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Macro-sized droplets adhering to non-wetting surfaces, a phenomenon referred to as progressive flood-
ing, is one of the major problematic issues found on a superhydrophobic condenser, which reduces the
heat and mass transfer performance. Utilization of an electric field on superhydrophobic surfaces can
potentially address this problem. In this study, a water droplet is placed on a superhydrophobic plate
which is in parallel to another plate. A positive electrode and a ground line are connected to the bottom
plate and the top plate, respectively. The droplet motion is recorded by a high-speed camera and ana-

gﬁ‘;‘gds" lyzed in sequential frames. This work aims to investigate the electrical voltage threshold, the electric field
Droplets threshold and the droplet charge required to remove a macro-sized droplet from a superhydrophobic sur-
Electric field face. The results show that with an increase in gap width, both the electrical voltage threshold and the
Jumping electric field threshold increase, while the droplet charge decreases. Additionally, the results of this study

also reveal a constant electrostatic force acting on droplets in the air and the maximum electrostatic force
acting on droplets on the superhydrophobic surface regardless of the gap width and of applied electric
field intensity. This work can offer a platform for improving the performance of self-cleaning surfaces,

Superhydrophobic surface

thermal diodes/switches and anti-icing surfaces.

© 2017 Elsevier Ltd. All rights reserved.

1. Introduction

Condensation heat transfer processes can be found in thermal
management systems [1,2], power generation systems [3] and
water harvesting systems [4]. On a non-wetting surface, small
spherical condensates, the result of dropwise condensation, have
the potential to enhance heat transfer much more than filmwise
condensation [5-7]. When droplets coalesce on the surface, excess
surface energy converts to kinetic energy leading to a jumping phe-
nomenon of coalescing droplets [8-12]. These departing droplets
leave new spaces on the surface which can be exposed to the con-
tinuing water droplet condensation process [13,14], enhancing
heat transfer by 30% compared to the normal dropwise condensa-
tion [15,16]. However, gravitational force and vapor flow around
the surface can cause jumping droplets to return to the surface
[17]. These returning droplets can either coalesce with other
neighboring droplets on the surface and jump again, or adhere to
the surface. As time progresses, the size of these adhering droplets
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become larger, leading to progressive flooding. As a result, conden-
sation heat transfer will be degraded [18]. Electric fields applied
between two parallel plates to remove droplets adhering to the
surface is one potential method to solve this problem. A number
of studies are carried out to investigate the electrostatic-induced
jumping water droplets in both horizontal and vertical directions
with various electric fields and gap widths.

In the study by Takeda et al. [19], a DC high voltage power sup-
ply connected to the glass-coated superhydrophobic surface was
used to create a strong vertical electric field between two parallel
plates with a gap width of 10 mm. The results showed that a 2-mm
diameter droplet can jump to the top plate when a 9 kV voltage
was applied. Roux et al. [20] also investigated saturated NaCl solu-
tion droplets and 0.5 M NaCl solution droplets on a non-wetting
surface in a light-mineral-oil condenser with applied electric fields.
Droplets were placed on the surface with the gap width of 33 mm.
Mineral oil has the specific density of 0.84, the relative permittivity
(&) of 2.11 and the electrical conductivity (¢) of 396 x 107> S/m.
The electric field thresholds of four different droplet sizes were
revealed. The results showed that a saturated NaCl solution droplet
with a maximum diameter of 1.5 mm required at least 175 V/mm
to depart from the surface, while only 125 V/mm was required to
induce the jumping of the less condensed 0.5 M NaCl solution
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Nomenclature

A droplet cross-sectional area [m?]
Cp drag coefficient [-]

E electric field [V/m]

Fap maximum adhesion force [N]
Fw gravitational force [N]

Fp drag force [N]

Fg electrostatic force [N]

Fg buoyancy force [N]

Fes maximum electrostatic force [N]
g gravitational acceleration [m/s?]
L gap width between two plates [m]
Q droplet average charge [C]

Re Reynolds number [-]

To droplet radius [m]

Te contact radius [m]

t time duration [s]

% electrical voltage [V]

Vy droplet volume [m?]

Ug droplet velocity [m/s]

We Weber number [-]

€ medium fluid permittivity [F/m]
& relative permittivity [-]

0 contact angle [°]

Ocr critical contact angle [°]

U air viscosity [kg/ms]

Pa air density [kg/m?]

Pw water density [kg/m?]

Y water-air surface tension [N/m]

g medium fluid conductivity [S/m]
T relaxation time [s]

droplet. In addition, Khayari et al. [21] studied dynamics of a water
droplet in corn oil in a vertical electric field. The density of the corn
oil is 916 kg/m3, while the permittivity (¢) and the electrical con-
ductivity (o) are 26.9 x 107'2 F/m and 19x10~'2 S/m, respectively.
The drop radius was 1.337 mm resting on a steel electrode, and the
fixed gap width was 20 mm. Their results showed that the electric
field threshold for lifting the droplet was approximately
170 V/mm. Furthermore, Khayari and Perez [22] experimentally
and theoretically studied the charge acquired by a spherical ball
bouncing on an electrode. Three medium fluids, namely
corn oil (relative permittivity (¢&)=3.04-3.11, conductivity
(0) =26.2-60.8 x 1072 S/m), sunflower oil (relative permittivity
(&) =3.04-3.07, conductivity (c)=11.0-14.3 x 10712S/m), and
isopar (relative permittivity (&)=2.0, conductivity
(6)=70-317 x 107'2S/m) were used. The gap widths were
20 mm and 40 mm. The three types of spherical balls were made
from a plastic covered by aluminum sheets with the radius of
4mm, and made from aluminum sheets with the radii of
3.25mm and 2.33 mm. The experimental results of the electric
field threshold ranged between 346 V/mm and 403 V/m. Addition-
ally, the electrical voltage threshold ranged between 7.1 kV and
16.1 kV. With the same medium fluid and the same gap width,
when the droplet size increased, the voltage threshold and the
electric field threshold increased. Moreover, Jung et al. [23] studied
small water droplets in silicon oil in a horizontal electric field.
While the density of the silicon oil is 957.24 kg/m>, the permittiv-
ity (¢) and the electrical conductivity (o) are 24.35 x 1072 F/m and
1 x 10713 S/m, respectively. The radius of the droplets ranged from
0.363 mm to 0.726 mm, and the gap width was 10 mm. The results
showed that the electrical charging process depended on the elec-
tric field strength and the size of a droplet. However, due to the
horizontal electric field and the horizontal motion of the droplet,
the electric field threshold was not studied. Jalaal et al. [24] also
investigated falling water droplets in transformer oil with an
applied horizontal electric field. The density of the transformer
oil is 841.9 kg/m>. The relative permittivity (¢;) and the electrical
conductivity (¢) are 2.1 and 3.3 x 107!2 S/m, respectively. The dro-
plet diameters ranged from 0.3 mm to 3.5 mm. They found that a
high voltage electrode pulled the droplet (i.e. the droplet gained
the positive charge after touching the electrode and jumped away
due to the electrophoretic force) as the droplet passed through the
electric field. Their results also showed that an applied voltage of
6 kV was required to move droplets of 1 mm and 2 mm in diameter
between two electrodes, but an electrical voltage of 7.5 kV was
needed for droplets with a diameter of 3 mm.

Although the previous studies demonstrated that the electric
field can be used to move droplets in various medium fluids and
at different fixed gap widths, there is still a lack of understanding
of the effects of the electric field threshold and the droplet charge
on droplets resting on the superhydrophobic surface with air as the
medium fluid. Therefore, this study aims to investigate the effects
of the electrical voltage threshold, the electric field threshold and
the droplet charge required to remove a macro-sized droplet on
a superhydrophobic surface at varying gap widths when air serves
as the medium fluid, an area of research which has never been
studied before. Moreover, this study is the first study to reveal
the electrostatic forces acting on a droplet both in mid-air and on
the electrode before lift-off, leading to new understanding of the
droplet dynamics in the electric field. Additionally, the charge
relaxation time and the lift-off mechanism are discussed and com-
pared with other previous studies. The results of the current study
not only can shed more light on the issue of progressive flooding,
but also can provide further research value to the areas of self-
cleaning [25], thermal diodes [26,27], anti-icing [28] and conden-
sation heat transfer [29].

2. Review of theoretical work

In this section, previous research on coalescing jumping dro-
plets is chronologically and briefly presented in order to provide
insight of some major findings in this field. Then, the fundamental
physics of the droplet dynamics in an electric field, namely forces
acting on a droplet, the lift-off mechanism and charging relaxation
time, from previous similar studies are illustrated for later discus-
sion in the current work.

2.1. Background of the coalescing jumping droplets

A great deal of research has been conducted on the coalescence
of droplets and the jumping mechanism over the past five years.
The following are findings from some important research in this
field, presented chronologically. Boreyko and Chen [8] reported
that dropwise condensates can coalesce with each other and self-
jump from a non-wetting surface as a result of the conversion of
excess surface energy to kinetic energy. The coalescing jumping
phenomena of two individual drops was observed and the
inertial-capillary velocity of such jumping was developed. A study
by Nam et al. [9] also showed that a quick increase in kinetic
energy of the merging droplets was caused by low pressure at a
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liquid bridge and high pressure at the bottom of the droplets. The
changes in kinetic energy, surface energy, potential energy and vis-
cous dissipation energy of the merging droplets as a function of
time were highlighted. In addition, Liu et al. [10] conducted a lat-
tice Boltzmann simulation based on the pseudo-potential lattice
Boltzmann model. Due to numerical instability related to the high
fluid density ratio and the viscosity ratio, the equation of state was
modified and the multiphase relaxation time method was used.
The results showed that when the droplet radius was smaller than
50 pum, the jumping velocity increased with an increase in the dro-
plet radius. However, the jumping velocity decreased with an
increase in the droplet size when the droplet radius was larger
than 50 pm. These results were in line with experimental results
observed in [8]. Moreover, the results obtained from the qualitative
analysis showed that the coalescing jumping mechanism can only
occur on a sufficiently-high-contact-angle superhydrophobic sur-
face [10]. Later, Liu et al. [11] ran numerical simulations on the
coalescing mechanism. The 3D two-droplet coalescence processes
on a flat surface and in the air were illustrated, and the velocity
of a coalescing droplet as a function of time and Ohnesorge number
was shown. Enright et al. [12] also experimentally and numerically
studied the coalescing droplet velocity and the internal flow
momentum during such mechanism. The results showed that only
6% of excess surface energy was converted to kinetic energy. These
jumping incidents of coalescing droplets can enhance the conden-
sation heat transfer.

2.2. Forces acting on a droplet

Coalescing jumping droplets are forced to return to the lower
substrate due to the gravitational force and vapor flow near a
superhydrophobic surface. Some of these returning droplets
adhere to the surface and continue to grow in size, leading to pro-
gressive flooding. To permanently remove macro-sized droplets
resting on the superhydrophobic surface, an applied external force
is required to overcome the adhesion force on the surface, the grav-
itational force due to the droplet volume and the mid-flight drag
force. In an electric field, this applied external force is solely the
electrostatic force. In this section, a review of theoretical work on
the electrostatic force along with other forces acting on macro-
sized droplets is presented in order to provide basic understanding
of the force analysis of the droplet dynamics in the electric field.

Roux et al. [20] explained that the droplet resting on the sub-
strate of the electrode can acquire Maxwell’s charge. This charge
was categorized as induction charging because the contact poten-
tial charging was neglected due to the large particle size (i.e. larger
than 1 pm) [30]. The results of the droplet charge in Roux et al.’s
study [20] were in line with a modified mathematical model that
was originally proposed by Lebedev and Skal’skaya [31]. Khayari
et al. [21] also calculated the initial charge of the droplet particle
from Maxwell’s charge. However, it should be noted that Maxwell’s
charge is valid if and only if the radius of the particle (rp) is much
less than the gap width between two parallel electrodes (L).

In terms of force analysis, Takeda et al. [19] stated that resis-
tance forces in this experiment consisted of adhesion and gravita-
tional forces. Both depended on the size of the droplet, but the
adhesion force relied on the contact line, while the gravitational
force varied with the volume of the droplet. In other words, when
the droplet size increased, the electric field threshold also
increased. Thus, in order to lift up the macro-sized droplets, the
electrostatic force must be higher than the sum of the gravitational
and adhesion forces. Moreover, Roux et al.’s study [20] described
four forces acting on a droplet on a substrate prior to lift-off. The
first force is the coulombic force or the electrostatic force. The sec-
ond one is the gravitational force due to the droplet volume. The
third force is the buoyancy force, and the last one is the reaction

force from the substrate. The similar analysis was reported in the
study by Khayari et al. [21]. However, the two studies differ in their
methods of determining the electric field threshold [20,21]. The
electric field threshold in [20] was determined when the droplet
started lifting with zero adhesion force, while the threshold in
[21] was calculated using all forces including the adhesion force.
Moreover, it should be noted that studies [20,21] lacked an analy-
sis of forces acting on the airborne jumping droplets. In the study
by Jung et al. [23] where the charging droplet moved horizontally
in a horizontal electric field, forces acting on an airborne moving
droplet were considered. Only the drag force and the electrostatic
force were taken into account. Moreover, creeping flow was
assumed and the drag force was determined using the
Hadamard-Rybczynski solution. The results showed that the elec-
trical charge of the droplet is directly proportional to the dynamic
viscosity of the medium fluid, the droplet velocity and the droplet
radius, and is inversely proportional to the applied electric field.
This means that when the electric field increases, the droplet
charge decreases in the horizontal electric field.

2.3. The lift-off mechanism

Apart from the force analysis, the lift-off mechanism of a dro-
plet on a substrate is also crucial. In Khayari et al.’s study [21], a
steel electrode was placed in corn oil. At the beginning, it was
observed that, without the electric field, the geometry of the dro-
plet was spherical with a contact angle of 160°. When the electric
field threshold of 170 V/mm was applied, the contact angle
decreased to 115°. This lift-off mechanism was also studied by
Gliere et al. [32]. As the electric field approached the threshold
value, the droplet elongated. As a result, the contact angle
decreased, leading to an increase in the adhesion force between
the droplet and the surface of the electrode. The study [32] also
showed that when the receding angle or 90° contact angle was
reached due to the applied electric field, the contact line between
the interface and the electrode collapsed resulting in the droplet’s
lift-off, and this amount of the applied electric field was called the
electric field threshold. Moreover, determining the electrostatic
force and the adhesion force of a droplet at the substrate of the
electrode can provide more insight into the lift-off mechanism.
To do so, the contact radius of a droplet on the superhydrophobic
surface needs to first be determined. As illustrated in Fig. 1a, with-
out an applied electric field, a droplet rests on the superhydropho-
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Fig. 1. A schematic diagram of the droplet lift-off mechanism, (a) a droplet on the
superhydrophobic surface without an electric field, (b) an elongated droplet before
lift-off on the superhydrophobic surface with an electric field.
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bic copper plate. The contact radius of the droplet (r.) can be deter-
mined using the trigonometric function of the contact angle (0) and
the droplet radius (ro) (i.e. rc = rosinf). When an electrical voltage is
supplied to the parallel plates, an electric field is created. Fig. 1b
shows the elongated droplet when the electric field threshold is
reached [32]. The maximum adhesion force can be acquired from
Eq. (1).

Fap = 27rcy sin 0. (1)

In this equation, y and 6. represent the surface tension of a
water droplet and the critical contact angle before lift-off in the
electric field, respectively. On the superhydrophobic surface, when
an electric field threshold is applied, the maximum adhesion force
(Fap), the gravitational force (Fy) and the maximum electrostatic
force (Fgs) act on the droplet. For the droplet to lift-off, the maxi-
mum electrostatic force needs to overcome the summation of the
other two forces (i.e. Fgs = Fap + Fw). Eq. (1) will be used for analy-
ses and discussions in later sections.

2.4. Charging relaxation time

When a droplet departs from the substrate surface due to the
lift-off mechanism mentioned in the previous section, the amount
of droplet charge, in some cases, decreases. This is due to the high
electrical conductivity of the medium fluid used in a system com-
pared to its own permittivity. In the study by Khayari et al. [21],
corn oil which has the electrical conductivity (¢) of 19 x 107125/
m and the permittivity (&) of 26.9 x 101> F/m was used as the
medium fluid. After lift-off, the droplet charge started decaying.
This phenomenon is caused by charging relaxation time () which
can be determined from the permittivity (¢) and the conductivity
(o) of a medium fluid as shown in Eq. (2) [33,34]. This equation will
be used in the later sections for analyses and discussions.

&
T==. 2)

3. Experimental procedures
3.1. Surface fabrication

Although there are many methods to fabricate superhydropho-
bic surfaces [35-37], dipping the substrate into chemical sub-
stances is one of the most cost-effective and time-efficient
methods [38]. In this study, the fabrication method proposed by
Larmour et al. [39] is adapted. To fabricate a superhydrophobic sur-
face, 0.01 M of silver nitrate solution (AgNOs) [40] is used as the
nano-coating substance, and 1mM of heptadecafluoro-1-
decathiol CF3(CF,);CH,CH,SH) called HDFT in dichloromethane
(CH,Cl,) [41] is used as the water repellent agent.

At the first step of superhydrophobic surface fabrication, the
surface of a small copper plate 36 mm x 36 mm x 3.5 mm is pol-
ished using abrasive papers. A 500-grit abrasive paper is applied
first followed by 600, 800, 1000, 1200, 1500 and 1600. After apply-
ing a 1500-grit sandpaper, the color of the surface should be pink-
ish gold in color. In this step, all parts of the surface should be
polished equally, otherwise, an inclined plane or a bowl shape
may occur. After that, the polished copper plate is placed in ace-
tone solution for 10 min to degrease and ethanol solution for
another 10 min to remove acetone. The plate is then rinsed with
deionized water and dried with nitrogen. It should be noted that
the flow rate of the nitrogen stream should be as light as possible
for each use in the fabrication procedure. The copper plate is then
placed in silver nitrate solution for 10 min. The surface of the cop-
per plate looks very black at this step because nano-textured silver
is deposited on the copper plate. The plate is rinsed with deionized

LA 157.1° RAI 154.8°

Fig. 2. The static contact angle of a water droplet on the superhydrophobic surface.

Fig. 3. The dynamic contact angles of a water droplet on the superhydrophobic
surface with the advancing contact angle of 161.74° and the receding contact angle
of 141.45°.

water and dried with the nitrogen gun. To dehydrate the copper
plate, it is again placed in 100 ml of pure ethanol for 1 min. The
plate is then gently placed in the HDFT solution for 15 min, then
submerged in pure ethanol for 1 min and dried with a nitrogen
gun.

The chemical products mentioned are bought from Sigma-
Aldrich [38,39]. The contact angle measurement is done with Digi-
drop Contact Angle meter. The average contact angle of a water
droplet is measured at 156° as shown in Fig. 2, implying that the
afore-mentioned method for fabricating a superhydrophobic sur-
face is successful. In order to identify the advancing and receding
contact angles, the measurement of the dynamic contact angles
is also performed. As shown in Fig. 3, the advancing contact angles
and the receding contact angles are 161.74° and 141.45°, respec-
tively. Additionally, Fig. 4 shows the surface roughness of the
superhydrophobic copper plate. The average surface roughness is
approximately 2.15 pm.

3.2. Experimental setup

Two parallel copper plates are placed with a specified gap. The
bottom copper plate is superhydrophobic (36 mm x 36 mm x 3
mm), while the top plate is a normal copper plate (76 mm x 76
mm x 3.5 mm). Acrylic blocks are used as stands to support the
copper plates. A high voltage (HV) DC power supply from Spellman
is used in the experiment. The positive electrode is connected to
the bottom plate, while the top plate is grounded as shown in
Figs. 5 and 6. The gap widths are set at 5 mm, 6 mm, 7 mm and
8 mm. It should be noted that the maximum voltage that can be
provided by the equipment is 6 kV.

A syringe with a Terumo needle is used to create 2-mm-
diameter droplets. The high-speed camera used is Phantom
ir300, with a maximum resolution of 800 x 600 pixels at the frame
rate of 6688 frames per second. To record the jumping droplets, a
Nikon 105 mm F/2.8 Micro-Nikkor lens is mounted on the high-
speed camera. The frame rate used during the test is 800 frames
per second. Light bulbs are required to compensate for the insuffi-
cient light. In order to determine the electrical voltage threshold,
the HV power supply is adjusted at 500-V increments until the dro-
plet starts departing from the superhydrophobic surface. Next, the
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Fig. 4. The surface roughness of the superhydrophobic surface, the scale on x-axis and y-axis showing the measured area on the superhydrophobic surface, and the legend bar

showing the surface roughness scale.
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Light
Copper Plate
Droplet
Superhydrophobic Plate - md I
//
Acrylic Blocks —
Acrylic Plate

High-speed Camera

Fig. 5. A schematic diagram of the experimental setup of the jumping droplet under the electric fields.

test is conducted with a 100-V decrease until the voltage threshold
is determined. This step is repeated 5 times. With the electrical
voltage threshold for each gap width, the experiment is also
repeated 5 times to determine the average droplet velocity and
the travelling time of the droplets.

4. Results and discussions

4.1. Study of the electrical voltage threshold and the electric field
threshold

Table 1 shows the results of the electrical voltage threshold and
the electric field threshold required to lift droplets at different gap
widths. It should be noted that the electric field threshold shown in
Table 1 is calculated based on the voltage threshold and the gap
width. It can be seen that the voltage threshold varies between
3.3 kV and 6 kV within the gap width from 5 mm to 8 mm. In
detail, when the gap width is increased by 1 mm, the voltage
threshold consistently increases by 0.9 kV, implying a linear rela-

Ground
Copper Plate

Superhydrophobic Plate

Positive

Fig. 6. The experimental setup of the jumping droplets under electric fields.

tionship between the gap width and the electrical voltage thresh-
old as shown in Fig. 7. On the other hand, the electric field
threshold non-linearly increases with an increase in the gap width.
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Table 1

The electrical voltage threshold and the electric field threshold required to lift the

droplet at different gap widths.

Gap width (mm) Voltage threshold (kV) Electric field threshold (V/mm)

5 33 660
6 4.2 700
7 5.1 729
8 6.0 750
7 A
6 R=1
5 A
3
=2 4 1
£
o
g
5 31
=
o
>
2 4
1
0
5 6 7 8
Gap width (mm)

Fig. 7. Voltage threshold at each gap width.

From a 5-mm gap width to a 6-mm gap width, the electric field
threshold increases by 40 V/mm, while an increment of 21.43 V/
mm is observed with a 1-mm increase in the gap width from 7
mm to 8 mm. Thus, the electric field increment declines as the
gap widens. If the trend in Fig. 7 continues, the maximum electric
field will reach 900 V/mm. However, it should be noted that the
non-linear increase between the electric field threshold and the

Copper plate

Superhydrophobic copper

Copper plate

Superhydrophobic copper §

50 7

40

30 1

R?=10.99709
20 1

Time duration (ms)

5 6 7 8
Gap width (mm)

Fig. 9. Jumping duration of jumping droplets at each gap width.

gap width may be due to the fringing electric fields at the edges
of the parallel plates [42].

4.2. Study of the jumping duration and the jumping velocity

In this section, the effects of the electrical voltage threshold on
jumping duration and jumping velocity are discussed. The experi-
ments are recorded by a high-speed camera, and the video is cut
into many single frames. Frames at the time the droplet departs
from the bottom plate to the top plate are counted and divided
by the frame rate. It is found that the droplets constantly change
their positions in the parallel electric field, implying that there is
constant velocity. Fig. 8 shows the jumping droplet motion at the
gap widths of 7 mm and 8 mm. In the first frame (left-most frame),
when the electrical charge is approaching its threshold value, the
droplet is slightly elongated and starts to form an elliptical shape,
showing a tendency to depart from the surface even though the
bottom of the droplet is pinned down to the surface. However, in
mid-air, the shape of the droplet remains spherical. Fig. 9 shows
the results of travelling duration of jumping droplets due to the

7 mm

6.0 kV

Fig. 8. A jumping droplet on the superhydrophobic surface with each frame showing the position of the jumping droplet under (a) 5.1 kV electrical voltage and 7 mm gap

width, (b) 6.0 kV electrical voltage and 8 mm gap width.
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Fig. 10. Jumping droplet velocity at each gap width.

electrical voltage threshold at different gap widths. It is found that
when the gap width increases, the jumping droplets take longer to
complete the journey. Fig. 10 shows the results of jumping droplet
velocity at different gap widths. From Fig. 10, it can be observed
that an almost constant velocity of the jumping droplets is
obtained at different gap widths (i.e. it should be noted that the
velocity of jumping droplets is calculated from the gap width
and the travelling time recorded by the high-speed camera). This
means that the drag force due to the air resistance as well as the
gravitational force due to the droplet volume constantly acts on
the droplets regardless of the gap width. The velocities of the dro-
plets are then used to determine the jumping droplet charges,
which is discussed in detail in the next section.

4.3. Study of droplet charges during flight

After the droplet velocity is determined, the droplet charge due
to the electrical voltage threshold can be identified. A mathemati-
cal model is developed to determine the relationship among the
electric field threshold, the gap width and the size of droplets. This
model can be used to estimate the amount of charge required to
move a macro-sized droplet from the bottom plate to the top plate.
However, it should be noted that this model is only applicable to
the applied vertical electric fields with gap widths from 5 mm to
8 mm.

The following assumptions
development

are made for the model

(1) The jumping droplet is assumed to maintain its spherical
geometry while jumping in the air, resulting in a constant
droplet radius. This assumption is verified by the Weber
number which is the ratio of the inertia stress causing the
droplet deformation to the surface tension resisting the
deformation.

We _ La%3(2r0) -
Y

where y and p, represent the surface tension of water and air den-
sity, respectively, v; denotes the droplet velocity, and r, is the radius
of droplet. After substituting all parameters, the Weber number can
be estimated. It is found that the Weber numbers at all different
conditions are less than 0.002, implying that the fluid particle can
be assumed to be a spherical shape [43].

13

F, | Fy

Fig. 11. The free body diagram of a moving droplet under a vertical electric field.

(2) The jumping droplet velocity is assumed to be constant
resulting in zero inertia force.

(3) The permittivities and the electric conductivities of water
and air are uniform.

(4) No horizontal force exerts on the droplets in mid-air.

In order to determine the electrical charge, four vertical forces
exerting on a droplet in mid-air are analyzed. The resistance force
consists of the drag force (Fp =3Cpp,v3A) and the gravitational
force (Fw =3mrigp, ), while the moving forces are the buoyancy
force (Fz = p,gV4) and the electrostatic force or the coulomb force
(FE=QE=QY). Fig. 11 shows the free body diagram of all the
above-mentioned forces exerting on a droplet while it is moving
from the bottom plate to the top one.

Due to the fact that the density of water is much larger than
that of air (p,, > p,), the buoyancy force can be neglected. Thus,
the electrical charge can be determined after balancing all the
forces, and it is expressed as

Q= [37rgpw + 5 Copatinrz| L. @)
where L, V, 73 and Q represent the gap width, the electrical voltage,
the droplet velocity and the droplet charge, respectively. It should
be noted that the average radius of the droplet (r,) is 1 x 10> m,
the water density (p,,) at 20 °C is 997 kg/m>, the gravitational accel-
eration (g) at sea level is 9.81 m/s? and the air density (p,) at 20 °C
is 1.184 kg/m>. The drag coefficient (Cp), as a function of Reynold

number (Re = %(2”’)), is obtained from Eq. (5) [44].

-7.94
Cp :%4’_ 26(%) +O411(26§%) + REO-S ) (5)
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Given the velocities of the jumping droplets obtained from the
experiment, the droplet charges at each gap width can be deter-
mined using Eq. (4). Table 2 illustrates the calculated average dro-
plet charge per droplet surface area at different gap widths. The
results show that although the electric field threshold increases
with the gap width, the average droplet charge shows the opposite
result. In other words, the droplet charge decreases with an
increase in the electric field threshold. Moreover, it is mentioned
in the previous section that due to the trend in Fig. 7, the electric
field threshold will reach 900 V/mm. This means that although
the droplet charge is inversely proportional to the electric field
threshold as shown in Eq. (4), the droplet charge does not tend
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Table 2
The average charge of droplets at different gap widths.

Gap width (mm) Average charge (uC/m?) Electrostatic force (1uN)

5 4.96 41.2
6 4.68 41.2
7 4.50 41.2
8 4.37 41.2

Fig. 12. The critical contact angle of the elongated droplet before lift-off.

to reach zero, but approaches a certain value at the electric field
threshold of 900 V/mm. It should be noted that this inverse rela-
tionship has never been reported in previous studies on the mov-
ing macro-sized water droplet in the vertical electric field. In
addition, the results in Table 2 show a constant electrostatic force
acting on the jumping droplet, regardless of the electric field
threshold and the gap width. That means the electrostatic force
of the jumping droplet in mid-air is independent of the gap width
and its electric field threshold.

4.4. Study of the lift-off mechanism and charging relaxation time

Although the electrostatic force acting on the droplet during the
flight is found to be constant as mentioned in the previous section,
determining the electrostatic force and the adhesion force of the
droplet at the substrate of the electrode can provide more insight
into the lift-off mechanism. As shown in Fig. 12, the critical contact
angle of the elongated droplet from the experiment with the
applied electric field threshold is approximately 142° regardless
of the gap width. This value is close to the receding contact angle
of 141.45° of the water droplet shown in Fig. 3, which is in line
with the conclusion drawn by Gliere et al. [32] stating that the con-
tact line collapses when the contact angle reaches either the reced-
ing angle or 90°.

By using Eq. (1), the maximum electrostatic force acting on the
droplet before lift-off and the maximum adhesion force between
the substrate and the droplet are 154.2 uN and 113.2 uN, respec-
tively. These forces are constant regardless of the gap width and
its electric field threshold. Thus, it means that the maximum elec-
trostatic force occurring on the surface of the electrode is indepen-
dent of the gap width and its electric field. This result is in line with

the findings reported in the previous section. However, when the
constant maximum electrostatic force of the droplet on the elec-
trode is compared with the constant electrostatic force in mid-
air, it is shown that the electrostatic force acting on the jumping
droplet in mid-air accounts for 27% of the maximum electrostatic
force acting on the droplet on the electrode before lift-off. It should
be highlighted that this result has never been reported in any prior
studies.

Moreover, in the current study, the droplet is experimentally
studied in air with the uniform permittivity (&) and electric con-
ductivity (o) of 8.85 x 1072 F/m [34] and 0.9 x 1074 S/m [45],
respectively. By using Eq. (2), the relaxation time of the air as the
medium fluid is approximately 983 s. As shown in Fig. 9, the time
duration of the jumping droplet between two electrodes is less
than 40 ms. Thus, the decay of the droplet charge in the current
study can be negligible. The droplet velocity is constant, resulting
in a constant drag force. This constant velocity is also observed
in the experiment as mentioned in the previous section. Addition-
ally, due to the same droplet volume, the gravitational force is also
constant resulting in a constant electrostatic force regardless of the
gap width or the applied electric field. This shows that the electro-
static force and the velocity of the droplet tends to remain constant
in the electrostatic-induced jumping in a low conductivity medium
fluid. According to the results reported in previous sections, when
the gap width increases, the electrical voltage threshold and the
electric field threshold also increase. Thus, in order for the electro-
static force acting on the droplet to remain constant, the charge
must decrease with an increase in the gap width.

5. Comparing findings with other studies
5.1. The voltage threshold and the electric field threshold

As shown in Table 3, the experimental conditions of the current
study are different compared to those of the previous studies in
terms of the medium fluid used, the gap width and the droplet size.
It should be noted that to the researchers’ knowledge to date, the
current study is the only study on the electrostatic-induced
macro-sized droplet that attempts to vary the gap width. In the
previous study by Takeda et al. [19], a 9-kV voltage was applied
to two parallel plates with the gap width of 10 mm to induce the
jumping phenomenon of a 2-mm-diameter droplet. However, they
did not mention whether the preset voltage was the threshold
value or not. In the experiment conducted by Roux et al. [20], NaCl
solution droplets were experimented in a light-mineral-oil con-
denser. The results showed that the electric field threshold
increased with the droplet size. With the gap width of 33 mm,
the electric field threshold ranged from 110 V/mm to 175 V/mm
resulting in the electrical voltage thresholds of 3.63 kV and
5.78 kV, respectively. In the investigation of the droplet dynamics
performed by Khayari et al. [21], a water droplet was placed in corn
oil. The voltage threshold and the electric field threshold used to
initiate the jumping phenomenon of a 2.674-mm diameter droplet
at the fixed gap width of 20 mm were 3.4kV and 170 V/mm,
respectively. Although the voltage thresholds of the current study,
of the study by Roux et al. [20] and of the study by Khayari et al.
[21] are similar in terms of magnitude, the gap widths in the cur-
rent study are much smaller than those in the other two studies. As
a result, the large difference in the electric field threshold between
the current study and the previous studies can be observed. One
reason is that light mineral oil and corn oil were used as the med-
ium fluids. As shown in Table 4, the density of these two types of
oil is approximately 700 times greater than that of air. Thus, the
buoyancy force and the electrostatic force become two major driv-
ing forces in these previous studies [20,21]. On the other hand, the
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Table 3
Threshold comparison with previous similar studies.
Droplet Droplet Medium Gap Electric field E-Field threshold Voltage
type (-) radius (mm) fluid (-) width (mm) direction (-) (V/mm) threshold (kV)
Current study Water 1 Air 5-8 Vertical 660-750 3.3-6.0
Roux et al. [20] NaCl 0.5-0.78 Light mineral oil 33 Vertical 110-175 3.6-5.8
Khayari et al. [21] Water 1.337 Corn oil 20 Vertical 170 3.4
Takeda et al. [19] Water 1 Air 10 Vertical N/A N/A
Jung et al. [23] Water 0.363-0.726 Silicon oil 10 Horizontal N/A N/A
Jalaal et al. [24] Water 0.15-1.75 Transformer oil 38 Horizontal N/A N/A

Table 4
Relaxation time comparison with previous similar studies.

Medium fluid Density (kg/m?) Permittivity x10~'2 (F/m) Conductivity x10~'? (S/m) Relaxation time (s)
Current study Air 1.23 8.85 0.009 983.33
Roux et al. [20] Light mineral oil 840 18.67 04 46.8
Khayari et al. [21] Corn oil 916 26.9 19.0 1.42
Takeda et al. [19] Air 1.23 8.85 0.009 983.33
Jung et al. [23] Silicon oil 957.24 24.35 0.1 243.50
Jalaal et al. [24] Transformer oil 841.9 18.67 33 5.66

electrostatic force is the sole pushing force in the current study
because the buoyancy force is neglected due to the very low den-
sity of air compared to that of water.

However, it should be noted that the study by Khayari and
Perez [22] did not involve any liquid droplets on the electrode,
but a plastic sphere covered by aluminum sheets and aluminum
spheres. Aluminum has its own electrical conductivity which is
much greater than that of water. Also, the radii of these three
spheres were 2-5 times greater than that of the current study.
Thus, the results of the study by Khayari and Perez [22] and of
the current study cannot be compared.

5.2. Droplet charges and forces

For the force analysis of the jumping droplets, although all stud-
ies including the present one have similar approaches, some major
and minor differences in the findings have been observed. In Roux
etal.’s [20] and Khayari et al.’s studies [21], Maxwell’s charge of the
droplet on the electrode was applied. This leads to the direct pro-
portion between the electric field and the droplet charge. In other
words, the droplet charge increases with an increase in the electric
field. However, it should be noted that Maxwell’s charge can be
used if and only if the droplet size is negligible compared to the
gap width. While the ratios of the gap width to the droplet radius
of the two prior studies [20,21] are 66 and 15, respectively, such
ratio of the current research is only 8. This means that the droplet
size in the current study cannot be neglected compared to the gap
width. Thus, Maxwell’s charge in the current study is considered
invalid. However, the droplet charge can still be obtained from
the force balance equation in mid-air. Moreover, it should be noted
that in the study of Roux et al. [20] and Khayari et al. [21], the force
analysis was solely performed with droplets on the electrode,
while the current study has analyzed the electrostatic force both
on the electrode before lift-off and in mid-air.

5.3. The lift-off mechanism and charge relaxation time

Apart from the electric field threshold, the droplet charge and
the force analysis, the lift-off mechanism is also important. The dis-
cussions regarding such a phenomenon can be found in Khayari
et al. [21], Gliere et al. [32] and the present study. A droplet on
the lower electrode elongates due to the electrostatic force. After
the contact angle reaches 90° or its receding angle, the contact line

collapses, and the droplet starts jumping. The maximum adhesion
force and the maximum electrostatic force are also found in the
present study.

Moreover, as shown in Table 4, due to the very high electric
conductivity of the medium fluid reported in Khayari et al.’s study
[21], the relaxation time observed in the study was only 1.42s.
This means that the droplet charge decays, and the droplets do
not reach the top plate and fall to the lower electrode due to the
gravitational force. As a result, the droplet velocity of the study
[21] is not constant, resulting in the non-constant electrostatic
force acting on a droplet in the medium fluid. However, the electric
conductivity of the current study is very low, leading to the relax-
ation time of 983 s. The experimental results also show that the
maximum time duration of the jumping droplet is less than
40 ms. This means that the decay of the charge in the current study
is negligible. As a result, the droplet velocity and the electrostatic
force in each gap width in the present study are also constant
throughout the flight.

6. Conclusion

In this study, airborne jumping water droplets on a superhy-
drophobic surface with various gap widths and electric fields are
experimentally studied. The electrical voltage threshold, the elec-
tric field threshold and the droplet charge required to lift droplets
at different gap widths are determined. It is found that the electri-
cal voltage threshold and the electric field threshold increase with
the gap width. A linear relationship is found between the electrical
voltage threshold and the gap width, while the electric field
threshold is in a non-linear relationship with the gap width. This
may be caused by the fringing electric field at the edges of the par-
allel plates. In addition, the droplet charge is found to be inversely
proportional to the electric field threshold. Moreover, the electro-
static force acting on the droplet in mid-air is constant, is indepen-
dent to the gap width and the electric field threshold, and accounts
for 27% of the maximum electrostatic force acting on the droplet on
the electrode surface. Additionally, the lift-off mechanism and the
relaxation time obtained from the current study is in line with
those of the previous research studies. The outcome of this study
provides insights into the electrostatic-induced droplet dynamics
and minimum energy required to remove macro-sized droplets
from the superhydrophobic surface which can minimize progres-
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sive flooding, leading to enhanced condensation heat transfer
performance.
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