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ABSTRACT

Control of surface wettability by means of electrowetting-on-dielectric (EWOD) is among the most effective methods of active enhancement
of surface wettability. Here, electrohydrodynamics of drop impact onto a dielectric surface with electrodes embedded in the dielectric (or
aligned and attached to it) is experimentally investigated. Drop impact of different liquids (water, n-butanol, and motor oil) onto different
substrates (stretched Teflon, parafilm, and polypropylene) is studied. Water drop impact onto stretched Teflon (the only Teflon which
revealed significant electrowetting) and un-stretched parafilm surfaces is studied in detail. The results for water drop impact indicate that
drop spreading on such non-wettable surfaces can be significantly enhanced by the electric field application. In particular, water drop
rebound can be suppressed by the electric force. Furthermore, impact dynamics and spreading of hydrocarbon liquids with electric field are
explored. Partial suppression of splash phenomena was also observed with the application of the electric field in addition to enhancement of
spreading. In addition, the experimental results for water drops are compared with the Cahn—-Hilliard—Navier—Stokes (CHNS) simulations
for static contact angles and drop impact dynamics, and the results are in close agreement for water drops. This study demonstrates that
electrowetting-on-dielectric holds great promise for coating and spraying technologies.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0054077

I. INTRODUCTION

Controlled drop deposition onto a dry surface is important for
technologies such as spray cooling, pesticide deposition, inkjet print-
ing, spray painting, and coating." ° Drop impact onto dry surfaces has
received considerable attention of the research community and
revealed a number of distinct flow patterns, such as prompt and
corona splashing, receding breakup, partial rebound, and complete
rebound in addition to deposition.”” In general, the flow pattern
depends on liquid properties, surface wettability, and the drop impact
velocity. “Slippery surfaces” or surfaces that promote complete
rebound of water have received significant attention for self-cleaning
and anti-icing applications.” '' However, in coating and painting
applications drop rebound and splashing limit the effectiveness as they
increase the spraying costs due to material loss. The tendency to drop
rebound was found to increase with the impact velocity, liquid surface
tension, and the receding angle of the drop.™”

Some of the ways to improve drop deposition onto surfaces
explored in literature involve additives to liquid and surface mod-
ification.'” '® Polymer additives change the rheological properties of
the liquid, which has shown to prevent drop rebound from the

surfaces.'”"” In particular, the decrease in the drop retraction speed is
attributed to the increase in elongational viscosity of dilute polymer
solutions, which inhibits drop rebound."” The addition of surfactants
leads to an improved wettability which hinders the rebound after
impact.'*"” A stretchable polymer substrate has also been shown to
suppress drop rebound. This is attributed to transfer of a part of the
drop kinetic energy to the deformation of the polymer surface affecting
significantly the recoil behavior.'® Furthermore, impact of ellipsoidal
drops has been demonstrated to prevent drop rebound due to the axis
switching during retraction.'” This is accompanied by the kinetic
energy being utilized for switching the deformation axes of the drop
instead of rebound."”

Surface wettability is of significant importance in practical appli-
cations of spray coating, spray painting, adhesion, micro-fluidics,
etc.' ” and is one of the fundamental aspects of dynamic behavior of
drops during an impact onto dry solid surfaces. Wettability and sur-
face adhesion are controlled by the surface chemistry and roughness.
Control of surface wettability by means of electrowetting (EW) or elec-
trowetting-on-dielectric (EWOD) is an attractive approach, which
does not involve use of additional chemical agents.'”'” Additionally,
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in this case drop impact is controlled by the applied electric field and
hence does not rely on the substrate modification. The EW or EWOD
methods enhance liquid wettability on partially wettable or completely
non-wettable surfaces. The EW is known to affect the equilibrium con-
tact angle of drops.'*'” The EW is associated with reduction in the sol-
id-liquid interfacial energy due to the free ions reorganizing at the
dielectric surface when voltage is applied to the surface. The EW is
widely used to manipulate drops on surfaces, with the applications
ranging from the “Lab-on-a-chip” microfluidics to optical applica-
tions.”’ However, drop impact is a dynamic situation which can be sig-
nificantly disrupted by transient effects.

For coating applications, one is interested in controlled drop
deposition with enhanced spreading and efficiency. One important
question is whether one can reduce or completely prevent drop splash-
ing and rebound associated with high impact velocities. The electric
field-assisted manipulation of the impacting drops on the surface is an
attractive approach aiming at an increase in the coating effectiveness.
Several preliminary studies reveal a promising trend.”"** However,
this effect certainly requires a further exploration of such aspects as an
increase in the coating effectiveness with the application of the electric
field. Drop impact onto stretched and un-stretched Teflon was investi-
gated in Ref. 21. The rebound was suppressed by the application of the
electric field.”' The corresponding continuum modeling which repro-
duced similar trends is available.” Drop impact onto a concentric sys-
tem of electrodes was numerically investigated in Ref. 23. The
simulation results mimicked superhydrophobic behavior with the volt-
age application.

Additionally, there is an open question whether the dynamic
electrowetting can prevent splashing during drop impact at a relatively
high impact velocity. Splashing during drop impact onto a solid sur-
face happens above the threshold based on the capillary number”*
Ca'’?=0.35. Here, the capillary number, Ca = uV,/y, where Vj, is the
impact velocity, pt and y are the liquid viscosity and surface tension,
respectively. For water, this splashing threshold translates into a high
impact velocity ~10 m/s. Another threshold for splash was proposed
in Refs. 1, 2, 7, and 25. This threshold depends on the dimensionless
number K = WeOh~2/5, where Oh is the Ohnesorge number defined
as Oh = u/+/pDy and We = pDV; /7 is the Weber number, with p
being liquid density, and D being the drop diameter. Using the K
number, splashing phenomena observed on solid surfaces have
been broadly classified as prompt splash and corona splash."””*
Prompt splash is characterized by secondary drops issued in the
azimuthal directions from a spreading lamella emerging early after
drop impact, whereas the corona splash is characterized by forma-
tion of a visible crown at an angle to the substrate relatively late
after the impact."””*” Conclusive observations of prompt and
corona splashes could require visualization from more than one
direction.”” Some efforts to delineate the regimes have been under-
taken in Ref. 25.

Then, splash formation can be significant for low-surface tension
liquids, for example, hydrocarbon liquids. Several different types of
paints are utilized for spray painting, specifically, oil-based and water-
based paints.”””” A variety of emulsions are used with different water-
organic solvent ratios to optimize different characteristics of painting
including cost, drying features, environmental aspects, etc.”’
Accordingly, it is tempting to explore the effect of the applied electric
field in painting and coating applications.

scitation.org/journal/phf

Understanding the mechanism and control of splashing is desir-
able for the applications of spray coating and painting.”*
Furthermore, it is also important for understanding plant pathogen
transport resulting from drop impact onto surfaces of leaves.””
However, there are only scarce works related to suppressing of splash-
ing. It has been found that drop splashing can be suppressed by reduc-
ing the surrounding gas pressure.’’ A hybrid surface designed with
superhydrophobic/-philic pattern has been shown to suppress water
drop splashing.” Still, splashing has been observed on both superhy-
drophobic and superhydrophilic surfaces. Furthermore, the impact
dynamics also depends on the shape and size of the surface patterns.”®
Softer substrates have been reported to suppress splashing.”” Other
efforts related to splashing suppression involve addition of polymers
or surfactants to the liquid.”>*"*

The present work explores the effect of the electric field on water
drop impact dynamics in the case of dielectric non-wettable surfaces.
The experiments are conducted using Teflon, parafilm and polypro-
pylene surfaces with water being used as the working liquid. The
experimental results for water drops are complemented by Cahn—
Hilliard-Navier—Stokes (CHNS) numerical simulations following the
method detailed in Ref. 22. Furthermore, the effect of the electric field
on impact of n-butanol and motor oil drops is investigated.

Il. METHODS
A. Experimental

The experimental setup is sketched in Fig. 1. The dielectric sub-
strate (Teflon, parafilm, or polypropylene) was placed above two plane
electrodes. The active surface for the drop impact was the area between
the electrodes, whereas the rest of the surface was insulated by Kapton
tape. The electrodes comprised two copper strips attached on a micro-
scope glass slide at a pre-determined distance in-between. One of the
electrodes was connected to a positive high voltage supply (custom
built with a 0-20kV range). The other copper electrode was grounded.
The inter-electrode distance was 1.5cm or 1.9cm. The setup was
enclosed on all sides (except the visualization windows) with metal
sheet, which was grounded, thus forming a Faraday cage.

The glass slide with the substrate was mounted on an adjustable
platform, which could be controlled in three axes using micrometers
[Fig. 1(c)]. The stage control enabled positioning of the substrate along
all the three directions. Additionally, a fine-tune control along the
X-axis (one of the horizontal axes) allowed one to aim the center of
the drop impact at the inter-electrode center. With different trials, it
was noted that the deviation of the center of the impacting drop from
the inter-electrode center was within 0.2 mm.

A laboratory syringe supplied water (or another working liquid)
to the needle using syringe pump with a 90°-bent 27 gage needle. The
out-of-focus 90°-bent 27 gage needle helped placing the camera right
above to visualize the top view. The average diameters were about
2.5mm, 1.87 mm, and 2.4 mm for water, n-butanol, and motor oil
drops, respectively. The corresponding volumes are 8.2 x 1072,
34 %107 and 7.2 x 107> cm?, respectively. The drops were gravity-
driven and hence, the impact velocity was controlled by the height of
the needle. Only normal drop impact is considered here.

The material properties of the working liquids used in experi-
ments are listed in Table L.

Two high-speed cameras (Phantom v210 and Phantom Miro 4)
were set up to visualize the side and top views of drop impact. For the
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FIG. 1. (a) Schematic of the experimental setup; (b) photograph of the experimental setup from the direction of the high-speed camera.

side view, back lighting illuminated the drop, while for the top view
front/back lighting was utilized [cf. Figs. 1(a) and 1(b)]. For contact
angle measurements, the drop was softly deposited onto the surface.
The images were analyzed in Image], MATLAB and Adobe
Photoshop. The velocity of impact was determined by the drop motion
observed in the side view.

Teflon (PTFE) membrane (#6802K16) and polypropylene mem-
brane (#7524T11) were obtained from Mcmaster Carr with the thick-
ness of 0.081 mm and 0.051 mm, respectively. Parafilm M Laboratory
Film was obtained from Bemis manufacturer (#PM992). It is referred
to as parafilm here. The thickness of parafilm was 0.127 mm. Teflon
membranes were pre-stretched by Instron machine (model 5942); the
details are provided in Supplementary Information (SI); cf. Fig. SI.
Furthermore, the SEM images of Teflon samples and parafilm are also
provided in SI (cf. Figs. S2 and S3).

B. Modeling

The computational domain includes the full 3D-resolved single
water drop on Teflon or parafilm surface (cf. Fig. S6 in SI). The medium
consists of two phases: the first phase is the drop (liquid), and the second
phase is the surrounding gas—phase (air). The phase-field model (PFM)
is used to track the phases and the interfaces, and the Navier—Stokes

TABLE I. Properties of liquids used in experiments.

(NS) equations are solved to model the two-phase flow of the liquid and
gas phases. The free energy functional in the PFM is comprised of sev-
eral contributions and described by the following equation:”

FE0) = [[al@) + 3na(VOF +unlovoo)| 0V, )
\4

where V is the volume, f;(¢) is the chemical free energy density, with
the variable ¢ being used to model the two phases with two minima at
¢ = -1 (liquid) and ¢ =1 (the gas phase). The second term on the
right-hand side in Eq. (1) accounts for the excess free energy due to
the inhomogeneous distribution of ¢ variable in the interfacial region.
In addition, &; is the measure of the interface thickness, and ), is the
effective surface tension coefficient. The constant o takes a value of
6+/2 following the work of Ding et al.” This term originates from the
integration of the excess free energy per unit surface area across the
drop interface. The function fyy(py, @) describes the electrostatic
energy density, which is calculated as follows:

1
feist(pvs @) = SV, ()

where py is the volumetric charge density, and ¢ is the potential.

Fluid/property Density (kg/m3 ) Viscosity (Pa s) Surface tension (mN/m) Dielectric constant Electrical conductivity (S/cm)
water 1000 8.9x107* 72 80 107

n-butanol 810 26x107° 25 18 2x107°

motor oil 870 5.0 x 1072 30 23 2x1071°
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The NS equations are used to simulate the fluid flow and are cou-
pled with the advective Cahn-Hilliard (CH) equation. The NS equa-
tions comprised of the mass balance (the continuity equation) and the
momentum balance read

V-ou=0, 3)

P {@ +(u- V)u} = - Vp+ V- [(Vu+vu')] +Fy

+ Felef + Pr&, (4)

where u is the velocity vector, p is the pressure, py is the density of
fluid, u is the viscosity, g is the gravity acceleration, Fy, is the surface
tension force, and F,. is the electrostatic force. A detailed description
of the CH and NS equations' coupling, as well as their exchange terms
and boundary conditions are given in our prior published work;™” cf.
Fig. S9 in SI for a brief overview.

Ill. RESULTS AND DISCUSSION
A. Static contact angle measurements

The static contact angle measurements were conducted on sub-
strates with drops softly placed on them. The measurements were car-
ried out using ImageJ tool. The reported contact angle is the average
measured on both sides of the drop, with an error within *=2°. The
effect of gravity in these measurements is negligibly small because the
Bond number' Bo = ppgD?/y < 1, where D is the drop diameter
and 7 is the surface tension of liquid.

In order to validate the CHNS model and to better understand
the influence of the applied voltage on drop shape, the CHNS

scitation.org/journal/phf

calculations of the static contact angle are performed for 0V, 8.5kV
and 9KkV voltage applied to the bottom of the dielectric substrate on
one side and the ground attached on the opposite side (cf. Fig. 1). The
initial conditions for all cases were identical: a cube with its height
equal to the drop diameter of 2.5mm. The initial velocities in both
phases were set to zero (relaxation under the influence of gravity).
From the physical point of view, the contact angle is considered as a
measure of the homogeneous surface wettability. As usual, for the con-
tact angle less than 90° the surface is considered to be partially wetta-
ble, i.e., hydrophilic. In contrast, for the angle larger than 90° the
surface is non-wettable, i.e., hydrophobic.

The static contact angle with no applied voltage was found to
decrease from the 25%-stretched Teflon to the 50%-stretched Teflon.
In Ref. 21, it was found that the static contact angle of water on Teflon
increased until the 200% stretching and then decreased. However, it
should be emphasized that the contact angle variation is dependent on
the microstructure and the corresponding roughness change. In the
present work, with the application of voltage, it was found that the
change of the water contact angle on Teflon was abrupt at the voltage
of ~8.5-8.7KkV as the voltage was increased, as seen in the images in
Figs. 2(a) and 3(a). In particular, for the 25%-stretched Teflon speci-
men presented in Fig. 2(a), the change occurred at ~8.7kV, whereas
for the 50%-stretched Teflon specimen the change occurred at
~85kV. In the repeated experiments, the contact angle change
occurred at similar applied voltages, albeit not necessarily at exactly
the same values. In some cases, the contact angle of the water drop
changed on the scale of seconds or faster at a fixed applied voltage.
Overall, the experiments revealed a significant change in the contact
angle of water on pre-stretched Teflon about a certain threshold in the

OO

6 kv

8.5 kv 8.7 kv

b)

™ A~

8.8 kV

7.5 kv

Lo W o

8.9 kv

()
I

FIG. 2. (a) Equilibrium contact angle of water on the 25% pre-stretched Teflon specimen observed experimentally at different applied voltages. The positive high voltage is
applied on the right-hand side. (b) The CHNS calculation results for the drop evolution toward the equilibrium static shape. No voltage is applied in the simulations.
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FIG. 3. (a) Equilibrium contact angle of water on the 50% pre-stretched Teflon specimen observed experimentally at different applied voltages. The positive high voltage is
applied on the right-hand side. (b) The CHNS calculation results for the drop evolution toward the equilibrium static shape. The 8.5kV voltage is applied in the simulations.

applied voltage. Typically, the applied voltage of 7.5-10kV triggered
the change for similar Teflon specimens at the electrode separation of
1.5cm.

The observations of the static contact angle of water on the un-
stretched Teflon did not reveal any measurable changes in the entire
voltage range below the corona discharge (spark) voltage (~11kV for
the 1.5 cm electrode separation). The formation of sparks was undesir-
able. Spark formation was not observed in Ref. 21, probably because of
the different thickness of the Teflon membrane and also possibly due
to the differences in surface features.

Figure 2(b) shows the simulation results for 0 V, with the contact
angle value on the 25%-stretched Teflon given for the longitudinal
median cross-section of the 3D drop. The inset in the last image
depicts the predicted full 3D view of a water drop on Teflon surface.
As can be seen in Fig. 2(b), the predicted equilibrium contact angle is
117°+2°, in good agreement with the experimental measurements
shown in Fig. 2(a) (the first image).

It is observed in the experiments that the application of a high
voltage to the bottom of the Teflon surface changes the static contact
angle of a sessile drop on top of the Teflon specimen. In the simula-
tions 8.5kV is applied on one side of the 50%-stretched Teflon, while
keeping 0V on the other side. The distance between the electrodes is
1.5 cm, the same as in the experiments. Figure 3(b) depicts the results
for the predicted drop shape at 8.5kV, similarly to Fig. 2(b). The pre-
dicted contact angle in the longitudinal median cross-section is
85° =+ 2°, which is in good agreement with our experimental measure-
ments [Fig. 3(a), the last image].

The recorded equilibrium contact angles of water drops at differ-
ent applied voltages on parafilm are displayed in Fig. 4(a). In contrast
to the abrupt change on Teflon, the contact angle was found to gradu-
ally decrease as the applied voltage increased. The contact angle
decreased from 105° at 0kV to 84° at 9kV. We have further per-
formed static contact angle calculations for parafilm at 9kV. The
CHNS predictions are shown in Fig. 4(b). The predicted static contact
angle is in very good agreement with the experimental data in Fig. 4(a)
(the last image).

B. Water drop impact onto parafilm

At water drop impact velocity of 1.44 m/s, 10/10 trials resulted in
drop rebound on parafilm substrate without application of voltage. A
trial, which demonstrates a typical behavior, is illustrated in Fig. 5. It
should be emphasized that there were some deviations from the typical
behavior, which were observed in some of the trials. For example, a
few cases revealed not immediately merging drops in contact during
the recoil stage (cf. Fig. 5, the frames from t+48 ms to t+56 ms). A
plausible explanation of a delayed droplet coalescence would be the
following one. Pressure in the air layer between too closely approach-
ing droplets increases to that extent that air dissolution in water (gov-
erned by Henry's law) increases to that extent that the surface layer is
so significantly enriched by air, that surface tension decreases locally
near the closest approach location. As a result, water is pulled from
that location in both droplets by the surface tension which stays high
away from that location, and droplet coalescence is delayed. This is
essentially a variant of the Marangoni effect associated in this case
with air being an admixture. Such a situation is reminiscent of the
“walking droplets” observed in the case of drop bouncing from a bath
of liquid.”™"” A further future work is needed to check the validity of
this explanation.

The application of 9kV voltage revealed no rebound in all the 10
consecutive trials performed. The corresponding features observed
during water drop impact onto parafilm with the voltage applied are
presented in Fig. 6. The results reveal some geometric features appear-
ing during the drop retraction stage after the impact as observed in top
and side views in Fig. 6, which demonstrate receding breakup of the
main drop. The initial time moments from t to t+6ms show the
lamella stretching due to the applied electric field. It should be empha-
sized that the retraction is slowed down considerably due to the elec-
tric field and the lamella appears to be pinned at some points along its
perimeter. This pinning effect leads to finger formation (t+4ms)
resulting in the formation of the secondary droplets on the substrate
surface as is seen at t + 6 and t + 8 ms. In cases with the applied voltage,
an additional dimensionless group of relevance is the electric Bond
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FIG. 4. (a) Equilibrium contact angle of water on a parafilm specimen observed experimentally at different applied voltages. The positive high voltage is applied on the right-
hand side. (b) The CHNS calculation results for the drop evolution toward the equilibrium static shape. The 9kV voltage is applied in the simulations.

FIG. 5. Snapshots of water drop impact onto a parafim substrate. The average drop diameter is 2.5 mm, the inter-electrode distance is 1.5 cm, the average velocity of drop
impact is 1.44 m/s, and the acquisition frame rate is 2000 fps. Scale bar is 2mm. The Weber number We = 72.0, the Ohnesorge number Oh = 0.002, and the composite
parameter (relevant to splashing) K = 864.8. Here and hereinafter, t is the moment of the drop impact.
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FIG. 6. Snapshots of water drop impact onto a parafilm substrate with the voltage of 9kV applied (the electric field strength of 6 x 10° V/m). Rows 1 and 2: the side and top
views, respectively, through the time moments t to t+6 ms (with t being the moment of the drop impact). Rows 3 and 4: the side and top views, respectively, through the time
moments t+8ms to t+ 14 ms. Rows 5 and 6: the side and top views, respectively, through the time moments t+ 16 ms to t + 28 ms. The average drop diameter is 2.5 mm. The
average impact velocity is 1.44 m/s. The acquisition frame rate is 2000 fps. Scale bar is 2mm. The dimensionless groups are We =72.0, Oh=0.002, K= 864.8, and

Bog=14.

number” Bog = DE?/y, where E is the applied electric field strength
between the electrodes. In the present case, Bog = 1.2. A similar behav-
ior was observed with application of 8.5kV voltage, with the corre-
sponding results being presented in SI (Fig. S4).

Further preliminary results were obtained at the dripping height
of 65 cm, which resulted in an average velocity of drop impact of 3.16
m/s (cf. Fig. S5 in SI). The results presented in Fig. S5 in SI at such
high impact velocities indicate the effectiveness of the application of
the electric field even in such cases. For numerical simulations, it is

desirable to consider lower impact velocities. This is because the high
impact velocity and strong thinning of the spreading lamellae necessi-
tate prohibitively small cell size in the numerical implementation.
Accordingly, here the focus is on moderately high impact velocities
only.

To better understand the dynamics of water drop impact onto a
solid hydrophobic surface, we have performed CHNS simulations
related to the experimental results presented above in this sub-section.
We first investigated the drop impact on a dry solid parafilm surface
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FIG. 7. The predicted drop evolution (the upper panel), with red color being the water drop and blue color being air during the impact onto a parafilm surface. The velocity
magnitude (the second panel) and the pressure field during the impact (the lower panel). The drop diameter is 2.5 mm, and the initial drop velocity is 1.44 m/s.

without the applied voltage. The modeling results regarding the
impact, spreading and rebound of water drop on parafilm surface are
presented in Fig. 7. The upper panel in this figure depicts the evolution
of the drop shape in time, with the red color representing the water
drop and blue color corresponding to the gas phase (air). In addition,
the small inset shows a full 3D view of the water drop on parafilm.
The second panel in Fig. 7 depicts the velocity magnitude, whereas the
third row shows the pressure field during the impact. The results were
directly compared to our experimental results shown in Fig. 5 in terms
of the spreading distance (sy.) and the maximum rebound height
(Mmax)- In particular, the predicted maximum spreading distance,
reached at the time moment of 3 ms, is equal to 6 mm compared to
6.3 mm observed in the experiment. The maximum rebound height
observed in the experiments was 4.5 mm vs the prediction of 4.6 mm.
The numerical predictions revealed that the spreading lamella bumps
up as a rim, which is typical of the experimental observations. Thus,
we can conclude that the present modeling results of the drop impact
on parafilm surface without the applied voltage match the experimen-
tal results well.

Analyzing the velocity magnitude presented in the middle panel
in Fig. 7, one observes the highest values (~1.6 m/s) corresponding to

FIG. 8. Predicted 3D isometric view of the drop at the time moment of 3 ms accom-
panied by the results for the velocity magnitude, pressure, and the drop shape.

the initial moment of the drop impact onto the surface, as expected.
The velocity magnitude decays significantly as the drop spreads and
rebounds off the surface. A significant pressure increase is predicted at
the drop bottom at the initial moments. Then, pressure diminishes at
the later stages. A significant pressure increase and the nature of the
pseudo-body force distribution (the numerically implemented surface
tension) result in a relatively high drop rebound height.

Figure 8 shows a full 3D isometric view of the drop of Fig. 7 at
the time moment of 3ms (when the maximum spreading has been
reached). It also visualizes velocity magnitude, pressure field and the
drop profile. A typical rim attached to a very thin water lamella in the
middle is predicted, which is in good agreement with the experiment
in Fig. 5.

Water drop impact onto a polarized parafilm surface predicted at
the 9KV applied voltage is presented in Fig. 9. These results agree with
the corresponding experimental data in Fig. 6 in terms of the maxi-
mum spreading and rebound height. Specifically, the predicted maxi-
mum spreading diameter reaches about 8 mm compared to 8.7 mm in
the experiment, and the predicted 1.7 mm rebound height compares
to 1.9 mm in the experiment.

Comparing the experimental and modeling results with and
without the applied voltage, one can conclude that the applied voltage
changes wettability of the substrate, while velocities and pressure
remain similar. These modeling findings suggest that the application
of the voltage as high as 9kV does not change the properties of the lig-
uid. The electrowetting should be beneficial for other liquids including
those used for painting and coating.

C. Water drop impact onto Teflon

The impact tests were conducted with the 50% pre-stretched sub-
strate at the water drop impact height of 11.5 cm, which resulted in the
impact velocity of 1.44 m/s. Here, without any applied voltage, 10/10
tests resulted in drop bouncing off. Of them, two trials revealed
complete rebound after the impact on the substrate and the remaining
8 trials revealed a partial rebound. On the other hand, with the appli-
cation of 9kV, none of the trials exhibited drop rebound. This clearly
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FIG. 9. CHNS modeling results for water drop impact onto a parafilm surface with the 9kV applied voltage. The predicted drop evolution is shown in the upper panel, with red
color corresponding to the water drop and blue color corresponding to air. The velocity magnitude is illustrated in the second panel, and the pressure field during the impact in

the lower panel. The drop diameter is 2.5 mm, and the initial drop velocity is 1.44 m/s.

shows the suppressive effect of the applied electric field on the
rebound, similarly to the previously considered cases of drop impact
onto parafilm substrates.

Figure 10 illustrates the side and top views recorded during evo-
lution of the drop during impact with no applied voltage and with the
9kV voltage applied. Drop stretching by the electric field potentially
leads to formation of fingerlike features during drop receding motion.
The subsequent (to Fig. 10) time instances illustrated in Fig. 11 reveal
the side views, which demonstrate drop rebound with no voltage and
the rebound suppression due to the applied voltage.

Several preliminary experiments were also conducted at 8.5kV
for the 50% pre-stretched Teflon at the drop impact velocity of 3.16
m/s. However, some of the trials resulted in a spark close to the time
of maximum spreading of the impacting drop. It should be empha-
sized that in the static experiment used for the contact angle measure-
ment, no sparking was observed below 11 kV. This indicates a possible
arcing between the spreading drop and the electrode. Hence, the maxi-
mum applied voltage that can be safely applied might be a function of
the maximum drop spreading (and hence, the drop impact velocity)
and the applied voltage. This is an important observation, which calls
for an additional study, especially in the case of insulation at high
voltages.”’ In the present work, the sparking regimes are avoided. The
experimental results with the 8kV applied voltage to the 50%-
stretched Teflon specimen are presented in Fig. S6 in SI.

One of the important features to analyze is the drop footprint
evolution following the drop impact. The footprint evolution of the
impacted drop was traced using the results for water drop impact at
the velocity of 1.32 m/s onto the 25% pre-stretched Teflon substrate;
cf. SI (Figs. S7 and S8). The evolution of the footprint envelope
obtained from the top view (Fig. S7 in SI) with and without application
of 8.5kV voltage is depicted in Fig. 12. The centers of the drops ana-
lyzed are very close in the cases presented, with an offset of only a few
pixels in the images. It should be emphasized that due to a low con-
trast between the drop and the background, it is unclear whether the
substrate surface could be really de-wetted around the footprint center

during drop spreading. The electric force enhances spreading, which
manifests itself as an increase in the spreading envelope, which appears
to be stretched along the X axis in Fig. 13. Note that the effective enve-
lope radius is determined via the envelope area S as /S/m. Note also
that the increase in the footprint area reveals the flow component in
the direction normal to the substrate.

The envelope evolution in the case of 8.5kV is analyzed in time
in Fig. 13(a). The comparison of the effective radius of the envelope
without and with voltage is done in Fig. 13(b). Figure 13(a) reveals
that the spreading is affected by the electric field, which also triggers
some proto-fingerlike features. An increase in the effective radius due
to the applied voltage is clearly seen in Fig. 13(b). The time moment
t+ 3.0 ms corresponds to the maximal spreading along the Y (vertical)-
axis [cf. Fig. 13(a)]. After that, the footprint begins retracting through
the time moments from t+4.0ms to t+5.0ms. However, along the
X-axis, the envelope appears to be pinned at certain locations, while
still spreading at some other locations around the proto-fingerlike fea-
tures (at t+4.0 ms). This competition of stretching and receding is also
reflected by the corresponding plateau in the dependence of the effec-
tive radius on time in the case with the applied voltage [Fig. 13(b)].

Similarly to the case of drop impact onto the parafilm surface, we
have performed PFM calculations of the drop impact onto Teflon sur-
face. Figure 14 shows the CHNS predictions of the drop impact,
spreading and rebounding off the 50%-stretched Teflon surface
(0.081 mm thick) at the 9kV applied voltage. Red color in the upper
panel depicts the drop shape evolution, and blue color shows the gas
phase (air). The thin green layer at the bottom in the insets with the
isometric views of the impacting drop depicts Teflon dielectric layer,
where the potential difference between 0kV and 9KV is applied. The
second panel in Fig. 14 shows velocity magnitude, whereas the last one
presents the pressure field during the impact. The maximum spread-
ing distance of 6.9 mm and the maximum rebound height of 2.0 mm
were predicted. The predicted drop shape evolution during the impact
is in good agreement with the experimentally observed one (cf.
Fig. 10). In particular, the experiment (cf. Fig. 10) reveals the
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t+1.0ms t+2.0ms t+4.0ms t+6.0ms

t+8.0ms t+10.0ms t+12.0ms t+14.0ms t+16.0ms

FIG. 10. Snapshots of water drop impact onto the 50% pre-stretched Teflon substrate. Rows 1 and 2: no applied voltage; the side and top views, respectively, through the
time moments t to t+6 ms (with t being the moment of drop impact). Rows 3 and 4: 9kV applied voltage; the side and top views, respectively, through the time moments t to t
+6ms. Rows 5 and 6: no applied voltage; the side and top views, respectively, through the time moments t+8 to t+16 ms. Rows 7 and 8: 9kV applied voltage; the side and
top views, respectively, through the time moments t+8 to t+ 16 ms. The average initial diameter of the drops is 2.5 mm. The inter-electrode distance is 1.5cm. The 9kV volt-
age is applied to the right-hand side electrode. The average velocity of drop impact is 1.44 m/s. The acquisition frame rate is 2000 fps. Scale bar is 2mm. The dimensionless
groups are We =72.0, Oh =0.002, K =864.8, and Bog = 1.4.
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t+20.0ms t+24.0ms t+28.0ms t+32.0ms

FIG. 11. Snapshots of the side views of the water drop impact (subsequent to the snapshots shown in Fig. 10) onto the 50% pre-stretched Teflon substrate. Rows 1 and 2: no
applied voltage, through the time moments from t+20 to t+32ms (with t being the drop impact moment). Rows 3 and 4: 9kV applied voltage (the electric field strength of
6 > 10° V/m) through the time moments from t+20 to t+32ms. The average drop diameter is 2.5 mm. The inter-electrode distance is 1.5 cm. The 9KV voltage is applied to
the right-hand side electrode. The average velocity of drop impact is 1.44 m/s. The acquisition frame rate is 2000 fps. Scale bar is 2mm. The dimensionless groups are
We =72.0, Oh=0.002, K=864.8, and Bog = 1.4.

maximum spreading distance of 7.6 mm at the time moment t +4 ms corresponding to the initial moments of the drop impact onto the sur-
and the maximum rebound height of 2.3 mm at the time moment t face, as expected. The velocity magnitude decays significantly as the
+ 15 ms. Analyzing the velocity magnitude presented in the middle drop spreads and rebounds off the surface. A significant pressure
panel of Fig. 14, one observes the highest values (1.6 m/s) increase can be observed at the bottom of the drop at the initial impact
sop t+1ms so; t+2ms so, t+3ms so; t+4ms 591 t+5ms
25 25 25 25 25
€ T T = 3
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FIG. 12. Evolution of the water drop footprint envelope during spreading on the substrate after an impact at the moment t as observed experimentally in the top view. Black
line corresponds to the case of no applied voltage, while red line to the case of 8.5kV applied voltage (the electric field strength of 5.67 x 10° V/im). The +8.5kV electrode is
applied on the right-hand side, while the grounded electrode is on the left.
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FIG. 13. (a) Evolution of the water drop envelope footprint during spreading on the substrate after the impact at time t. The case of 8.5kV applied voltage (the electric field
strength of 5.67 x 10° V/m). (b) The effective radius of the envelope vs time. The +8.5kV electrode is applied on the right-hand side, while the grounded electrode is on the
left.

moments, which changes to a relatively uniform pressure distribution
at the later stages.

Analyzing the modeling results of the drop impact onto the par-
afilm and Teflon surfaces, one can conclude that the applied voltage
facilitates the electrowetting on both materials. The latter affects drop
spreading and diminishes/suppresses bouncing off from the surface.

D. Water drop impact onto polypropylene

Water drop impact onto a polypropylene substrate with the
impact velocity of 1.44 m/s did not reveal any rebound. Five trials
were conducted with and without applied voltage and they revealed a
similar behavior. The representative trial with no applied voltage is

illustrated in Fig. 15. This result corresponds to the partial hydropho-
bicity of polypropylene substrates. Furthermore, with the applied volt-
age of 8.5kV, the results reveal the lamella stretching in the direction
of the electric field (cf. Fig. 16) similarly to the Teflon and parafilm
substrates. The stretching results in formation of small fingers pro-
truding toward the electrodes, and one of them left a small secondary
droplet during the receding stage.

E. N-butanol drop impact onto polypropylene

The experimental results for the n-butanol drop impact onto
polypropylene are shown in Figs. 17 and 18. The average velocity of
the drop impact was 2.50 m/s, which results in the prompt splashing.
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FIG. 14. CHNS predictions for water drop impact onto the 50%-stretched Teflon surface with the 9kV applied voltage. The predicted drop evolution (the upper panel), with red
color being the water drop and blue color being air. Velocity magnitude (the second panel) and the pressure field during the impact (the lower panel). The drop diameter is
2.5mm, and the initial drop velocity is 1.44 m/s.
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FIG. 15. Snapshots of water drop impact onto a polypropylene substrate without electric field applied. Rows 1 and 2: the side and top views, respectively, through the time
moments t to t+12ms (with t being the moment of drop impact). Rows 3 and 4: the side and top views, respectively, through the time moments t+ 16 ms to t+28 ms. Scale
bar is 2mm. The top- and side-view cameras are synchronized with the acquisition frame rate of 2000 fps. The dimensionless groups are We =72.0, Oh=0.002, and

K=2864.8.

The splashing with many secondary droplets is clearly visible in both
the top and side views in Figs. 17 and 18, respectively. These results
were obtained with the 8.5kV voltage applied.

The cases without applied voltage consistently revealed
prompt splashing in all azimuthal directions with 28-35 secondary
droplets ejected. In contrast, when voltage has been applied, the
total number of secondary droplets reduced to 13-18. The count is
based on the visualization of 5 trials, as observed in the top view. It
should be emphasized that in the present case at the resolution of
29 um/pixel (top view), smaller secondary droplets reported in
prompt splashing”' would not be visible. In the case of n-butanol
drop, the values of K=2153.1 and We =379 can be compared to
K=2864.8 and We =72 for water drop with the impact velocity of
1.44 m/s considered above. However, the water drop impact with
the velocity of 3.16 m/s (discussed in SI) reveals the values of
K=4167.9 (higher than K=2153.1 for n-butanol) and We =347,
albeit such an impact did not result in any prompt splashing. This
is in concert with the fact that the K-parameter alone could not
predict the threshold to prompt splashing, and interfacial

properties such as roughness and wettability also affect prompt
splashing.”*

Furthermore, it was noticed that with the electric field applied
unique features could be observed. In particular, the dynamics of
spreading depends on the azimuthal direction (cf. Fig. 17, the bottom
row). In the direction perpendicular to the direction of the applied
electric field (the vertical direction in Fig. 17), the prompt splashing
was diminished, whereas in the direction of the electric field, the
prompt splashing was suppressed (along the left and right arcs in
Fig. 17, in the bottom row). Note also that there are no detached sec-
ondary droplets visible in or near the visualization plane in the side
view (cf. Fig. 18, the right-hand side column). One can see the shades
of secondary droplets (cf. Fig. 18, the right-hand side column) which
fly toward and away from the plane of visualization, as expected for
the droplets moving in the perpendicular direction seen in the top
view (cf. Fig. 17, the bottom row). Furthermore, the lamella spreading
was also significantly different toward the cathode vs the anode (cf.
Fig. 17, top view). Toward the cathode (the grounded electrode),
the spreading revealed the long finger formation (along the blue arc in
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FIG. 16. Snapshots of water drop impact onto a polypropylene substrate with the 8.5kV voltage applied (the electric field strength of 5.67 x 10° V/m). Rows 1 and 2: the side
and top views, respectively, through the time moments t to t + 12 ms (with t being the moment of drop impact). Rows 3 and 4: the side and top views, respectively, through the
time moments t+ 16 ms to t+ 28 ms. Scale bar is 2mm. The right-hand side electrode is +8.5kV (anode) and the left-hand side one is grounded (cathode). The top- and side-
view cameras are synchronized with the acquisition frame rate of 2000 fps. The dimensionless groups are We = 72.0, Oh = 0.002, K = 864.8, and Bog = 1.2.

Fig. 17, the bottom row). However, most of these fingers did not
detach from the primary drop and were eventually engulfed by the
spreading rim. Toward the anode (where positive voltage was applied),
the spreading n-butanol drop did not display any finger formation
(along the green arc Fig. 17, bottom row).

The rim of the expanding drop in Fig. 17 reveals some color fea-
tures. This could be attributed to rainbow-like formation due to the
different refractive indices of different colors. The optical caustics
structures depend on the local shape of liquid element and the number
of refractions-reflections at the interface leading to secondary, tertiary,
or higher-order rainbow formation.****

Air entrapment was observed near the rim of the spreading n-
butanol drop in some cases with the applied voltage. The top view in
one of such cases is shown in Fig. 19. It should be emphasized that
such bubble entrapment is unlike the entrapment of a central bubble,
i.e., this behavior is radically different from the “impact bubble” and
“entrapped bubble” reported in Ref. 44. The entrapment of additional
bubbles around the lamella rim observed here with the applied voltage
is discussed in more detail below.

It can be observed from the comparison of the side views that at
the time moment t the lamella is pulled to the right in the case of the
applied voltage (in Fig. 18, the right-hand side column) compared to
the case without the electric field (in Fig. 18, the left column).
Furthermore, in the next frame at t+0.5ms with the applied voltage
(cf. Fig. 18), the left side of the lamella has also underwent significant
elongation, while still being intact and connected with the main drop.

Comparing the simultaneous side and top views in the present
results, one can recognize lamella detachment from the surface. For
prompt splash, one can observe secondary droplet formation from
only the extended jets issued from the lamella spreading on the sur-
face. The present results do not feature 2 typlcal corona splash, but
rather remind splash with a short corona.”

The observed suppression of formation of secondary droplets in
the direction of the electric field ascertains the importance of the air
layer underneath the expanding liquid lamella. According to the obser-
vations in Ref. 45, splashing of any type appears when two simulta-
neous conditions are met—one of them being the formation of an
ejected lamella which is detached from the substrate, and the second
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FIG. 17. Snapshots of the top view of n-butanol drop impact (the average diameter of 1.87 mm, the impact velocity of 2.50 m/s) onto a polypropylene substrate. Row 1: no
applied voltage. Row 2: with the applied voltage of 8.5kV (the electric field strength of 5.67 x 105 VIm); the right-hand side electrode is +8.5kV (anode) and the left-hand side
one is grounded (cathode). The blue arc indicates the direction where no splashing secondary droplets were observed, while fingers were seen. The green arc indicates the
direction where neither splashing secondary droplets, nor fingers were observed. Scale bar is 2mm. The top-view camera here and the side view camera (cf. Fig. 18) are syn-
chronized with the acquisition frame rate of 2000 fps. The dimensionless groups are We = 379.0, Oh = 0.013, K=2153.1, and Bog =2.7.

one being the requirement that the lamella front possesses a suffi-
ciently high vertical velocity to avoid rewetting.”” The criterion for
splashing relating the total lift force to the surface tension retraction
is the so-called f parameter.” The parameter is defined as f3

Fp /2y, where Fy is the lift force per unit length (in the direction
perpendicular to the lamella cross-section: cf. the inset in Fig. 20), and
y is the surface tension of liquid. The critical value of f# above which
splashing was observed in many experiments was ~0.14.”>" In the
present case, it can be assumed that the aerodynamic lift acting on the
lamella is also opposed by the electric Coulomb force due to the ion
redistribution in the liquid, as is schematically depicted in the inset in
Fig. 20.

With the application of the electric field, the ions present in the
initially electroneutral n-butanol drop are attracted to the electrodes
with the opposite polarity. The charge relaxation time* expressed in
the SI units is 7. = €& /g (where ¢ is relative dielectric constant of the
liquid, & is the dielectric permittivity of vacuum, and ¢ is the electrical
conductivity of the liquid). This is the characteristic timescale of the
ion redistribution. For n-butanol'®"" & ~ 18 and ¢ ~ 2 x 107° S/cm,

which yields 7, ~ 1 pus. This is significantly lower than the characteris-
tic timescale of the prompt splashing (~0.1-1 ms). Hence, for all the
time moments observed in the present experiments, the free charges
are concentrated along the free surface according to the applied electric
field, i.e., the drop behaves as a perfect conductor with the charge car-
riers concentrated at the free surface and screening the electric field
inside liquid. Accordingly, the situation depicted in Fig. 20 arises. This
electric force acting on the ions counteract the surface tension, which,
otherwise, would facilitate a further deformation of the liquid surface.
It is interesting to note that the drop side facing the positive electrode
does not reveal too much deformation or finger formation. This can
possibly be due to early wetting of the surface in combination with the
lower mobility of anions compared to the cations. Moreover, this addi-
tional effect of the lamella attraction to the substrate caused by the
applied voltage can result in the lamella impact onto the surface
accompanied by bubble entrapment observed along the rim, as dis-
cussed previously in relation to Fig. 19.

Furthermore, without the applied voltage, there is no observed
lamella spreading from 20 to 50 ms. On the other hand, the lamella
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FIG. 18. Snapshots of the side view of n-
butanol drop impact (the average diameter
of 1.87 mm, the impact velocity of 2.50 m/s)
onto a polypropylene substrate. Left col-
umn: no applied voltage. Right column: the
applied voltage of 8.5kV (the electric field
strength of 5.67 x 10° V/m), the right-hand
side electrode is +8.5kV (anode) and the
left-hand side one is grounded (cathode).
Scale bar is 2mm. The top-view camera
(cf. Fig. 17) and the side-view camera here
are synchronized with the acquisition frame
rate of 2000 fps. The dimensionless groups
are We=2379.0, Oh=10.013, K=2153.1,
and Bog =2.7.

spreading in the case with the electric field applied continues for sev- an approximate area analysis can be done, and the result is shown in
eral seconds, as is seen in Fig. 21. The drop profile seen from the side Fig. 22. It reveals the corresponding increase in the area of the drop
view reveals a gradual increase in size during the observation time. In spreading resulting in an increased effective radius of the envelope
the top view, the drop profile becomes nearly transparent, after voltage application. Furthermore, similarly to the side view, the
which makes it difficult to visualize it with a good contrast. However, effective area reveals a gradual increase in time with no signs of

t t+1.0ms t+5.0ms

t+50.0 ms

t+ 10. ms

FIG. 19. Snapshots of the top view of n-
butanol drop impact (the average diameter
of 1.87 mm, the impact velocity of 2.50 m/s)
onto a polypropylene substrate with the
applied voltage of 8.5kV (the electric field
strength of 567 x 10° V/im). The red
arrows indicate the entrapped air bubbles in
the spreading lamella. Scale bar is 2 mm.
The right-hand side electrode is at +8.5kV
(anode) and the left-hand side one is
grounded (cathode). The acquisition frame
rate is 2000 fps.
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saturation within the observation period. In contrast, without voltage
being applied, the radius saturation was observed beyond 20 ms (cf.
the inset in Fig. 22).

F. Motor oil drop impact on Teflon

The experiments with motor oil drop impact were conducted on
the 25% pre-stretched Teflon substrate. The spreading dynamics was
gradual with the contact angle changing slowly in time from t+2 s to
t+3.5 s in cases without the electric field applied (cf. Fig. 23, the top
row). The spreading was accelerated with the application of the 8.5kV
voltage as seen in Fig. 23 (the bottom row). Taking the relative dielec-
tric constant of motor oil® ~2.3 and electrical conductivity"’ ~2
x 107 S/cm, the charge relaxation time of motor oil 7, ~ 1ms.
Further, viscosity of motor oil is relatively high™ ~50 cP, resulting in a
slow evolution observed in Fig. 23.

The diminished contact angle in the case with the electric field
applied (cf. the top and bottom rows in Fig. 23) reveals the electrowet-
ting effect on the drop spreading.

FIG. 21. Evolution of the n-butanol drop (the average diameter of 1.87 mm, the
impact velocity of 2.50 m/s) spreading on a polypropylene substrate after the impact
at time t with the 8.5kV applied voltage. Blue arrows indicate the approximate posi-
tion of the leading edge of the lamella front. The right-hand side electrode is at
+8.5kV (the anode) and the left-hand one is grounded (the cathode). The acquisi-
tion frame rate is 2000 fps.
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FIG. 20. Schematic of the drop impact
with liquid lamella ejected during the initial
phase and affected by the applied voltage
(E is the electric field strength). The inset
shows the expected charge redistribution
along the lamella surface with an effective
Coulomb force F. acting toward the
grounded electrode and counter-acting the
lift force Fy.

IV. CONCLUSION

The dynamic evolution of drops impacting onto a dielectric sub-
strate is in focus here, with the effect of the electric field on drop
spreading being the main aim. Drop impacts of water, n-butanol, and
motor oil were experimentally investigated onto different substrates—
parafilm, pre-stetched Teflon, and polypropylene—with and without
electric field applied. The experiments demonstrated that the electric
field can significantly suppress drop rebound observed in the case of
water.

The impact of water drops onto parafilm, pre-stretched Teflon,
and polypropylene substrates was also modeled numerically by means
of the phase-field model (PFM) using the Cahn-Hilliard—Navier
—Stokes (CHNS) simulations. The predicted steady-state drop shapes
on substrates without and with the applied voltage were in good agree-
ment with the experimental observations. Moreover, the maximum
spreading of water lamellae on the substrates was accurately predicted,
as well in the case of drop bouncing, the bouncing height has been pre-
dicted in close agreement with the present experimental data.

With the application of the electric field, surface coverage by lig-
uid can be enhanced for water and hydrocarbon liquids. In particular,
the experiments demonstrated that in the case of drop impact of
n-butanol, the results revealed a partial suppression of prompt
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FIG. 22. Comparison of the effective radius of n-butanol drop obtained using the

spreading envelope observed in the top view with and without the applied voltage.
The inset shows the zoomed-in view in the case without voltage.
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FIG. 23. Motor oil drop spreading on the 25% pre-stretched Teflon substrate. The average drop diameter is 2.40 mm, the impact velocity is 1.47 m/s. The drop impact hap-
pened at time t. Top row: no electric field applied, and bottom row: the applied voltage of 85KV (the electric field strength of 5.67 x 10° V/m). The right-hand side electrode is
at +8.5kV (the anode) and the left-hand one is grounded (the cathode). The acquisition frame rate is 1000 fps. The dimensionless groups are We =150.0, Oh=10.2,

K =285.5, and Bog = 2.9.

splashing. The splash formation was nearly completely suppressed
in the direction of the applied electric field. On the other hand, in
the perpendicular direction, the splash formation was minimally
affected. For hydrocarbon liquids, in particular, n-butanol or
motor oil, the coating size could be increased in several seconds of
the voltage application.

Also, the electric field diminishes propensity to the prompt
splash. It affects formation of fingers at the receding stage and can
suppress fingering in some cases. These phenomena are attributed
to rapid (~1 us compared to splashing ~1 ms) ion redistribution
to the free surface of detached liquid lamella and the emergence of
an electric Coulomb force which attracts the lamella back to the
substrate polarized by the electric field applied. Such a re-
adjustment of the lamella to the substrate can be accompanied by
tiny bubble entrapment.

Accordingly, polarization of such substrates as parafilm, pre-
stretched Teflon, polypropylene, and potentially many other dielectric
substrates, by an applied electric field, which facilitates the electrowet-
ting phenomena, can be utilized in spraying of aqueous or
hydrocarbon-based paints to increase surface coverage with less paint
being used. In the present work, the focus is on pure liquids which
revealed significant electrowetting phenomena triggered by the appli-
cation of the electric field resulting in an enhanced spreading on polar-
ized surfaces. Paints are suspensions of paint pigments in water or
non-aqueous liquids. The effect of pigment particles on electrowetting
of paints on polarized substrates deserves a detailed investigation in
future work.

SUPPLEMENTARY MATERIAL

See the supplementary material for the experimental information
on the surfaces utilized, preliminary experimental results, and model-
ing information.
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