaning process [10,19]. In addition, optical
transmittance remains important for surfaces, which are used for energy harvesting such
as photovoltaic panel surfaces. Hydrophobizing surfaces towards reducing dust adhesion
create surface textures, which diffuse, scatter, and partially absorb the incident optical
radiation while reducing the optical transmittance. The use of optically matching fluids,
such as oils, with the textured surface, can improve the optical transmittance. In general,
towards the self-cleaning application of an oil-impregnated surface, a water droplet is used
and the sliding velocity of the droplet over the oil film plays a major role in the mitigation
of particles from the surface. The sliding velocity depends on the shear rates across the
water-oil boundary, the surface tilting angle, and the volume of the droplet volume. The
particle mitigation from such surfaces also depends on the water and oil infusions over the
particle surface. As the water infusion height becomes larger than the oil infusion height on
the particle, the particle most likely can be taken by the sliding droplet fluid. Therefore, the
investigation of particle mitigation from the oil-impregnated optically transparent surface
becomes essential. Although oil impregnation and optical transmittance of the impregnated
surface were studied before [10], the sliding droplet dynamics and the mechanism of dust
mitigation from oil impregnated surface by sliding water droplet was left for future study.
Consequently, in the present study, sliding droplet behavior over the silicon oil film, which
is located on the crystallized polycarbonate surface, is examined, and the mechanism of
dust removal by sliding water droplets is explored. The crystallization of polycarbonate
surfaces is carried out by adopting the solution treatment method. The spreading factor
of silicon on crystallized polycarbonate surface is evaluated and silicon oil infusion over
the dust particles is assessed via accommodating the high-speed records and the tracker
program. The influence of dust particle orientation and the thickness of the film on the
particle mitigation mechanisms is further examined experimentally. The sliding velocity
of the water droplet on the silicon oil-impregnated surface is assessed through the energy
balance equation and the resulting droplet sliding velocity is compared with that obtained
from the experiments. The optical transmittance of the surface before and after silicon oil
impregnation is also evaluated.

2. Experimental

Table 1 gives the experimental parameters used in hydrophobizing of polycarbonate
samples and the dust mitigation from the oil-impregnated sample surfaces. The sam-
ples were prepared from p-hydroxyphenyl (polycarbonate). Acetone solution with 30%
concentration (by volume) was used to crystallized the sample surfaces. The immersion
duration of samples in acetone solution was set at 4 min in line with the early work [24].
The contact angle of the crystallized surface was evaluated using a Goniometer (Kyowa,
Niiza, Japan, model—DM 501) while adopting the high-precision measurements and anal-
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ysis (HPDSA) [25]. Since the crystallized surface has textures composing of micro/nano
spherules and fibrils, the optical transmittance of the textured samples was evaluated using
the UV visible spectrometer (67 Series spectrophotometer, Jenway, Chelmsford, UK). The
topology and surface texture were analyzed utilizing electron scanning (Jeol 6460 elec-
tron microscope), optical, and atomic force (Flex-Axiom, Nanosurf, Liestal, Switzerland)
microscopes. Since the optical transmittance was found to be reduced considerably after
crystallization of the polycarbonate surface, due to surface reflection and scattering of the
incident optical radiation from the texture morphology, silicon oil was introduced on the
sample surface to enhance the UV visible rays transmittance. Silicon oil impregnation of
the surfaces was conducted in line with the early work [10]. In this case, silicon oil with vis-
cosity 10 cst, density 935 kg/m?, and surface tension 35 mN/m were utilized impregnating
the sample surfaces, and care was taken to cover the entire sample surface. The thickness of
the oil film was evaluated via an ellipsometer (M-2000 J.A. Woolam Co., Lincoln, NE, USA)
after impregnating the sample surfaces. The ellipsometer measurements depended on
the monochromatic light polarization over the oil surface. Two oil film thicknesses were
incorporated in the experimental study, which were 700 pym and 50 um, and the roughness
of the oil film was estimated as 0.42 nm. This arrangement provides to examine the influ-
ence of oil film thickness on the water droplet movement on the impregnated surface. The
high-speed records utilizing Dantec Dynamics SpeedSense 9040 and tracker program were
used to record and evaluate droplet velocity on the inclined impregnated sample surface.
The droplet data recording by the high speed facility was carried out at 5000 fps and the
system had a resolution of 1280 x 800 pixels with the size of 14 um x 14 pm. The repetitive
records for the droplet motion under the same conditions were used to determine the
experimental error, which was found to be about 3%. The uncertainty (£u) was evaluated
adopting 96% of the confidence level of the high speed data depending on the repeatability.
The uncertainty (o) was [26]:

ou = \/ = (s 0

where, p, is the mean of x (measured data for droplet sliding velocity), n being the number
of data points, and p(x) represents the probability distribution function. The diameter of the
probability distribution was obtained via fitting the measured data in a Gaussian-function.
The final result was normalized by the number of pixels, which contribute to the cross-
correlation-peak. The bias uncertainty was evaluated as 0.04 pixels due to the complexities
of assessing the low dimensional peaks in the distribution function. Hence, the uncertainty
was evaluated as 3%.

Table 1. Parameters used in solution crystallization and dust mitigation from oil impregnated
surfaces. In the experiments, four concentrations of acetone solution and four levels of immersion
are considered during crystallization of polycarbonate surface. The acetone concentration and
immersion duration maximizing water contact angle (132° & 4°) are selected, which are 30% acetone
concentration 4 min of immersion duration.

Source of Parameters

Acetone Concentration for Solution Crystallization (%volume) 30 to 60
Immersion Duration for Solution Crystallization (s) 60 to 480
Impregnated Oil Film Thickness (um) 50 and 700
Water Droplet Volume (pL) 10 to 20
Inclination Angle of Oil Impregnated surface (Degrees) 10to 20

Dust was collected from the local environment (Dammam in Saudi Arabia). The soft
brushes were used to collect the dust particles from PV panel surfaces. The dust particles
were later stored in the airtight containers before experiments. The size distribution of
the dust particles was evaluated using a particle size analyzer. The particle shape and
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elemental composition of dust were characterized by using a scanning electron microscope,
energy dispersive spectroscopy, and X-ray diffraction.

3. Results and Discussion
3.1. Crystallized Polycarbonate Surface and Dust Properties

The solution treatment (30% concentration acetone) was used to crystallized poly-
carbonate surfaces via immersing technique. Figure 1a,b show top views of crystallized
surfaces. The crystallized surface had a texture, which consisted of globules (Figure 1a)
and fibers like whiskers (Figure 1b) emanating from the surface of the globules. The forma-
tion of whiskers was related to the secondary branching from the initially formed crystal
sites [27]. The whiskers acted like nano-pins over the textured surface and contributed to
the mobility of the liquid droplet, i.e., it created a Lotus effect on the surface. The size of
the globules varies on the textured surface; however, they created a hierarchical texture
morphology. Figure 2a,b show the surface image (Figure 2a) and texture profile (Figure 2b)
of the crystallized surface obtained from an atomic force microscope. The globules on
the surface were apparent from the profile peaks. The average roughness of the surface
3.2 um and the surface roughness parameter (ratio of area covered by globulus over the
projected area) was about 0.56. The wetting state of the surface before and after the crys-
tallization was evaluated using a goniometer) via measuring contact angle and hysteresis.
The contact angle of water was measured as 132° &+ 4° on the crystallized surface while
the hysteresis was 38° & 5°. Hence, the crystallized surface demonstrated hydrophobic
behavior; however, droplets adhered on the surface due to high hysteresis. To evaluate
the opaqueness of the textured samples, optical transmittance measurement was carried
out. Figure 3 shows optical transmittance of the textured and as received polycarbonate
surfaces. The transmittance of the crystallized sample reduced significantly because of
the texture; in which case, incident electromagnetic radiation diffused and scattered at the
crystallized surface. In this case, spherules and fibrils on the crystallized surface caused
diffuse reflection and partial absorption of incident UV visible radiation while resulting in
scattering of incident ration and lowering specular transmittance (wavelength-dependent
transmittance). The increasing wavelength of incident optical radiation lowered diffuse
reflection and absorption from the crystallized surface. To enhance optical transmittance,
the surface was impregnated with silicon oil. To cover the surface with a complete oil
film, spreading factor of silicon oil on crystallized polycarbonate surface (S, pc) became
important. The oil spreading is related to the surface tension of oil (7,), interfacial-shear
at the oil-crystallized surface interface (yyc—o), and surface free energy of crystallized
surface (ypc). This yields [11,28]: So—pc = Ypc — Ypc—o — 7Yo- The surface free energy of the
crystallized sample was evaluated in the early work, which is 7, 2 36.2 mJ/m? [24] and
the surface tension of silicon oil is 0.0187 N/m [29]. The interfacial tension between oil
and the crystalized surface could be evaluated through the Hemi-Wicking condition [30],

i.e., it became: ypc—o = s — %, here, costlyc—, is the droplet contact angle on the
crystallized sample. The interfacial tension (7ypc—,) was estimated as 4.3 mN/m. Hence,
the spreading factor (S, ) for silicon oil on the crystallized surface became 13.2 mN/m,
which was greater than zero. This demonstrates that silicon oil spread over the crystallized
surface. Hence, the silicon oil was spread over the crystallized surface under the controlled
laboratory environment and, later, the oil film thickness was evaluated. Two extreme
film thicknesses, 50 um and 700 um, were considered in the experiments. It is worth
mentioning that as the oil film thickness reduced beyond 50 um on the crystallized surface,
the continuation of the oil film was not observed; oil formed islands like wet regions on the
surface rather than developing a continuous film.
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Figure 1. SEM images of crystallized surface: (a) micro size spherules, which represent the crystallized structures. Increasing
acetone concentration or immersion duration, micro-size spherules become congested while lowering surface contact angle
considerably and (b) fibrils on spherules (in the red dotted circle). Fibrils are formed from the crystallized sites and they

create the Lotus effect reducing contact angle hysteresis.
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Figure 2. AFM (Atomic Force Microscope) surface image and line scan: (a) micro-image of the surface. The small bright
spots represent the spherules and brightness is related to the height of the spherules (brighter the spot corresponds to higher
the spherules), and (b) line scan, which is taken over the crystallized surface. It is shown as a green line in Figure 2a. It

provides information on the height of the spherules.

The dust particles have varying shapes and sizes, and the average dust particle was
assessed via particle analyzer (Malvern Panalytical, Mastersizer 3000, Worcestershire, UK),
which was about 1.2 ym. Figure 4 shows dust particles, which were composed of small
and large sizes. Small particles adhered to the large particle surface, which was because
of the non-stoichiometric composition for the compounds (NaCl and KCl) formed in the
dust. This is noted from Table 2, in which elemental constitutes of dust is given. The dust
particles were composed of inorganic compounds. For small dust particles (<2.5 um), the
stoichiometric ratio of elements for NaCl and KCl did not satisfy, which in turn created
charges on the particles while contributing to the attachment of small particles to the large
ones (Figure 4). The small size dust particles could adhere on the surface the charges and
extra efforts were need for mitigating the dust from the dry crystallized sample surface.
Therefore, the use of silicon oil may reduce the dust particle adhesion over the crystallized
surface and sliding droplet can be able to pick up the dust from the oil film surface. The
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optical transmittance of the oil-impregnated surface was reassessed and findings are shown
in Figure 3. The optical transmittance of the crystallized surface enhanced notably after oil
spreading; however, the influence of the oil film thickness (700 pm and 50 um) was not
significant on the optical transmittance, i.e., optical transmittance remains high for both
impregnated surfaces.

100
80 |
@©
e
& 60 r
>
E
z
® 40 r —As Received
[
——(Crystalized
20 —Oil Impregnated (700 micrometer)
~——0il Impregnated (50 micrometer)
0 1 | | | | |

200 300 400 500 600 700 800 900
Wavelength (nm)

Figure 3. Optical transmittance of untreated, crystallized, and crystallized-oil impregnated polycar-
bonate. Spherules and fibrils on the crystallized surface cause diffuse reflection and partial absorption
of incident UV visible radiation while lowering specular transmittance (wavelength-dependent trans-
mittance). The increasing wavelength of incident optical radiation lowers diffuse reflection and
absorption from the crystallized surface.

15ku, & x4, 060

o

[
4

Figure 4. SEM Micro-image of dust particles. Dust particles have various shapes and sizes. Small
dust particles adhere to large size particles forming clustering like structures as shown in the red
dotted circle. The attachment of small particles demonstrates that these particles have increased
polar forces.
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Table 2. Elemental constitute of dust particles (Wt%). Increasing dust particle size causes a reduction
in alkaline earth metal (Ca) and silicon (Si); however, alkaline metals (Na and K) and chlorine (Cl).

Size Si Ca Na S Mg K Fe Cl (0]
>1.2 um 11.6 8.5 2.1 1.1 25 0.8 1.2 0.4 Balance
<1.2 pm 10.4 7.7 2.5 2.1 1.8 1.2 1.1 1.1 Balance

3.2. Dust Removal from Oil Surface and Droplet Dynamics

Mitigating dust from the oil film by a sliding water droplet is challenging because of
the oil and water infusions (cloaking) on the dust particle. It is worth mentioning that a
water droplet can cloak over the dust particle surface during sliding transition over the oil
surface. In order to determine the liquid (water and oil) infusion velocity over the dust
particles, many experimental tests are conducted and temporal progression of water and
oil height over the dust particle surface is recorded via the high speed facility. Figure 5a,b
show the optical images of the stationary dust particle prior to and after oil infusion with
time, respectively, while Figure 6 shows the infusion (cloaking) velocity of water and silicon
oil on the stationary dust particle. It is worth mentioning that the tracker program was
used to obtain infusion velocity from the high-speed data. Infusion height of the water
over the particle (~30 pm) was larger than that of silicon oil infusion height in the early
period, i.e., water infusion took place at a faster rate than that of silicon oil. This resulted
in larger water infusion velocity over the dust surface than that corresponding to silicon
oil. As time progressed, the water and oil infusion velocities reduced and they became
almost the same (silicon oil and water). Moreover, the decay of the infusion velocity was
associated with the time, i.e., V};, o~ t~", here Vinf is the infusion velocity of the liquid
and it takes the value of about 1/4 [31]. Although silicon o0il and water could spread over
the dust particle surface, because of positive spreading coefficient (S), energy dissipation,
due to viscous effect on the particle surface and gravitational pull over the particle height,
slows down the liquid infusion on the surface [31]. Liquid infusion over dust surface was
associated with the Joos’” law [32]. The liquid energy used during the infusion was related
to the Ohnesorge number (Oh = p//pa7yL), where a represents the particle size [33]. The
Ohnesorge number took different values for water and silicon oil because of density and
viscosity of the fluids, i.e., density of water was 1000 kg/m?3, viscosity was 0.7644 x 1073
Pa.s, and surface tension was 72.3 mN/m while the density of silicon oil was 935 kg/m?,
viscosity was 0.92 x 1072 Pa, and surface tension was 35 mN/m. Hence, the Ohnesorge
number took the values of 0.082 and 0.016 for water infusion on the dust particle sizes of
1.2 um and 30 pum, respectively while it took values of 1.47 and 2.94 for silicon oil for the
same sizes dust particles. Hence, energy dissipated by the silicon oil became larger than water
during the complete infusion (cloaking) over the dust particle surface. This became more
evident for the large size dust particle. Hence, the temporal behavior of the infusion height of
the silicon oil over the dust particle surface became gradual as compared to that of water.

(a) (b)

30 pm

30 pm

Figure 5. Optical image of dust particle: (a) before oil infusion, and (b) after oil infusion. Infused
oil covers the dust particle surface, which indicates the positive spreading coefficient of oil over the
particle surface.



Molecules 2021, 26, 789

9o0f 16

1.8 40
15 + N
e 4 30
12 % Vs i -
T —-- v :
E09 W 4120 g
< it T >
06 e it
4 10
03 |
0.0 ' ' 0
0.00 0.02 0.04 0.06 0.08 0.10
Time (s)
(a)
0.8 1.4
1 12
06 P T
\ —_
—_— \ 1 08 \"’.
o4 |\ s E
= \ swany O BT
\
02 L H1 04
Neaem-- Ria B 1 02
0.0 ' ' - 0.0
0.0 1.0 2.0 3.0 4.0
Time (s)
(b)

Figure 6. Infusion height and infusion velocity with time: (a) water, and (b) silicon oil. h represents
infusion height on dust surface and V is the infusion velocity.

Once the liquid droplet was created on the surface, droplet height reduced because of
the bulging of droplet volume under gravity while causing droplet puddling on the surface.
Once a water droplet was formed on the oil surface, a similar response was observed;
however, silicon oil spread over the water droplet surface due to the lower surface tension
of silicon oil as compared to water. It is worth mentioning that the interfacial resistance
between oil and water was lower as compared to water surface tension. This caused oil
infusion over the water droplet surface. Figure 7 depicts images of the droplet over the thin
(50 pm) and thick oil (700 pm) films at which the oil ridge was formed around the water
droplet rim because of oil infusion over the water droplet surface, particularly for large
oil film thickness (700 um). The oil ridge height was about ~0.32 mm around the droplet
rim (three-phase-contact-line) for 700 pm thick oil film; however, it became ~0.09 mm for
50 pum thick oil film. Hence, thinning the oil film thickness reduced the ridge height around
the droplet. The water droplet free surface (exposed to air) could be approximated by
a spherical cap with a radius of r, = \/(2r; — ho)h,, here ho is the height of the droplet
cap in the air, r,, being the radius of the cap at the air-oil-water-contact-line, and rd is the
droplet radius when droplet cap height was extended to form a circle [26]. The forces could
be encountered due to the droplet pinning under interfacial shear across the boundary of
water and oil. The pinning forces are formulated in the early work [26]; however, they
are briskly described herein. The force equilibrium for the droplet, which is partially
floating in the oil film, becomes: F, sin(6; + «) + Fp — W = 0, here F, is the surface tension
force, Fp being the buoyancy force, and W represents the weight of the water droplet.
Moreover, « being the water contact angle at the rim (air-water-oil-contact-line) and 6,
is the filling angle of the rim about the vertical axis. Rearrangement of the vertical force

balance yields; 27,y _s; sin(6c + ) — %g(?ﬂd —ho)psig = 0, here v, is water-silicon
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oil interface tension, pg; is silicon oil density, and g is gravity. The experimental data
demonstrate that 1, = 0.92 mm for 20 uL droplet, which agrees with the value estimated
from the vertical force balance (1, = 1.02 mm). Moreover, as the oil-impregnated surface is
inclined, both the water droplet and the oil film flow in the direction of gravity. The state

of the film velocity ( a ; L) on the tilted sample with the tilt angle of § < 71/2 is connected
to the capillary number, Ca = £, where u is the velocity of the oil film and uS viscosity
of oil [34]. The liquid velocity of the film on the tilted surface is formulated in the early
study [34] and it takes the form:

Oil Film Thickness 50 um and Droplet size 20 uLL

t=10s

Oil Film Thickness 700 um and Droplet size 20 uLL

Figure 7. Optical image of silicon oil infusion on water droplet at different times. The time of droplet
motion is started and recorded as the droplet is dispensed on the oil-impregnated sample surface.

3

% =V [h‘o’VVth} — LpV- [h?’Vhf] + % = 0, where }y is the normalized film
thickness (E/ h., here E are the oil thickness and k. being the oil in the upstream of the
film—maximum thickness), x represents the space along the inclined surface, and LD is the
normalized parameter (Lp = (3Ca)1/ 3cots, here 6 is the tilt angle of the surface). The nu-
merical solution of the equation for the film velocity yielded that the film velocity was 0.02
mm/s for the film thickness 700 um and the tilt angle of 5°. The film velocity obtained by a
tracker program using the high-speed recorded data was about 0.017 mm/s, which is closer
to the numerical prediction. Moreover, since the crystallized surface, where the oil film
was deposited, had a hydrophobic texture with 3.2 um average roughness, slip condition
could occur across the textured surface and the oil film. The slip velocity can be formulated
through the slip length [35] (b ~ % (1 — ¢)hy, here p being the droplet fluid viscosity, ¢ rep-
resents the solid fraction for crystallized surface, and /; is the film thickness) [30]. The solid
fraction of the crystalized surface was evaluated via AFM and SEM micrographs and it
was estimated at about ¢ = 0.35. Incorporating the viscosity of silicon o0il (0.92 x 1072 Pa.s)
and water (0.89 x 1073 Pa.s), film thickness (700 um), and a solid fraction, the slip length
yielded about b = 44 um. Moreover, the slip velocity can be written as; u; = %TO_S, here
T,—s is the interfacial shear stress across the oil and the crystallized surface [30], which can
be further simplified after considering a Couette flow in clearance between the bottom of
the droplet and oil. Hence, the slip velocity in terms of film velocity and the slip length
yielded: us ~ hﬁu - Moreover, the velocities of the partially immersed droplet and the
oil film were different, which created a shear resistance across the droplet and the oil.

The frictional stress can be; ~ yu here V; represents the velocity of the droplet
and [, is the height between the droplet base and the droplet mass center [36]. It is also
known that shear stress in between the textured surface and the oil can be approximated as
~ Ho <uf i) . The shear stresses on the droplet and the oil at the interface had similar orders
(stress contmuity) This yields the relation between the slip and the droplet velocities, i.e.,

%’f ~ 1+ " L (1 — —) The ratio of b/h; is about 0.057 and l'” > 1, which yields that the
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droplet velocity becomes much larger than the film velocity (V; > us). Moreover, energy
dissipated by the sliding water droplet on the oil film via shear resistance was related to (i)
shear rate created at the ridges due to oil infusion over the droplet surface (ii) the air drag
acting on the droplet cap in the air, (iii) lateral component of the surface tension around
the droplet rim. The dissipated energy is formulated in the early study [30] and it takes

the form ~AL(u (le;m”f> Try? + Mo (Vd — uf)27'cro + 61THo N, (Vd — uf) + Cdp,,ACVj). Here,
the term AL is an incremental length scale along the oil film surface, y, (Vd —u f)Zm’o
represents the interfacial shear effect on the immersed droplet base [36], p, (Vd —u f> 2711,

is the shear effect due to ridge height around the droplet meniscus [30], 67T,k (Vd —u f)

is the force of drag force created over the immersed droplet by the oil [37], where &, is
the droplet immersion height in oil, which is experimentally evaluated to be ~62 um, and

2
CapaAc (Vd —u f) is the air drag acting on the droplet cap, where C; is the drag coefficient,

and A, is the cross-sectional area of the droplet cap in the air. In addition, work was done
by the sliding droplet towards overcoming the droplet pinning, which could account for
the droplet’s additional energy dissipation. The work required overcoming the pinning
was about 271y, s;t,c0s(6c + «) AL [26]. The potential and kinetic energy change along the

incremental length scale were ~ m;gALsind and is 3my (Vd —u f> , respectively. Here, &

is the inclination angle of the surface and m, is the mass of the droplet (pw%”rg, 7o being
the droplet radius when the droplet volume is spherical). Hence, the change of droplet
potential energy along the incremental length scale overcame the frictional energy dissipa-
tion and the work required for pinning, and, in addition, the kinetic energy for creating
the droplet motion on the oil surface. The potential energy change of the droplet per unit
droplet mass along the length scale of 44 mm of 10° inclined surface with 700 um thick oil
was 0.075 ] /kg while the kinetic energy was 3.125 x 1073 J/kg. Hence, a large amount of
energy was dissipated in the course of droplet sliding, i.e., almost 96% of droplet potential
energy was dissipated to overcome shear resistance and pinning of the droplet.

Figure 8a shows droplet velocity on the thin oil film (50 pm thick) with distance for
two volumes and two tilt angles. In the early period of sliding, the velocity increased
to attain maximum and as the droplet sliding continued along with the inclined film,
the velocity decreased gradually. This behavior was observed for both inclination angles
and the droplet volumes. This is mainly related to the oil ridge formation in the droplet
neighborhood through oil infusion on the water droplet. Oil infusion in the early sliding
period was small preventing the oil ridge formation. As the droplet sliding progressed, the
oil ridge formed around the droplet because of the oil infusion during the droplet sliding.
Hence, the interfacial fluid resistance between the oil and the droplet liquid increased
along the droplet circumference, which caused slowing down the droplet motion along the
inclined surface. Moreover, as the droplet size increased, interfacial resistance along the
droplet ridge increased because of the increased droplet diameter with increasing droplet
volume. However, increased droplet inertial force, because of the droplet mass increase,
enhanced the droplet velocity despite the fact that interfacial resistance at oil-droplet along
with the ridge increased. In the case of the thick silicon oil film (~700 pm) impregnated
sample surface, the sliding velocity of the droplet increased to reach its maximum and,
later, it decreased gradually along the inclined surface (Figure 8b). This behavior was
similar to the thin oil film case (Figure 8a). The sliding velocity attains larger values for
the thick oil film case than that of the thin film case. It is worth noting that the droplet
immersion became more as the film thickness becomes larger (~700 um). Hence, it was
expected that the fluid resistance around the immersed area of the droplet would increase.
However, the attainment of the large velocity on the thick oil film suggests that the droplet
on the thin film (~50 pm) penetrated into the oil film and making physical contact on the
crystallized surface. This increased the shear resistance at the droplet bottom. In addition,
the droplet located on the thick oil film floated in the oil film and created slip condition
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at the droplet bottom, which in turn reduced the shear resistance across the film and the
droplet. Therefore, the velocity of the droplet attained higher values for the large thickness
oil-impregnated sample surface.
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Figure 8. Droplet sliding velocity on inclined oil impregnated surface for two droplet volume and inclination angles. (a) Oil
film thickness is 50 um. (b) Oil film thickness is 700 um.

Figure 9a,b shows droplet sliding velocity on the inclined thin and thick oil films
(~50 pm and 700 pm) with the presence of the dust particle over the oil surface for two
droplet volumes and two tilting angles of the sample. Figure 10 depicts the optical images
of different stages of the dust particle mitigated by the sliding water droplet on the inclined
oil film. It is worth mentioning that the dust particle size selected was large enough to be
recorded by a high speed facility; hence, the selected dust particle was about 75 pm. As the
sliding droplet approached the vicinity of the dust particle, the oil ridge around the droplet
first contacted the dust particle surface. However, the dust particle height was larger than
the oil ridge height, the infusion of oil from the oil ridge towards the dust particle surface
was expected to be not considerable. In addition, the contact duration between the oil
ridge and the dust particle was short, which reduced the amount of oil-infused over to the
dust particle surface. Moreover, once the droplet fluid wetted the dust particle on the oil
surface, droplet sliding velocity reduced, and the part of the dust particle surface, which
was not infused by the oil, was infused by the fluid of the droplet. In the course of fluid
infusion over the particle surface, the sliding velocity of the droplet reduced further. Once
the droplet liquid cloaked over the dust, the particle was picked up by the droplet fluid
and the particle was reoriented inside the sliding droplet, which can be observed from
Figure 10. During the dust particle reorientation, the sliding droplet mass increased slightly
and the inertia force increases while causing droplet sliding velocity to increase along the
inclined surface. However, as the dust particle was oriented at the droplet trailing edge,
which was opposing to the droplet front edge in the sliding direction, the droplet velocity
reduced considerably. This situation can be observed in Figure 10. Moreover, it became
true for all volumes of the droplet, the tilting angle of the sample, and oil film thickness.
The possible explanation of this behavior is that the dust particle in the droplet trailing
edge immersed into the oil and it was anchored by the oil film. This created the pinning
influence on the sliding droplet, which gradually ceased sliding on the oil film, i.e., sliding
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motion terminated and the sliding velocity became zero on the oil film. The inclination
angle had a significant influence on the droplet sliding velocity. In this case, reducing the
inclination angle from 20° to 10° lowered the sliding speed from 0.98 mm/s to 2.02 mm/s.
For a small inclination angle (10°), the dust particle position in the sliding droplet had a
considerable effect on the sliding velocity. In this case, droplet sliding velocity attained
high values as the dust particle was located in the central region of the droplet. As the
dust particles moved towards the trailing edge of the droplet, the sliding velocity reduced
considerably. Hence, the dust particles partially became immersed in the oil film at the
droplet edge while creating the anchoring effect on the droplet sliding velocity.
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Figure 9. (a) Droplet sliding velocity on inclined oil impregnated surface with the large dust particle presence for two

droplet volume and tilting angles. Oil film thickness is 50 um. (b) Droplet sliding velocity on inclined oil impregnated

surface with large dust particle presence for two droplet volume and tilting angles. Oil film thickness is 700 pm.
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Figure 10. Cont.
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V =1.21 mm/s

V =2.78 mm/s

V =2.24 mm/s

V =0.98 mm/s V =2.02 mm/s

Figure 10. Stages of the droplet on inclined oil film for two oil film thicknesses. The dark color
represents the dust particle.

4. Conclusions

The sliding motion of a water droplet over silicon oil-impregnated sample is investi-
gated. The influence of the tilting angle of the surface, oil film thickness, and droplet size
on the droplet sliding behavior is analyzed. Polycarbonate surface is solution crystallized,
using 30% concentrated acetone solution, to create surface texture resulting in the hy-
drophobic wetting state. The solution crystallization of the surface gives rise to low optical
transmittance of the samples. Silicon oil impregnation improves the optical transmittance
of the samples and enables water droplets to slide over the surface. Impregnated oil film
thickness influences the sliding velocity of the droplet; hence, the sliding velocity becomes
lower for the small thickness oil film (~50 um) than that corresponding to the large oil film
thickness (~700 pm). This is related to the interfacial resistance at the droplet bottom, i.e.,
slip velocity at the interface across the oil film and droplet fluid becomes small and it is also
likely that the droplet bottom becomes in contact with the crystallized surface (touching)
rather than floating in the oil film. As the film thickness increases, the droplet floats within
the oil film, which increases the sliding velocity over the film. The oil ridges formed over
the circumference of the droplet contribute adversely to the sliding over the inclined oil
film due to fluid resistance occurring at the inter-boundary of the droplet fluid and the oil
around the ridge sites. The dust particle located on the oil film is partially cloaked by the oil,
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which makes it difficult to remove by the sliding droplet. Nevertheless, the sliding droplet
cloaks and removes the particle from the oil film. Once the dust particle is removed by the
droplet fluid, the orientation of the dust particle inside the droplet fluid changes during the
sliding. This causes the first reduction and later enhancing the velocity of the droplet over
the film. As the dust particle picked up settles in the trailing edge of the sliding droplet,
the sliding velocity decreases gradually. In this case, the particle in the trailing edge of the
droplet is partially immersed in the oil film while creating a pinning effect on the sliding
droplet. Nevertheless, the pinning influence of the dust particle does not cease the droplet
motion on the surface for thin oil film (50 um); however, the droplet sliding ceases for the
thick oil film (um). The present study provides a detailed analysis of water droplet sliding
behavior on the inclined oil-impregnated crystallized polycarbonate surface and explores
the water droplet sliding conditions and environmental dust mitigation from the inclined
oil-impregnated surface.
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