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Abstract: The dimple occurs by sudden pressure inversion at the droplet’s bottom interface when a
droplet collides with the same liquid-phase or different solid-phase. The air film entrapped inside
the dimple is a critical factor affecting the sequential dynamics after coalescence and causing defects
like the pinhole. Meanwhile, in the coalescence dynamics of an electrified droplet, the droplet’s
bottom interfaces change to a conical shape, and droplet contact the substrate directly without dimple
formation. In this work, the mechanism for the dimple’s suppression (interfacial change to conical
shape) was studied investigating the effect of electric pressure. The electric stress acting on a droplet
interface shows the nonlinear electric pressure adding to the uniform droplet pressure. This electric
stress locally deforms the droplet’s bottom interface to a conical shape and consequentially enables it
to overcome the air pressure beneath the droplet. The electric pressure, calculated from numerical
tracking for interface and electrostatic simulation, was at least 108 times bigger than the air pressure
at the center of the coalescence. This work helps toward understanding the effect of electric stress on
droplet coalescence and in the optimization of conditions in solution-based techniques like printing
and coating.

Keywords: droplet coalescence; spray coating; charged droplet; pinhole defect; air film layer

1. Introduction

The coalescence of a droplet is one of the fundamental fluid dynamic phenomena
that commonly occur in nature [1–3]. It is also widely utilized in various industrial
applications from droplet-based microfluidic chips [4–6] to printing [7–12] and spray
coating [13–16]. Generally, the prime factors affecting the coalescence behavior are (1)
the physical properties of the droplets, (2) the inertia force, and (3) the characteristics of
a coalescence interface. Furthermore, the additional external conditions (multi-physics
such as thermodynamics or electromagnetics) also can affect the coalescence behaviors
and sometimes create unexpected phenomena. For this reason, many studies on droplet
coalescence under a multi-physics condition have been reported diversely until nowadays.
Indeed, many industries are ceaselessly adopting various multiphysics conditions to
control droplet/liquid precisely. However, our knowledge is still insufficient to predict and
control all droplet coalescence phenomena that could be happened under new or various
multiphysics conditions in industries. Thus, even though droplet coalescence is universally
observable and has been researched for a long time, we cannot stop emphasizing the
importance of continuous studies on novel droplet coalescence.
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The air film is one of the phenomena that can be observed in droplet’s coalescence
process. Generally, right before the droplet’s coalescence, the dimple is formed by the
local pressure inversion near the bottom apex of the droplet interface [17,18]. The air film
appears via the momentary entrapment inside the dimple. This air film can be dissipated
by draining outward during coalescence or it can be entrapped as a bubble inside the
coated liquid layer. Recently, it has received attention not only as the permanent bubble
entrapment, but also as one of the significant factors that could affect the secondary
dynamics of droplets after coalescence or the final coated film. For example, Jolet de Ruiter
et al. observed that the water droplet can bounce upon the hydrophilic surface due to the
mediated thin air film like the case upon a super-hydrophobic surface [19]. They showed
that, through the force balance analysis, the thin air film via the dimple affects the droplet’s
bouncing regardless of the surface’s wettability. Furthermore, in industrial technologies
such as a solution-based process, e.g., printing or spray coating, the air film caused by the
dimple can reduce the mechanical adhesion of the deposited layer or be an obstacle such as
a pinhole defect to hinder electrical/chemical performance of the device [20–22]. To sum
up, irrespective of the field that the droplet coalescence happens, the air film (dimple)
becomes a significant factor that cannot be ignorable in droplet coalescence.

Meanwhile, the solution-based processes conducted under electric fields such as
electrohydrodynamic jet printing or electrospray coating have shown uniform deposition
with few defects (pinholes) [23–25]. However, except for the reports describing an overall
observation of the quality of the final product, processed under an electric field, few studies
have reported a thorough investigation of the fundamental mechanisms physically or
visualizations of this phenomenon [26–28]. Recently, Deng and his coworkers reported the
influence of a weak electric charge of a droplet on the impact dynamics [29]. In their report,
when the electric charge on the droplet is above the critical level (1% of the Rayleigh limit),
the droplet impact in a form of a conical tip resulting in contact without building up the
air film layer. However, more fundamentally, the droplet’s interfacial change depends on
correlations of the inertial force, surface tenson, and electric stress.

Thus, in this study, we concretely elucidated the mechanism for dimple suppression
due to conical interfacial shape, utilizing electric pressure (Pelectric). Electric pressure can
be compared with the air pressure at the bottom of the droplet. The effect of the electric
field and electrical charge on dimple suppression was investigated under a broad range
of Weber numbers (We). We also investigated the critical electric Weber number where
the dimple starts to be suppressed. This study will help understanding of the coalescence
behaviors of droplet in the micro/nanoscale and develop a more precisely controllable
solution-based process.

2. Materials and Methods
2.1. Materials and Experimental Setup for Visulization of Droplet Coalescence

The ethanol and deionized (DI) water droplets were ejected by a stainless nozzle of
size 34 gauge, and a syringe pump with a constant flow rate of 5 µL/min. We utilized a
free fall droplet and voltage was applied to the nozzle tip directly. A waveform generator
(33220A, Agilent, Santa Clara, CA USA) was used as a power source and the generated
direct current (DC) was amplified by a high voltage amplifier (Trek 10/40A-HS, Advanced
Energy Industries, Inc., Denver, CO, USA). ITO (Indium Tin Oxide) glass (15 Ω/sq, Sigma-
Aldrich, St. Louis, MO, USA) was selected as the substrate, allowing us to observe the
interference pattern at a bottom-view and to be grounded in an electric field. The strength
of the electric field was controlled by changing the dripping height between the nozzle and
the substrate (Figure S1). The range of the applied voltage was from 0 to 300 V. All droplets
had the same diameter regardless of the electric field intensity and dripping height under
our voltage range. The diameters of ethanol and DI water droplets were 1.69± 0.06 mm and
1.82± 0.02 mm, respectively. The Weber number (We = ρD0

2v/σ, ρ is density, D0 is droplet
diameter, v is impact velocity, and σ is surface tension) ranged between 3.9 and 75.1 in
ethanol experiments, and between 0.82 and 22.5 in DI water experiment, depending on the
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ejection height (See Tables S1, S2 and Figure S2). Temperature and humidity may influence
considerably the electrification of the droplet and the droplet ejection from the nozzle,
hence were set to 25 ◦C and 50%, respectively, for all experiments. Two synchronized
high-speed cameras, with frame rates of 20,000 fps (Figure S1), were utilized to record
the overall collision sequence of the droplet on the front side and on the bottom side.
The dual-wavelength interferometry method was utilized with the lasers (λ1 = 532 nm,
λ2 = 436 nm) to observe and measure the profile and thickness air-film layer [30]. A very
small amount of fluorescent dye (below 0.5 wt.%, rhodamine B isothiocyanate, Sigma) was
added to Ethanol and DI water [31]. The high-speed interferometry method is a way of
utilizing the interference fringe measured by a high-speed camera [32,33]. Details of the
experimental method and its conditions are described in the Supplementary Materials.

2.2. Measurement of Charge Amount on Droplet (Qdroplet)

We calculated the electric pressure induced by the charge on an electrified droplet.
There are two ways to estimate or to measure the amount of the charge on the droplet
(indirect measurement method and direct measurement method). In our work, we chose
the direct measurement method utilizing the Faraday cup to increase the reliability of the
results. The lab-made Faraday cup consists of two cylindrical mesh electrodes separated by
an insulator, and it was connected to electrometer (Keithley 6517A, Cleveland, OH, USA).
To make the electric field strength the same as in the real experimental setup and to make
the droplet pass through the copper plate to the Faraday cup, a perforated copper plate
was used as a substrate. When the electrified droplet is discharged from the nozzle and
passed into the Faraday cup’s inner electrode, the counter electrical net charge transfers to
the electrometer from the inner electrode to satisfy its electric neutrality [34,35].

3. Numerical Analysis
3.1. Electric Pressure (Pelectric)

The dimple is formed by pressure inversion at the droplet interface, and the air film
is occurred by the entrapment of air inside the dimple. The pressure inversion happens
when the air pressure beneath the droplet exceeds droplet pressure. For an electrified
droplet under the electric field, we assumed that electric pressure is added to the droplet’s
pressure due to its surface charge. The added electric pressure would delay or suppress
the dimple formation. Therefore, it is necessary to calculate the electric pressure and
compare it with air pressure. The electric pressure could be calculated considering the
morphological change of droplet interface due to electric stress. This could be achieved
through solving a two-phase Navier-Stokes equation combined with Maxwell stress to
track the interfacial change. However, it has subtle difficulties to correctly model the
charge redistribution and calculate the change of droplet interface and external electric
field distribution. Therefore, in this study, we modeled and calculated the electric pressure
to explain the droplet dynamics as Equation (1). In this study, the electrical charge is
assumed to be uniform at the interface before dimple formation.

Pelectric =
Felectric(r)

A(r)
=

QdropletEz(r)
A(r)

=
1
πr2 QdropletEz(r) (1)

where Felectric(r) and A(r) are the electric force and the surface area beneath the droplet
respectively, and r is the radial distance from the center of the collision. Qdroplet and Ez is the
charge amount on droplet and local electric field strength at the droplet’s bottom surface.

Followed by Equation (1), to calculate the electric pressure, one needs the electric field
strength (Ez) along the liquid droplet surface at the moment of dimple formation as well
as the amount of charge (Qdroplet). For the charge amount on the droplet, we utilized the
charge amount in Tables 1 and 2 measured by the Faraday cup. Also, for the local electric
field strength along the droplet’s bottom interface, electrostatic simulation was utilized,
and its details are mentioned below.
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Table 1. The net charge amount to an electrified ethanol droplet.

Applied Voltage
Dripping Height

5 mm 10 mm 15 mm 20 mm

V V/m nC V/m nC V/m nC V/m nC
100 20,000 0.0060 10,000 0.0052 666.67 0.0043 5000 0.0029
300 60,000 0.0185 30,000 0.0156 20,000 0.0137 15,000 0.0125

Table 2. The net charge amount to an electrified DI water droplet.

Applied Voltage
Dripping Height

5 mm 10 mm 15 mm 20 mm

V V/m nC V/m nC V/m nC V/m nC
100 20,000 0.0081 10,000 0.0067 666.67 0.0056 5000 0.0052
300 60,000 0.0252 30,000 0.0212 20,000 0.0186 15,000 0.0163

3.1.1. The Gap Height When a Dimple Is Firstly Formed

Figure 1a shows a schematic of a droplet when a dimple is formed by the increased
air pressure. The height (h(0, t)) is the distance from the bottom droplet interface to the
substrate, at the center of coalescence. r is the radial axis and t is time. Figure 1b depicts
the development of air film in the coalescence process. tfirst means the time when the
dimple formation firstly occurs due to the air pressure in the absence of an electric field.
When dimple first occurs, the dimple height at the center of the interface can be represented
as h(0, tfirst). Details about the method for the numerical tracking for the interface are
introduced in the next sections.

Coatings 2021, 11, x FOR PEER REVIEW 5 of 17 
 

 

 

Figure 1. The suppression of a dimple (air film layer) on the electrified droplet surface. (a) A schematic of the droplet for 

numerical analysis, (b) The development of air film during the coalescence of a droplet and the height of interface, ℎ(0, 𝑡first) 

when a dimple is firstly formed, and (c) The sequence of the dimple formation and ℎ(0, 𝑡first) with and without electric field. 

• Governing Equations 

To calculate the height, ℎ(0, 𝑡first), where the dimple is firstly formed in the absence 

of an electric field, the momentum conservation and continuity equations with suitable 

boundary/initial conditions are used [36,37]. Especially, the fluid flow of a thin deforma-

ble film entrapped between the bottom of the droplet and the substrate can be explained 

by the lubrication theory. Figure 1a presents a schematic of the droplet model. The com-

putational domain is simply described as axisymmetric. The dominant velocity compo-

nent, 𝑢(𝑟, 𝑧, 𝑡), exists in the radial direction, and the pressure, 𝑝(𝑟, 𝑡), only varies along 

the r-direction. The velocity field can be described as the radial component of the Stokes 

equations [36]. 

μ
∂2𝑢(𝑟, 𝑧, 𝑡)

∂𝑧2
=

∂𝑝(𝑟, 𝑡)

∂𝑟
 (2) 

The film height, ℎ(𝑟, 𝑡), (or interfacial profile beneath droplet) can be obtained by in-

tegrating the continuity equation (Equation (3)) from 𝑧 = 0 to 𝑧 = ℎ(𝑟, 𝑡). 

1

𝑟

𝜕

𝜕𝑟
(𝑟𝑢𝑟) +

𝜕𝑢𝑧

𝜕𝑧
= 0 (3) 

𝜕ℎ(𝑟, 𝑡)

𝜕𝑡
= −

1

𝑟

𝜕

𝜕𝑟
(𝑟 ∫ 𝑢(𝑟, 𝑧, 𝑡)𝑑𝑧

ℎ(𝑟,𝑡)

0

) (4) 

(∵  𝑢𝑟 = 𝑢(𝑟, 𝑧, 𝑡), 𝑢𝑧 =
𝜕ℎ(𝑟, 𝑡)

𝜕𝑡
)  

To integrate this, the boundary conditions at 𝑧 = 0 and 𝑧 = ℎ(𝑟, 𝑡) are required. 

Various hydrodynamic boundary conditions have been suggested in the references [36–

Figure 1. The suppression of a dimple (air film layer) on the electrified droplet surface. (a) A schematic of the droplet for
numerical analysis, (b) The development of air film during the coalescence of a droplet and the height of interface, h(0, tfirst)

when a dimple is firstly formed, and (c) The sequence of the dimple formation and h(0, tfirst) with and without electric field.
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The electric pressure, caused by the electric stress on an electrified droplet, acts in
an outward (normal) direction. As shown in Figure 1c (upper image), in the absence
of an electric field (E0 = 0), the dimple is formed by the pressure inversion at the
height of h(0, tfirst), where the air pressure in the gap balances with the droplet pres-
sure (Pdroplet = Pair at h(0, tfirst)). On the other hand, for the electrified droplet under the
electric field (Figure 1c, lower image), the Maxwell electric stress also affects the droplet
interface. The electric pressure (Pelectric) is augmented to the droplet internal pressure.
At the height h(0, tfirst), if those augmented electric pressures are stronger than air pressure
(Pdroplet + Pelectric > Pair), the dimple formation could be suppressed or delayed. Therefore,
it is necessary to calculate the electric pressure at the height of h(0, tfirst).

• Governing Equations

To calculate the height, h(0, tfirst), where the dimple is firstly formed in the absence
of an electric field, the momentum conservation and continuity equations with suitable
boundary/initial conditions are used [36,37]. Especially, the fluid flow of a thin deformable
film entrapped between the bottom of the droplet and the substrate can be explained by the
lubrication theory. Figure 1a presents a schematic of the droplet model. The computational
domain is simply described as axisymmetric. The dominant velocity component, u(r, z, t),
exists in the radial direction, and the pressure, p(r, t), only varies along the r-direction.
The velocity field can be described as the radial component of the Stokes equations [36].

µ
∂2u(r, z, t)

∂z2 =
∂p(r, t)

∂r
(2)

The film height, h(r, t), (or interfacial profile beneath droplet) can be obtained by
integrating the continuity equation (Equation (3)) from z = 0 to z = h(r, t).

1
r

∂

∂r
(rur) +

∂uz

∂z
= 0 (3)

∂h(r, t)
∂t

= −1
r

∂

∂r

(
r
∫ h(r, t)

0
u(r, z, t)dz

)
(4)(

∵ ur = u(r, z, t), uz =
∂h(r, t)

∂t

)
To integrate this, the boundary conditions at z = 0 and z = h(r, t) are required.

Various hydrodynamic boundary conditions have been suggested in the references [36–39].
In this analysis, the tangentially immobile boundary condition was utilized, which refers
to the no-slip boundary condition. The boundary conditions are as follows.

u = 0 at z = 0 and z = h(r, t) (5)

Utilizing these boundary conditions, Equation (4) can be described again with the
Stokes equation (Equation (2)) as the Stokes-Reynolds equation for thin-film thickness, h(r, t).

∂h(r, t)
∂t

=
1

12µr
∂

∂r

(
rh3 ∂p

∂r

)
(6)

where ∂p/∂r is the pressure gradient.
To get the thin film thickness, h(r, t), the radial pressure gradient (∂p/∂r) is required.

As the droplet approaches the substrate, the pressure beneath the droplet interface in-
creases and the pressure gradient exists from the surrounding gauge pressure. The pressure
gradient makes the entrapped air drain outward, and the air film layer becomes thin. Con-
sidering those conditions, the pressure in the film is determined by the three components as
in Equation (7); a difference of capillary pressure on the droplet (Young-Laplace equation),
stagnation pressure at the bottom of the the droplet, and local curvature of droplet interface.
The pressure gradient of the air film only exists along the radial direction, and no pressure
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gradient exists along the z-direction. Therefore, p(r, z, t) becomes p(r, t). The details of this
equation are described in a reference paper [37]. R, σ, ρ, and Vimpact represent the droplet
radius, the surface tension, the density of liquid droplet, and the impact velocity of the
droplet, respectively.

p(r, z, t) = p(r, t) =
2σ
R

+
1
2
ρ
(
Vimpact

)2 − σ

2r
∂

∂r

(
r

∂h(r, z)
∂r

)
(7)

Equations (6) and (7) are our governing equations for calculating the film thickness
and pressure to track the film interface.

• Initial and boundary conditions for tracking film interface

To solve the two governing equations above, we need the initial and boundary condi-
tions for a film profile tracking. The droplet is assumed to be spherical before its dimple
formation. Then, the initial condition for the film profile can be represented as [37,38]

h = h0 +
r2

2R
(8)

The initial velocity of the film is assumed to be the same as the impact velocity
because the dimple generally occurs adjacent to the colliding surface. The gauge pressure
is assumed to be 0 (ambient pressure) at the end of the film (radial edge of the droplet).
Therefore, the boundary conditions are,

∂h
∂t

= −Vimpact, p = 0 at r = R (9)

• Nondimensionalization

For nondimensionalization, we utilized the following variables which are composed
of the original variables and their relations.

p∗ =
R
σ

p, t∗ = Ca1/2 Vimpact

R
t, r∗ = Ca1/2 r

R
, h∗ = Ca1/2 h

R
, (10)

where p∗, t∗, r∗, h∗ represents nondimensionalize-pressure, -time, -radius, -film height.
Also Ca represents the capillary number Ca =

(
µVimpact/σ

)
. Stokes-Reynolds equation

(Equation (6)) and pressure Equation (Equation (7)) were nondimensionalized as follows:

∂h∗

∂t∗
=

1
12r∗

∂

∂r∗

(
r∗h∗3 ∂p∗

∂r∗

)
(11)

p∗ = 2− R
σ

{
1
2

ρ
(
Vimpact

)2
}
−
{

1
r∗

∂

∂r∗

(
r∗

∂h∗

∂r∗

)}
(12)

• Tracking of Film Profiles and Height of Dimple Formation

With the two governing equations and the initial and boundary conditions, the height
of the first dimple formation, h(0, tfirst), was obtained by tracking the film profiles in
the absence of electric field. The equations were calculated iteratively with the finite
difference method and the Guass-Seidal method [40]. To improve the accuracy, the time
step and the distance between nodes were set to 4 ns and 5 µm, respectively. Because the
Stokes-Reynolds equations are based on the Stokes regime between the droplet and the
substrate, the accuracy of the model for tracking air film profile (Equations (11) and (12)) is
limited in the range of relatively low impact velocities. [41] The height of dimple formation
and the film profile show good agreement between the model and the experiment only
for the low Weber number case. The dripping height for the numerical analysis ranged
from 5 to 20 mm, which is same as the experiment. The Weber number (We) for ethanol
and DI water was 4.21~24.27 and 0.815~6.20, respectively, which corresponded to the



Coatings 2021, 11, 503 7 of 16

experimental results (Figure S2). By solving Equations (11) and (12), we could extract the
film profile sequentially and the height (h(0, tfirst)) where the dimple was firstly formed
due to the increased air pressure. (Figure S3) Table 3 presents the h(0, tfirst) obtained from
the numerical analysis for both ethanol and DI water when no electric field is applied.

Table 3. Dimple formation heights for ethanol and DI water in the absent of an electric field.

Liquid
Dripping Height

5 mm 10 mm 15 mm 20 mm

- We h(0, tfirst) We h(0, tfirst) We h(0, tfirst) We h(0, tfirst)
- (-) (µm) (-) (µm) (-) (µm) (-) (µm)

Ethanol 4.21 5.16 10.41 4.35 17.50 3.44 24.27 4.90
DI water 0.82 3.89 2.57 3.69 4.43 3.44 6.20 3.29

3.1.2. Electrostatic Simulation for Distribution of Electric field

To evaluate the effect of the electric pressure on the suppression, the electric pressure
should be calculated at the height of dimple formation, h(0, tfirst), and then compared
with the air film pressure. The distribution of the local electric field and its strength
are required to calculate the electric pressure. Therefore, with the charge amount of
the droplet (Qdroplet, in Tables 1 and 2) by direct measurement (Faraday cup) and the
h(0, tfirst) value, we conducted electrostatic simulation using COMSOL Multiphysics (Finite
Element Method, https://www.comsol.kr/multiphysics/finite-element-method, accessed
on 1 April 2021).

• Electric Pressure (Pelectric)

Figure 2 depicts the schematic for electrostatic simulation. The electrostatic simulation
was conducted based on Gauss’s law of Maxwell equations (Equation (14)). Gauss’s
law states that net electric flux through the closed surface is the same amount of net
electric charge within the closed surface. D and ρv represent the electric flux intensity
and charge density of the control volume. E, V, ε0, and εr represent the electric field
strength, electric potential, vacuum permittivity, and relative permittivity, respectively.
Zero charge condition was set at the wall boundary to satisfy the charge conservation
within all domains (Equation (15)). The droplet was positioned at the height (h(0, tfirst)).
DC voltage (V = V0) was applied to the nozzle, and the substrate was grounded (V = 0).
Also, the surface charge density (ρs) was induced on the droplet surface based on the
calculated charge amount (Equation (16)). The surface charge density (ρs) was calculated
based on the charge amount measured in Tables 1 and 2.
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The electric field along the liquid surface was divided into the tangential (Et) and
normal (En) components. These components can be transformed in the radial and z-
directions in the axisymmetric coordinates as shown in (Figure 2b). The radial electric
field (Er) was canceled out as it is axisymmetric. In dimple suppression, we considered
the electric field strength toward the z-direction from the droplet surface. Therefore, the z-
directional electric field strength (Ez) along the bottom interface of the droplet (dashed
line of the droplet in Figure 2) was extracted and the electric pressure was calculated
from Equation (1). The external electric field strength (E0) differs from the z-direction
local electric field strength (Ez) on the droplet surface. Figure 3 represents the calculation
procedure to achieve the electric pressure.
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n× (D1 − D2) = ρs (16)

3.2. Electric Weber Number (Weelec)

We investigated the relationship between the surface charge on the droplet by the
external electric field and the suppression of the air film by utilizing electric Weber number
(Weelec = εE0

2D0/σ) [42,43]. The electric Weber number is a non-dimensional number
describing the ratio of electric force relative to surface tension. σ and D0 represent the
surface tension of the liquid and diameter of the droplet, respectively. In this work,
we utilized the electric Weber number as a non-dimensional index to determine certain
critical regimes for the electric stress on the suppression of dimple formation.

4. Result and Discussion
4.1. Coalescence Dynamic of Electrified Droplet

We observed different coalescence phenomena of electrified droplets freely falling on
dry or wet surfaces. In general, a stepwise cascade coalescence is observed for free-fall
droplets to a liquid surface. The ‘cascade coalescence’ refers to a phenomenon where the
droplet coalesces with a liquid surface stepwise. This phenomenon happens because the
air film at the interfacial layer intervenes and interrupts the immediate coalescence, with a
dimple formation, causing temporal floating and bouncing of the droplet with a staged
reduction of the droplet size during coalescence [1,44]. However, in the coalescence of an
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electrified droplet on the wet surface, we observed that the stepwise cascade coalescence
was suppressed on the wet surface (Video S1). Also, in the coalescence of an electrified
droplet on the dry surface, we observed that the thickness of the air film decreases and
eventually disappears (Video S2). The ‘cascade coalescence’ and the observable air film
beneath the droplet (interference patterns) are basically related to the dimple formed by
pressure inversion. We assumed that the coalescence dynamics under an electric field
cause the suppression of dimple formation. Thus, we focused our study on the coalescence
dynamics of an electrified droplet on a dry surface.

Figure 4a demonstrates the morphologic characteristics of droplet and air film profiles
for the ethanol droplet under various voltages at the moment of impact for the case of the
same dripping height, 5 mm. The interference pattern in Figure 4a represents the highest
film height, which has appeared among the whole coalescence process. Under 0 V (in
the absence of electric field), the free-fall droplet shows a normal spherical shape and the
dimple-shaped interface caused by pressure inversion before its collision. The dimple-
shaped interface can be clearly confirmed through the interference patterns, which is
evidence of density variation beneath the droplet, from the bottom view in Figure 4a.
This indicates that air is entrapped due to the dimple formation on the droplet interface.
As the applied voltage increased (i.e., the electric field strength increased), the interference
ring patterns become small at 100 V and disappear at 300 V. Therefore, an increase in the
applied voltage leads to a decrease in the diameter and thickness of the air film. Especially,
from a voltage over 200 V, the droplet could collide directly to the substrate without dimple
and air film formation. Meanwhile, when the applied voltage reaches 600 V, the bottom of
the droplet deforms into a cone shape before the impact, which is an opposite phenomenon
to the dimple formation. Detailed images of impact behaviors of the droplet and the
changes in the air film’s interference pattern are represented in Figure S4. The air film
becomes thinner and disappears with an increase of applied voltage, and the shape of the
droplet bottom apex becomes sharper like a cone shape. The tendency of interfacial change
can be clearly observed from the video taken by a high-speed camera (Video S2). Even for
the DI water droplet, the dimple formation was suppressed owing to the applied voltage.
(Video S3, Figure S5a)
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The cone-shaped interfacial morphology was observed between two oppositely col-
liding charged droplets in a quasi-static condition under an electric field by other re-
searchers [45,46]. However, the previous research studied the interfacial change of two
oppositely charged droplets due to the electric field in a dielectric medium, not an air film
layer formation and its suppression. Here we report the interfacial morphologic change
and the suppression of dimple by the electric field when the electrified droplet collides
with the grounded substrate.

To characterize cone-shaped interface’s deformation, we measured the contact cone
angles (β) between the substrate and droplet while applying various voltages with the
same dripping height. (Figure S4) The contact cone angle refers to the instant angle with
the substrate when the droplet firstly contacts the substrate. The contact cone angle, which
had shown 11◦ in 300 V, increased to 30◦ in 1300 V. It clearly demonstrated that the contact
cone angle increased proportionally to the magnitude of the applied voltage (the strength
of the electric field) (Figures S4 and S5c), which is similar to the reference [47]. It means
that the droplet’s morphological change under the electric field is caused by electric forces
(stress) due to the electrical charge and the electric field. The droplet’s diameter and
velocity that has changed due to the electric field and electric force might have affected
air film suppression in the experiment. We measured the droplet diameters and impact
velocities according to the different applied voltages to ensure consistent experimental
conditions. There were no considerable changes in droplet diameter and impact velocities
even under 0 to 300 V, the range that we clearly observed the effect of the electric field
on the suppression. (Figure S5b) It means that the suppression of dimple is not caused
by the increase of inertia force (velocity) and the change of surface tension force (droplet
diameter) on the droplet. We wanted to evaluate only the electric force’s effect on the
dimple formation without the change of the inertia (diameter, impact velocity) or change
of surface tension on the droplet. Therefore, we could explain the mechanism of the
suppression of the air film and the cone-shaped deformation by the effect of electric forces,
utilizing the voltage range in 0–300 V.

Figure 4b depicts the schematics of the change of droplet interfaces (dimple formation,
suppression of dimple, perfect suppression with the one-point contact by cone-shaped
deformation) in the coalescence moment as the voltage is applied. Due to the electric
field, the droplet is electrically charged and affected by the electric force. As the droplet
approaches the substrate, the electric field is strongly concentrated between the droplet
surface and the substrate and provides strong electric stress locally on the charged droplet.
The electric stress (Maxwell stress) acts on the surface in a normal direction. This stress
affects the local surface tension of the liquid and changes the droplet interface. The electric
stress causes the electric pressure, which intends the change the droplet interface. If the
electric pressure is stronger than air pressure, it overcomes the pressure inversion and can
suppress the dimple formation. Therefore, as electric field strength increases, the electric
stress and electric pressure become increase. The droplet would collide to the substrate
with the air film suppressed or the interface having cone-shaped deformation.

4.2. Suppression of Dimple of Electrified Droplet

We investigated the thickest profile of the air film layer during the coalescence process
through the experimentally obtained interferometry images. We measured the film’s
maximum thickness, which is the thickness at the center of the droplet (hmax = h(0, t)).
We studied the thickest profile and its maximum thickness of the air film for the various
strengths of the electric field on each dripping height. Figure 5a presents the interferometry
images for the thickest air film profile and its profile along the radial direction according to
the various voltages and the Weber numbers. When the electric field is absent, the radius
and the maximum thickness of the air film decreased as the Weber number increased
(circle symbol in Figure 5a,b). It notes that the increase of the inertia of droplets (an
increase of Weber number) could cause a decrease in the air film thickness. When a
voltage was applied and the electrified droplets fell under an electric field, the thickness
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of the air film decreased or disappeared even in the low Weber numbers (diamond and
triangle symbols in Figure 5a,b). This indicates that the electric pressure has a significant
effect on the suppression of the dimple. The suppression of the air film occurs when the
effects of electric force are dominant, overcoming the pressure inversion even with low
Weber numbers. The overall tendency of the suppression showed similarity for DI water
(Figure S6).
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4.3. Electric Pressure in a Coalescence of an Electrified Droplet

We also further investigated the effect of the electric pressure of the droplet by the electric field
on the suppression of air film utilizing the electric Weber number (Weelec = εE0

2D0/σ) [42,43].
The electric Weber number is a non-dimensional number defined by the ratio of the elec-
tric force and the surface tension. The surface tension (σ) is a value related to the liquid
properties referring to the resistance to its interfacial change and the fast rupture time
of the air film. The dielectric constant of liquid (ε), droplet size (D0), and electric field
strength (E0) in the electric force term are related to the charge amount on the droplet,
which causes electric stress on liquid. Figure 6 shows the ratio of the maximum thickness
(hmax, (E0=E)/hmax, (E0=0)) depending on the electric Weber number. The ratio was calcu-
lated by dividing the maximum film thickness (hmax, (E0=E)) with the electric field by the
maximum film thickness (hmax, (E0=0)) without the electric field. When the Weber number
(electric field strength) is low, the ratio of maximum film thickness almost represents the
near of 1 with small variation (inset in Figure 6). This implies that the effect of dimple
suppression becomes minor due to the low electric stress. On the other hand, the ratio de-
creases and becomes 0 as the electric Weber number increases. This implies that the dimple
could be successfully suppressed if the electric stress is big enough over a certain critical
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value. The suppression of air film occurred when the electric Weber number was more than
0.002 and 0.0035 for ethanol and DI water, respectively (Figure S7a). This indicates that
the suppression could occur when the ratio of the electric force and the surface tension is
higher than a certain threshold value. Deng and his coworkers suggested the critical level
dividing the two regimes regarding whether the droplet contacts the surface in one point
without dimple formation [29]. However, the substantive effect of electric stress exists
even in the partial suppression of dimples, affecting the coalescence dynamics. Therefore,
as investigated in Figure 6, it seems more appropriate to divide the regimes from the point
where dimple suppression starts using the electric Weber number.
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Figure 6. Effects of electric field strength on the suppression of dimple formation. Nondimensional-
ized film heights based on the electric Weber number (Weelec) for an electrified ethanol droplet.

Figure 7a,b represent the strength of the electric field and the amount of electric
pressure for the radial location at the bottom interface of the droplet when the applied
voltage was 100 and 300 V, respectively. This result is the one obtained above from the
numerical tracking for the film interface and the electrostatic simulation. (Equation (1))
The local electric field in Figure 7 is calculated when the droplet was on the height where a
dimple firstly occurs. The strength of the electric field shows strongest at the center of the
impact area and decreases as it goes to the radial edge of the droplet. The electric pressure
also shows the same trend because it is caused by the electric field. The result for DI water
also showed the same and it was presented in Figure S7b.
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We compared the electric pressure with the air pressure to see whether the electric
pressure is enough to suppress the dimple formation. Figure 8a–d depicts the strength
of air pressure beneath the droplet and electric pressure acting on a droplet interface.
The air pressure and droplet pressure were depicted with one solid black line because
they are the same size at the height (h(0, tfirst)) where dimple first occurs. The electrostatic
simulation was conducted at the height (h(0, tfirst)). The electric pressure was much
stronger (Pelectric > h

(
O11)) than the air film pressure (Pair < h

(
O3)) for all 4 Weber

number cases. It implies that the dimple can be suppressed enough by the electric force
(Figure 5a). DI water also demonstrated that the amount of electric pressure is big enough
to overcome the air film pressure for the suppression of dimple (or air film) (Figure S8).
It notes that the strength of electric pressure is strong enough to suppress the dimple
formation by pressure inversion.
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numbers (We = 4.21, 10.41, 17.50, 24.27).

5. Conclusions

In this work, we observed the coalescence dynamics of an electrified droplet on dry
surfaces and elucidated the suppression mechanism for dimple formation based on electric
pressure (Pelectric) and electric Weber number (Weelec). When the electrically neutral droplet
collides on the dry surface, the droplet interface of the bottom apex is distorted owing
to the local pressure inversion, and the dimple with air entrapment occurs. Meanwhile,
for the coalescence of an electrified droplet, the bottom interface of the droplet showed the
cone-shape distortion, and its shape became more apparent as the strength of the electric
field increases. Simultaneously, the dimple’s size (height and area) decreased or did not
appear even from the moment of coalescence. This unique coalescence behavior could
be caused by a free charge on the droplet interface, which distorts the interfacial layer.
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We investigated the critical value of electric Weber number that the suppression starts to
appear. The dimple started to be suppressed due to electric stress when Weelec is over
0.002 and 0.0035 for ethanol and DI water, respectively.

The electric pressure (Pelectric) was introduced as a converted value representing elec-
tric stress and to compare it with the air pressure at the bottom of the droplet. Pelectric was
calculated based on the numerical tracking method and electrostatic simulation. The calcu-
lated Pelectric was 108 times higher than the air pressure at the center of coalescence, and it
showed an exponential decrease along the radial direction. This nonlinear electric stress
allows the inverted cone-shaped interfacial change and sequentially enables to overcome
the air pressure (suppression of dimple formation).

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/coatings11050503/s1, Table S1: Experimental conditions, Table S2: Liquid properties in the
experiments, Figure S1: Experimental setup, (a) Schematic and (b) Snapshot of the experimental
setup, Figure S2: Droplet diameter and impact velocity against dripping height, and Reynolds
number (Re), Figure S3: Sequential development of air film during the coalescence of droplet and
description of hfirst = h(0, tfirst) and hmax. hfirst is the height where a dimple first occurs, and hmax is
the maximum film height observed in the bottom image of the experimental data, Figure S4: The
coalescence dynamics (upper image) and the interferometry (bottom image) of ethanol droplets at the
impact moment. The contact cone angle (β) increased with the applied voltage (electric field) on the
nozzle. Scale bars: 300 µm, Figure S5: The coalescence dynamics of DI water droplets, and the impact
velocity and contact cone angle (β) for DI water and ethanol droplets (a) The coalescence dynamics
(top images) and the interferometry (bottom image) of DI water droplets at the impact moment. Scale
bars: 300 µm, (b) The change of impact velocity for ethanol and DI water droplets depending on
the applied voltage at a fixed dripping height (5 mm), (c) The contact cone angle (β) for ethanol
droplets depending on the applied voltage on the nozzle, Figure S6: Suppression of the air film layer
(or dimple) of an electrified DI water droplet under the electric field with respect to various Weber
numbers (We). (a) Snapshots of interferometry observed at the bottom and their corresponding film
profiles with respect to the amount of applied voltage on each dripping height. The observed film is
the maximum film profile (hmax = h(r, tfirst)) which we observed at the beginning of coalescence. (b)
The maximum film thickness (hmax = h(0, tfirst)) of DI water droplets based on the Weber number
(We), Figure S7: Effects of electric field strength and electric pressure on the suppression of dimple
formation. (a) Nondimensionalized film heights based on the electric Weber number (Weelec) for
an electrified DI water droplet. (b,c) Electric field strength and the strength of electric pressure
with respect to the radial location from the center of collision for the electrified DI water droplet.
The electric pressure was represented on a logarithmic scale, Figure S8: Comparison between electric
pressure and the pressure of air for electrified DI water droplet. (a–d) Electric pressure and pressure
of air film along the radial direction of the electrified DI water droplet with respect to various applied
voltages under 4 different Weber numbers (We = 0.82, 2.57, 4.44, 6.20), Video S1: Cascade Coalescence
with different electric field strength, Video S2: Suppression of dimple in a coalescence of electrified
ethanol droplet, Video S3: Suppression of dimple in a coalescence of electrified DI water droplet.
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