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ABSTRACT

A numerical investigation of droplet bouncing and heat transfer over a heated surface in the presence of
an external electric field has been reported. The coupled set of governing equations including the electro-
static and incompressible Navier-Stokes equations, have been implemented in the finite-volume frame-
work of OpenFOAM®. The coupled level set and volume of fluid (CLSVOF) approach has been used to
capture the droplet interface. The influence of the electric field over the droplet dynamics and bouncing
modes are systematically studied. Different bouncing modes are observed and they have been mapped
with respect to the electric capillary number, Car and Weber number, We. Two new modes have been
identified at Cag = 0.1. The Coulombic attraction at the solid-liquid contact line extends the total con-
tact time of the droplet. The local electric field distribution depends on the droplet’s local curvature. The
stronger distribution of electrostatic pressure near the tip of the droplet induces a stretching behavior.
The stretched droplet, extended contact time and enhanced fluid circulation increase the heat transfer.
This work provides a deeper understanding of droplet impact, bouncing dynamics and related heat trans-
fer characteristics influenced by an external electric field.

© 2022 Elsevier Ltd. All rights reserved.

1. Introduction

Heat transfer using a liquid spray is a common technique to
dissipate heat in several applications such as quenching of metal
casting [1], exhaust gas treatment systems [2,3] and electronic
cooling [4], etc. Recently, electrohydrodynamic (EHD) flow induced
heat transfer enhancement is popular among researchers due to its
quick response, low power consumption and design flexibility with
no moving parts [5]. Electrospray cooling is being considered as an
alternative to the conventional spray cooling due to its advantages
such as better atomization processes, superior droplet size control,
better droplet speed control, and higher efficiency than mechanical
pumps [6]. Several investigations are reported in the literature on
overall heat transfer performance of electrospray cooling systems
[7,8]. But, very limited information is available on the dynamics of
a single droplet impact and corresponding heat transfer over a hot
surface in the presence of an electric field. Coupled interaction of
the electric field with the flow and thermal fields make the droplet
dynamics and related heat transfer processes more complex and
intricate. Given its practical relevance and complex nature, droplet
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bouncing dynamics under the combined actions of inertial force,
surface tension, thermal buoyancy and electric field have become
a problem of academic and research interest. Deeper insights on
this problem will help to design electrospray cooling systems with
improved cooling efficiency. In addition to heat transfer character-
istics of electrospray cooling systems, the droplet impact dynam-
ics in the presence of an electric field has applications in other
industrial processes such as emulsification [9,10], drug develop-
ment [11,12], lab-on-chip processes involving biochemical agents
[13], ink-jet printing [14], and droplet-based microfluidic processes
[15].

In general, when a droplet impacts a flat solid surface, it will
first spread on the surface due to its inertia. After spreading, the
droplet will retract back due to the surface tension. Retraction
is followed by upward stretching of the droplet tip. Finally, the
droplet rebounds or splashes [16,17]. The impact and bouncing dy-
namics of the droplet are different in the presence of an external
electric field. For instance, the electrostatic force tends to make the
droplet tip to become very sharp. Thus, the local electric field gets
distorted and might lead to a flash-over or corona discharge [18-
21], affecting the safety of the device and system. To avoid these
harmful effects, a deeper understanding of droplet dynamics in the
presence of electric field is very important. Experimental and nu-
merical investigations on the effect of droplet deformation on the
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Nomenclature

—
T

Height of the domain [m].
Width of the domain [m].
Diameter of the droplet [m].
Electric potential [V].

Electric field [Vm™].
Absolute velocity [ms—!].
Velocity vector [ms—1].
Pressure [kgm ™ 's~2].
Acceleration due to gravity [ms—2].
Specific heat capacity [Jkg 'K~1].
Charge density [Cm~3].
Electric conductivity [Sm™!].
e Weber number.

Cag Electric capillary number.
Rayleigh number.

Prandtl number.

Thermal conductivity [Wm~K-1].
Time [s].

Heaviside function.

Ionic diffusivity [m2s—1].
Thermal diffusivity [m2s-1].
Temperature [K].

Density [kg m‘3].
Phase/Volume fraction.
Expansion coefficient [K~1].
Surface tension [Nm™!].
Dielectric permittivity [Fm™'].
Kinematic viscosity [m2s~1].
Spreading factor.

Level set function.

Dirac function.

Pressure ratio.

Value over the solid surface.
Ambient/Far stream value.
Initial value.

Fluid 1 (droplet) and 2 (gas).
ax Maximum value.
Non-dimensional value.

Mean and local value.

Ratio.
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contact charge process of a neutral droplet over a flat electrode
were carried out by Khorsidi et al. [22]. A three step charging pro-
cess of a water droplet over a charged flat electrode surface was
experimentally demonstrated by Im et al. [23]. Likewise, Borman-
shenko et al. [24,25] experimentally studied the deformation be-
havior of smoothly deposited droplets over a super-hydrophobic
surface in the presence of a vertical electric field. They studied
the electrowetting behavior of charged droplets. It was observed
that the charged droplets exhibited deformation from their natural
shape and also a different wetting behavior. Majority of the studies
concentrate on the contact charge process, rather than the dynamic
impact behavior [26].

The droplet dynamics after impact in the presence of an elec-
tric field is decided by the competition between surface tension
and electrostatic forces. In this context, an experimental study by
Ryu and Lee [27] investigated the spreading behavior of charged
and neutral droplets on impact over a hydrophobic surface. The
charged droplet showed higher maximum spreading diameter than
the neutral droplet. The wetting characteristics of a dielectric
droplet impacting over a solid surface was numerically investigated
by Pal et al. [28] and Yurkiv et al. [29]. It was concluded that an
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electric field could be employed to develop surfaces with tunable
wetting features. A numerical study on droplet impact on a surface
under an electric field by Emdadi and Pournaderi [30] showed that
the electric field led to longer contact times of the droplet. These
studies have only reported the droplet deformation and bouncing
during impact of a dielectric droplet over a solid surface in the
presence of an electric field. However, the droplet stretching in the
upward direction after retraction might cause distortion in local
electric field distribution. This can lead to enhanced electrostatic
force near the tip leading to stretching and ejection behavior, syn-
onymous to a cone-jet mode [31]. Recently, Tian et al. [32] exper-
imentally demonstrated the droplet stretching behavior after im-
pact over a solid surface in the presence of a vertical electric field
and reported two new droplet breakup and stretching modes.

The droplet stretching behavior in the presence of electric field
deserves further systematic investigation. In addition, the droplet
impact dynamics over a heated surface in the presence of an ex-
ternal electric field is yet to be studied. The combined interactions
of fluid flow, thermal, and electric fields are expected to cause
shifts and modifications in the bouncing modes of the droplet. This
study presents a detailed numerical investigation of bouncing and
heat transfer characteristics of a dielectric droplet over a heated
hydrophobic surface in the presence of an external electric field.
The different dynamic modes observed at various Weber numbers
(We) and electric capillary numbers (Cag) are mapped. The heat
transfer characteristics during the stretching mode is quantified.
The present study provides useful insights into the mechanism of
droplet impact dynamics in the presence of electric field and the
related heat transfer characteristics. Our study will serve as a guide
for the development of engineering systems that involve electric
field, droplet dynamics and heat transfer.

2. Mathematical formulation

This section presents the physical description of the problem,
governing equations of the numerical model, boundary conditions
and non-dimensional parameters used for the analysis.

2.1. Problem description

An axisymmetric computational domain with height Ly and
width Ly is considered, as shown in Fig. 1. The left boundary of
the domain is considered as the axis of symmetry. The bottom
wall is maintained at a temperature 6, higher than the ambi-
ent temperature 0. All the other boundaries, except the bottom
wall are kept at ambient temperature 6,. The top boundary is
considered the high voltage electrode and the bottom boundary is
grounded. The applied electric potential between the electrodes is
AV. Thus, the electric field F actsina vertically downward direc-
tion. A spherical leaky dielectric droplet of diameter Dy at ambient
temperature 6,, impacts the hot bottom wall, with an absolute ini-
tial velocity Uy. Detailed information about the boundary condition
is presented in Table 1.

2.2. Governing equations

A two-phase electrothermohydrodynamic (ETHD) model for two
immiscible, incompressible, Newtonian fluids based on coupled
level set and volume of fluid (CLSVOF) method has been adopted.
The coupled set of governing equations include the continuity and
momentum equations for the fluid flow, energy equation for the
thermal transport, interface capturing advection equation, Poisson
equation for electric potential and charge conservation equation.

Vi=0 (1)
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Table 1
Boundary conditions.
Topy=H Bottom y = 0 Right x = Ly Axis x =0

Pressure p Vp=0 Vp=0 Total pressure ~ Symmetry
Velocity o Vi=0 T=0 Vi=0 Symmetry
Charge density q Vg=0 Vqg=0 Vg=0 Symmetry
Electric potential V.= V=V, V=0 VvV =0 Symmetry
Volume fraction o Inlet-Oulet ~ Constant Contact Angle  Inlet-Outlet Symmetry
Temperature 6 6 =0, 0 =6y 6 =0, 0 =04

Ly
Top Electrode

=<

g

v g =
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“ Air E
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U
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Droplet |

Hot Wall |_||.

Fig. 1. Schematic representation of the computational domain.
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8§tu + V(Ionﬂ)) =-Vp+ ,OE) + V[/L(VTJ) + —U)T)] + Fst + Fes
(2)

oo -

W-FV.(ozu):O (4)

Here U is the velocity vector, g is the acceleration due to gravity,
p is the pressure and 0 is the temperature. The buoyancy source
term pg is calculated using the Boussinesq approximation. In di-
electric fluids, the Joule heating effect results in very low vari-
ation in temperature (1 x 1074Ks~1). Thus, Joule heating effects
are generally neglected in electrohydrodynamics of dielectric fluids
[29,32-35]. The terms Fg and Fes represent the volumetric source
terms due to surface tension and electric field, respectively. The
phase fraction in each control volume is denoted by « and the ad-
vection equation for the phase fraction is solved explicitly to cap-
ture the droplet interface movement.

2.2.1. Coupled level set and volume of fluid (CLSVOF) approach

The CLSVOF approach employed in this study guarantees the
mass conservation of volume of fluid (VOF) method and accurate
interface capturing of the level set (LS) approach. The solution of
dedicating fully conserved scalar advection equation for the phase
fraction ensures that mass is conserved. Whereas, the simultane-
ous coupling of LS function ¢ ensures smoothness of the solution

across the interface and permits the use of simple finite differ-
encing schemes to compute normal vector and interface curvature.
This helps us to capture a sharp interface without any nonphysi-
cal oscillations across the interface, while also ensuring mass con-
servation. The value of LS initialized from the VOF phase fraction
scalar field and the interface position is considered along the con-
tour line ¢ = 0.5.

¢o=QRa—-1I' (5)

Here, I is a non-dimensional parameter that decides the numerical
stability and accuracy. Large values of I' result in numerical insta-
bility and small values will lead to inaccurate results. As a general
practice, the value of I' is decided based on the local grid size as
I' = 0.75|Ax| [36]. The initial value ¢, is a sign function with a
value above zero in the liquid droplet region and less than zero in
the ambient gaseous region. The variable ¢ is then re-distanced by
the re-initialization equation as follows [37] :

3 — sgn(¢o)(1 - V)

$(x.0) = o (x) ®)

T =0.1Ax is a pseudo-time and sgn(¢g) is a sign function. The re-
initialization of smoothing level-set function achieves convergence
within a few iterations, where the iteration number ¢corr = h/AT.
h = 1.5Ax is the interface thickness [38].

The volumetric source term indicating the interfacial surface

tension force ?st in Eq. (2) is computed according to the con-
tinuum surface model [39], as follows:

Fa=0k@)8@)V(e) (7)

where o is the surface tension and the interface curvature « (¢) is
calculated as

k() =—V.(nSy) (8)

In Eq. (8), Sy is the surface vector of the cell face and the unit
normal vector n is determined as

_ %
16|

The Dirac function &(¢) that limits the influence of interfacial ten-
sion within the interface is defined as

0 if || > h
zl—h(1+cos(”h—¢)) if || < h

The density, viscosity and specific heat capacity are calculated as a
function of LS variable as

(9)

n

5(¢) = (10)

p(@) = pitH(P) + p2(1 —H(9)) (11)
w(@) = uH(@) + n2(1 — H(g)) (12)
Cp(¢) = CpiH(9) +Cpa(1 — H(¢)) (13)
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where, H(¢) is the Heaviside function:

0 if ¢ <—h
H@) =1 3(1+ %+ Lsin(Z2)) if |p] < h (14)
1 if ¢ > h

The subscripts '1’ and "2’ denote the droplet (fluid 1) and surround-
ing gaseous phase (fluid 2), respectively.

2.2.2. Electrostatic and charge transport model

Present study considers the coupling of electrostatics and hy-
drodynamics by means of the source term F.s in Eq. (2). The
electrostatic body force Fes is calculated using the Korteweg-
Helmoholtz formula [40] as follows:

Foy = VT=qFE — %|E|2V8 (15)

where, q is the volumetric charge density, ¢ denotes the dielectric
permittivity and E is the electric field.

Present study considers a droplet of de-ionised (DI) water sur-
rounded by air. Air is considered a perfect dielectric fluid [41] and
DI water is a leaky dielectric material [41,42]. This can also be es-
tablished based on the charge relaxation and hydrodynamic char-
acteristic times [29,32,43,44]. The electric relaxation time t, = ¢/K
in droplet is 1.29e~“%s. The hydrodynamic characteristic time in
droplet t, = pl?/u is 0.27e%. The charge relaxation and hydrody-
namic characteristic times for air are 7.37s and 0.021s, respectively.
We can clearly see that to << t, for DI water and t, >> t; for air.
Thus, present study deals with a leaky dielectric droplet in a per-
fect dielectric medium. In dielectric fluids, the dynamic current
values are negligible [40,45,46]. In the absence of current flow and
magnetic field, the charge movement is very slow. The characteris-
tic time for the magnetic phenomena t;; = ) KI? is several orders
of magnitude smaller than the characteristic time for electric phe-
nomena i.e. the electric relaxation time t, [43,44]. The value of ty
in air and DI water are 3.77e~%°s and 1.72e~18s, respectively. The
values of t; in air and DI water are much smaller as compared to
the values of t.. Thus, electrohydrodynamics of dielectric fluids can
be regarded as a quasi-static model, which ignores the current flow
and the induced magnetic effects [35,40,45,47]. Thus, the electro-
static phenomena can be described as

VxE=0 (16)
and
V.(af) =q (17)

The electric field is calculated as the divergence of electric poten-
tial V

E=-w (18)
Thus, the electrostatic field can be expressed in terms of electric
potential V

V.(eVV)=—q (19)

The transient charge density distribution inside the domain is ob-
tained by solving the complete Nernst-Planck equation for charge
transport [28]

dq

5t +V]J=0 (20)
here, J = KE + qu — ¥ Vq is the electric charge flux [27], K is the
electric conductivity, and v is the ionic diffusivity. The inherent
ion concentration in dielectric fluids (zero in air and infinitesimally
small quantity in DI water) is very low. Due to the leaky dielectric
nature of the droplet, the surface charges will instantaneously ac-
cumulate at the liquid-gas interface (t. << t). Thus, ionic diffusion
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in bulk is negligible and in general, ionic diffusion coefficients
of dielectric fluids are very low [29,34]. Thus, the diffusion term
is ignored. The permittivity and conductivity are considered as a
harmonic function of phase fraction « as given in Eqs. (21) and
(22)

1_o 1-¢ 1)
& &1 2%

1 o 1-«

Tt e (22)

In the context of two-phase electrohydrodynamic flows, there
are several approximated models reported in literature based on
the conductivity of the working fluids [35,44,47-49]. A brief sum-
mary of the equations used to model the electrostatic phenomena
in two-phase EHD flows are presented in Table 2. When both fluids
are perfectly dielectric, there are no free charges. Thus, the Lapla-
cian equation for electric potential is solved. There is no need to
solve the charge transport equation, as the system is devoid of
any free charges. The electrostatic force at the interface has only
the normal stress (dielectrophoretic) component. When both the
liquids are conducting liquids, Poisson equation for electric poten-
tial is solved. Due to the significant electrical conductivity of both
the fluids, free charges will be instantaneously conducted due to
electromigration. Thus, the charge transport equation is reduced
to have only the electromigration term, as the temporal and the
convective derivatives are very small. The electrostatic force will
only have the normal stress component. When both the fluids are
leaky dielectrics, Poisson equation for electric potential is solved.
Even in the leaky dielectrics t. << t,. Thus, the contribution of
temporal and convective derivatives will be small. Therefore, the
charge transport equation can be reduced only to the electromigra-
tion term. There will be accumulation of charges at the interface.
Hence, the electrostatic force at the interface will have both the
tangential and normal stress components. In the present work, a
system of a leaky dielectric droplet in a perfect dielectric surround-
ing is considered. Thus, there will be free charges. Hence, we solve
the Poisson equation for electric potential. t, << t; in the droplet
and t, >> t, in the surrounding medium. Thus, temporal deriva-
tive cannot be totally eliminated. Unlike a stationary, freely sus-
pended droplet, present work considers a impacting droplet over a
heated electrode surface. Thus, the interface undergoes significant
deformation with respect to time and also there is a buoyancy in-
duced flow. Thus, the convection component of charge transport
equation cannot be ignored. Hence, the complete charge transport
equation is considered in the present study (only the charge diffu-
sion is neglected). Due to the accumulation of charges at the inter-
face, both the normal and tangential stresses are considered. This
approach has also been employed in previous studies reported in
literature [29,30,32].

2.3. Governing parameters and variables

The driving parameters and results of this study are presented
and analyzed using non-dimensional and normalized variables. In
this problem configuration, the droplet impact dynamics is affected
by inertial force, interfacial surface tension and electrostatic force.
Effects of these factors are characterized by Weber number We and
electric capillary number Cag, that are defined as

Doé3|Ex |2
ag = p (23)
In the above equations, E,, = AVp/Ly. Furthermore, the ther-
mal buoyancy force inside the flow domain is characterized by the
Rayleigh number

_ gi:z AOH?
Va2

Ra (24)
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Table 2
Summary of electrostatic equations used in two-phase EHD flows [35,44,47-49].

Perfect dielectric fluids ~ Conducting fluids Leaky dielectric fluids Leaky dielectric - Perfect
dielectric fluids (Present work)

Electric potential V2(eV)=0 V2(eV)=—q V2(eV)=—q V2(eV)=—q
Charge conservation  Not applicable V.(Kf =0 V.(Kf =0 % +V. KE + qTI) =0
Electrostatic force ?es = —%TE)A_EVe _>es = —%_E)Ast _)ES = q_E) - %fATE)Vs _>es = q? - %_E)A_E>Ve
1.25
i We =1 and Ca_ = 0.01
) ——O—— Domain Length L,, = 6D,
':' 1 ——<O—— Domain Length L,, = 3D,
2 |
(&) L.
®© 075}
I i
m L
S o5
-g Domain Maximum Contact | Time Averaged Mean
m Length | Spreading Factor Time Nusselt Number
| . 0.25 |- I'I'W )Bmax 'rmrlfBCf NUM
Q- ' 0.9800 1.01 32.2463
w 0.9701 1.01 32.2248
0% . ‘ I ISR Il ENENENE ENE RIS AN AT IR | L
01 02 03 04 05 06 07 08, 09 L |
Non-Dimensional Time [t ]
(a)
3
i We = 100 and Ca, = 0.01
e C —O—— Domain Length L,, = 6D,
= 25| —<—— Domain Length L,, = 3D, |
o i Domain Maximum Contact | Time Averaged Mean
[l Length | Spreading Factor | Time Nusselt Number
o 2 u Ly Brnax F contact Nty
(4] 3D, 2.8065 9.88 27.2629
u - 6D, 2.8024 9.88 27.2141
m 15 =
-E F
T L
© i
Qo
= : D
Q. 05 : =
N Spreading Factor = 35
(RN TR (RN SR TN [T SRR O U T T N TN S N O TN S NSO SO N TN S S A 0
02 3 4 5 6 7 .8 9 1o
Non-Dimensional Time [t]

(b)

Fig. 2. Domain size independence analysis. Time evolution of spreading factor for (a) Cag = 0.01 and We = 1 and (b) Cag = 0.01 and We = 100. The inset table in the
figure presents the maximum spreading factor, total contact time and time averaged mean Nusselt number.

where, £ is the thermal expansion coefficient, v is the kine- For all the simulations carried out in this study, the Bond number
matic viscosity and o7 is the thermal diffusivity. The value of the is 0.034.
Rayleigh number is considered as Ra = 1 x 103 for all the simu- The thermophysical properties of the fluids are characterized
lations presented in this study. The parameter that represents the by the Prandtl number Pr = (uCp)/k. In this study, Pr;y = 6.31
ratio of gravitational force to the capillary force is the Bond num- and Pr, = 0.57 with viscosity ratio ug = @1/ = 60.9 and
ber. Bond number is expressed as density ratio pg = p1/p2 = 773.6. Furthermore, the dielectric
ApgD? permittivity ratio eg = &1/¢; = 80.39 and electrical conductiv-
Bo = TO (25) ity ratio Kg = K;/K, = 4.58 x 105, The properties of the work-
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Fig. 3. Grid independence study. Time evolution of spreading factor for (a) Car =

0.01 and We = 1 and (b) Cag = 0.01 and We =

100. The inset table in the fig-

ure presents the maximum spreading factor, total contact time and time averaged mean Nusselt number.

ing fluids are listed in Table 3. In addition, We is varied in the
range of 1 < We < 100 such that the droplet remains in the bounc-
ing regime and splashing does not occur. Hence, the axisymmetric
assumption holds valid. The electric capillary number Cag is var-
ied in three levels 0, 0.01 and 0.1 where, Cag = 0.1 corresponds
to a maximum electric potential of 10 kV (approx). Since the elec-
tric field influences the gas-liquid surface tension [27], it would be
more appropriate to use a model that calculates the dynamic con-
tact angle as a function of the electric field for a charged droplet.
Unfortunately, no such models are available in the literature. As a
compromise, the present study utilizes a constant contact angle of
156° at the droplet three-phase contact line as recommended by
Li et al. [50] for the considered range of parameters and operating
conditions. Although this treatment is not ideal, it can predict the
droplet impact behavior with acceptable accuracy, as showcased in
the detailed validation study presented in Appendix A.

Table 3

Properties of working fluids.
Thermophysical properties Value
Density - Air [kgm’3] 1.29

Density - DI water [kgm’3] 998

Dynamic Viscosity - Air [kgm 's~1] 1.48 x 10-°
Dynamic Viscosity - DI water [kgm™'s~!] 9.01 x 104
Thermal Conductivity - Air [Wm™'K-1] 0.026
Thermal Conductivity - DI water [Wm™'K~1] 0.6

Specific Heat Capacity - Air [Jkg 'K-'] 1.01 x 109
Specific Heat Capacity - DI water [Jkg 'K-!]  4.20 x 10°3
Surface Tension [Nm™'] 7.20 x e~
Dielectric Properties Value
Dielectric Permittivity - Air [Fm™'] 8.85 x 1012
Dielectric Permittivity - DI water [Fm™'] 7.12 x 10-10
Electrical Conductivity - Air [Sm™'] 1.20 x 1012
Electrical Conductivity - DI water [Sm!] 5.50 x 106
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[We =50 and Ca_ = 0.1 }

6 7 8 9 10 11 12 13

Non-Dimensional Time [t]

Fig. 4. Demonstration of mass conservation with time evolution of droplet mass ratio at We = 50 and Cay = 0.1. The inset images present the liquid fraction distribution

at different instantaneous moments during the impact and bouncing process.

~ (=0 t*=038 1 =0.61 t*=0.287 * =101
Il
*=().46 t*=0.84 t*=2.16 * =291
=1
—
I
g L
* ———
1= *=(0.54 *=1.61 *=3.77 r*—619
=
rey
]
=

*--¢l

Fig. 5. Isocontours of @ = 0.5 at different time instances to demonstrate droplet behavior in different modes of bouncing in the absence of electric field (Cag = 0). First
row: Quick bounce - M1, Second row: Bounce after deformation - M2 and Third row: Bounce with satellite droplets - M3..

3. Numerical methodology

The coupled set of governing equations for the two-phase ETHD
flow based on a CLSVOF approach are implemented in the open-
source finite-volume framework of OpenFOAM®. Using a collo-
cated grid system, all the variables are stored at the center of con-
trol volumes. Standard second-order accurate finite-volume proce-
dures available in OpenFOAM® are employed to discretize the gov-
erning equations [51]. A second-order accurate central differencing
scheme is used to discretize the Laplacian terms and a third-order
accurate cubic scheme is used to discretize the gradient terms. In

general, convective terms are discretized using a third-order accu-
rate QUICK scheme [52] except the convective term in the charge
conservation equation, which is discretized using a second-order
accurate total variation diminishing (TVD) Van Leer scheme [53].
The TVD scheme ensures an oscillation-free stable solution for the
convection dominant charge conservation equation. Implicit Euler
back ward method is employed to discretize all the time deriva-
tives. A sequential, iterative solution procedure based on the PIM-
PLE algorithm is employed to solve the discretized equations [54].
The sparse matrices produced as a result of the discretization pro-
cedure are solved using a pre-conditioned bi-conjugate gradient



R.D. Selvakumar and H. Lee

International Journal of Heat and Mass Transfer 191 (2022) 122837

t =0 t*=0.15

~

1% =0.38

t*=0.76 t*=1.09

=0 t*=0.37

e=10

t*=0.72

t* =216 t* =322

th =0 t* =0.54

We = 50

=106

t* =4.57 1*=6.97
@

Fig. 6. Isocontours of o = 0.5 at different time instances to demonstrate droplet behavior in different modes of bouncing in the presence of electric field (Ca = 0.01). First
row: Quick bounce - M1, Second row: Bounce after deformation - M2 and Third row: Bounce with satellite droplets - M3..

10.5

—O0— Ca.=0
—<&—— Ca_=0.01

©
T T T [ T T 71

*

Contact Time [t__ ...

45

LI I e e e B

I T T T N T T T T O N N

. .

=t

contact

I T ST N N T N T S N Y N T SN O B

10 20 40

30 70
Weber Number (We)

50 60 80 90 100

Fig. 7. Variation of total contact time of the droplet with the heated surface at 1 < We < 100 and Ca = 0 and 0.01.

(PBiCG) method along with a diagonal incomplete-LU (DILU) pre-
conditioner, for non-symmetric matrices. For symmetric matrices,
geometric-algebraic multi-grid (GAMG) method coupled with a di-
agonal incomplete-Cholesky (DIC) pre-conditioner is utilized. The
absolute tolerance for the sparse matrix solvers is set at 1077,

4. Domain and grid independence analysis

The domain size and grid resolution used in this study are cho-
sen based on a detailed domain and grid independence analysis.

The domain height is set to 20 x Dy to steer clear of the effect of
the top boundary. The effect of domain width is presented in Fig. 2.
Two domain widths Ly, = 3 x Dy and 6 x Dy have been consid-
ered for the domain independence study. Likewise, grid indepen-
dence study results are presented in Fig. 3. Three different grids
with 200,000, 400,000 and 800,000 cells have been considered.
The domain and grid independence have been checked with re-
spect to various parameters such as spreading factor 8, maximum

spreading factor Bmax, total non-dimensional contact time t%,....



R.D. Selvakumar and H. Lee

International Journal of Heat and Mass Transfer 191 (2022) 122837

=0 *=0.39

We =1

=0.99

t*=122 *=193

_I__-__LJ__L

=0 =032

=50

We

rf=1.61

il

% =4.30 =946

Fig. 8. Isocontours of o = 0.5 at different time instances to demonstrate droplet behavior in different modes of bouncing in the presence of electric field (Cag = 0.1). First

row: Bounce with tail in the bottom tip - M4 and Second row: Upward stretching - M5..

=
]
S 0.01

dEENECEEEEEEEEEEEE

pegas] [ wepssl L L L L

0 1255 751015 20 25 30 35 40 45 50 55 60 65 70 80 90 100

Ijl Quick bounce (M1)

We

i Bounce after deformation (M2) . Bounce with satellite droplets (M3)

Bounce with a tail (M4) . Stretching (M5)

Fig. 9. Droplet bouncing modes observed at 1 < We < 100and 0 < Caz < 0.1.

and time averaged mean Nusselt number Nuy,. Spreading factor
is defined as follows:

Width of the droplet in contact with the solid surface _ Ds
Initial diameter of the droplet " Dy

(26)

where, Bmax is the maximum value of B observed at the stage
when the droplet is at its maximum spreading point and t% ..
is the total non-dimensional time duration for which the droplet
is in contact with the solid surface, before it bounces off. The non-

dimensional time t* is given by
Uot
Do
Local Nusselt number is calculated along the heated bottom sur-
face as

Ao

_ y
Nuy = 52— (28)

B =

- 27)

Mean Nusselt number is calculated by the average of Nu; along
the length L. Time averaged mean Nusselt number Nuy, is the
mean Nusselt number over the hot surface, averaged over a pe-
riod of time equal to t} ... Based on the results presented in
Figs. 2 and 3, GRID 2 with 400,000 cells and Ly, = 3Dy have been
chosen for this study. In addition to the grid and domain indepen-
dence studies, the mass conservation characteristics of the numer-
ical model are also presented in Fig. 4. The mass ratio is the ra-
tio of the droplet mass (m) at a specific time moment to its ini-
tial mass (mg). Different stages of droplet deformation namely im-
pact, spreading, retracting, stretching and breaking up into satellite
droplets, are marked as points A, B, C, D, and (E & F), respectively.
It is observed that the mass ratio remains perfectly as 1, until the
first satellite droplet leaves out of the domain at point F. Thus, it
is evident that the numerical model used in this study guarantees
mass conservation until or unless the droplet escapes from the do-
main. An adaptive time-stepping method has been used such that
the total and interface Courant numbers are always less than or
equal to 0.25.
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5. Results and discussion

This section presents a detailed analysis and discussion of the
results obtained in this numerical study. Firstly, the dynamics and
bouncing modes of the droplet at different Weber number (We)
and electric Capillary number (Cag) are discussed in Section 5.1.
Then, in Section 5.2, the mechanism of droplet stretching observed
in the presence of an electric field is explained. Finally, the heat
transfer characteristics during the droplet stretching due to the
electric field is highlighted in Section 5.3.

5.1. Droplet dynamics and modes
Once the droplet impacts a flat solid surface, the droplet be-

gins to spread due to the kinetic energy. The extent of spread-
ing is dependent on the initial impact velocity determined by the

10

Weber number We. On reaching its maximum spreading diameter,
the surface energy due to the surface tension causes the droplet
to retract. This retraction continues further to make the droplet
tip/apex stretch upward. Finally, the stretched droplet may bounce
off the surface as a whole droplet or bounce along with some small
satellite droplets, that break up from the original droplet. Different
modes of bouncing of droplets in the parameter space considered
in this study are presented in Figs. 5, 6 and 8. The droplet visual-
izations are isocontours drawn at « = 0.5. In the absence of elec-
tric field i.e., Cag = 0, depending on the We, the droplet exhibits
three bouncing modes namely, M1- quick bounce, M2 - bounce af-
ter deformation and M3 - bounce with satellite droplets. The three
modes of droplet bouncing seen in the absence of electric field
(Cag = 0) are presented in Fig. 5. In M1, the droplet undergoes only
a slight deformation on impact. In other words, the droplet spread-
ing over the surface is minimal. Then, the droplet retracts and
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bounces off the surface, almost retaining its original shape. In M2,
the droplet impacts the surface and undergoes significant defor-
mation, spreading more or less to a disc shape. Then, the droplet
retracts and bounces from the solid surface. The droplet is well
deformed to a calabash shape, while bouncing. Finally, the third
mode M3 is characterized by impact, significant spreading, retrac-
tion, breakup of small satellite droplets and bouncing along with
satellite droplets. The main droplet is deformed to the shape of a
snow bowling pin, at the moment of bouncing. At 1 <We < 2.5,
mode M1 is observed, mode M2 is seen for 2.5 < We < 15 and
when 15 < We < 100 mode M3 is noted. The maximum value of
We is limited to 100, to restrict only to the bouncing regime. Be-
yond We = 100, the droplet exhibits splashing at the end of the
spreading stage. To accurately resolve the splashing of droplets, a
3D study is required. Thus, the present study limits the maximum
value of We to 100.

For electric capillary number Cag 0.01, the same three
modes M1, M2, and M3 are exhibited (refer Fig. 6), while the tran-
sitions are slightly shifted with respect to We. Mode M1 is ob-
served only up to We = 1. For 1 < We < 20, mode M2 is exhibited
and mode M3 is seen for We > 20. This indicates that the elec-
trostatic force promotes deformation of the droplet, as already in-
ferred by Ryu et al. [27]. Thus, the quick bounce mode M1 is seen
only for a short range of We. It is also to be noted that the total
contact time ¢}, of the droplet with the bottom surface has in-
creased. For instance, at We = 10 the total non-dimensional con-
tact time is 2.91 for Cag 0. Whereas for Cag = 0.01, the total
contact time at We = 10 is 3.22. The comparison of total contact
time at Caz = 0 and 0.01 is shown in Fig. 7. The t% ... is higher
for Cag = 0.01 and also, the difference is more pronounced at
higher Weber numbers. A maximum of 13% increase in total con-
tact time is observed at We = 100. Thus, it can be inferred that
the electric field increases the total contact time at Cag = 0.01, as
compared with Cag = 0.

t*=2.15

JJJJI_JJLM_.AA

Fig. 11. Instantaneous distribution of normalized electrostatic pressure and streamline contours at Cagp =

1
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The dynamic droplet modes for Cag 0.1 are presented in
Fig. 8. Different from aforementioned results for Cag 0 and
0.01, two new modes are observed in this case, namely M4 -
Bounce with a tail and M5- Stretching. For the case of Cag = 0.1
and We = 1 presented in the first row of Fig. 8, the droplet im-
pacts the bottom surface, undergoes a slight deformation, retracts
and then begins to bounce. But while bouncing, a small cross sec-
tion of the droplet continues to be attached to the bottom wall
This elongates like a tail, as the droplet moves further upward. This
elongated tail will eventually break into small secondary droplets.
The mode M4 is observed at 1 <We < 7.5. For We > 7.5, an up-
ward stretching of the droplet (M5) is observed. As shown in the
second row of Fig. 8, at Cag = 0.1 and We = 50, the droplet im-
pacts the surface, deforms significantly to a disc shape, retracts
and stretches vertically to form a thin, tall tip. This stretching con-
tinues until the top tip disintegrates into small satellite droplets.
Following the stretching of the top end, the bottom end of the
droplet also undergoes thinning and stretching (refer to inset im-
age F of Fig. 4). The stretched droplet will eventually disintegrate
into smaller secondary droplets. Thus, in the presence of stronger
electric field (Cag 0.1), two new modes of droplet dynamics
are observed. For the case of Cagp = 0.1, a precise t} ., cannot be
defined because the bottom tip of the droplet remains attached to
the bottom surface for a very long time, before the top end dis-
integrates into satellite droplets and escapes out of the compu-
tational domain. The overall mapping of the different droplet dy-
namic modes seen over the range of Car and We considered in this
study, is presented in Fig. 9.

5.2. Mechanism of stretching in the presence of electric field

In Fig. 10a, the normalized electric field intensity (E* = E/Ey)
and normalized charge distribution in the droplet are presented at
t* = 0.45, Cag = 0.1 and We = 50, for better understanding of two
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Fig. 12. Time evolution of pressure ratio (1) on the top and bottom tips of the droplet for (a¢) We = 5 and (b) We = 50, in the presence of electric field Cay = 0.1.

new modes M4 and M5. The normalized charge distribution is de-
fined as

(29)

where, ey is the basic electric charge (1.6 x 1071C). On the left
side of Fig. 10a, the electric field distribution is stronger at loca-
tions with a high radius of curvature. This indicates that the local
electric field distribution is a strong function of the local radius
of curvature. Likewise on the right hand side of Fig. 10a, it is ob-
served that the bottom edge of the droplet has a strong positive
charge distribution. The top electrode, connected to the high volt-
age power supply, will have strong positive charge, while the bot-
tom surface which is grounded will have a negative charge distri-
bution. Due to the electric field, the droplet will also get charged.
As a result, the bottom edge of the droplet accumulates positive
charges. This phenomenon is presented in the schematic form in

12

Fig. 10b. The liquid-solid contact line between the droplet and the
bottom surface will experience a Coulombic attraction due to the
accumulation of opposite charges in the bottom end of droplet and
the bottom surface (grounded electrode). This Coulombic attraction
between the bottom surface of the droplet and the grounded bot-
tom electrode explains the longer contact time seen in the pres-
ence of the electric field.

In Fig. 11, the streamline contours and normalized electrostatic
pressure distribution within the droplet is presented for We =
5, 50 at Cag = 0.1. The streamlines are pointing downwards dur-
ing impact and spreading stages. The streamlines begin to point
vertically upward during the retraction and stretching stages. The
electrostatic pressure is defined as
pe = 52 EP (30)
The electrostatic pressure is normalized by the hydrostatic pres-
sure. As already explained using Fig. 10a, the local electric field
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distribution strongly influences the local curvature of the droplet.
As a result, the local electrostatic pressure distribution within the
droplet is strong over the region with sharp curvature. As shown
in Fig. 11, for the case of We =5 the shape evolution of the
droplet favors the stronger electrostatic pressure distribution near
the bottom tip of the droplet. Whereas, the shape evolution of the
droplet at We = 50 favors the stronger electrostatic pressure dis-
tribution close to the top tip of the droplet. The stronger electro-
static pressure near the bottom end and the Coulombic attraction
with the bottom electrode facilitates the formation of a bottom
tail attached to the bottom surface, when We 5. Similarly, the
stronger electrostatic pressure distribution near the top tip of the
droplet promotes upward stretching of the droplet, when We
50. Thus, the electrostatic pressure distribution near the bottom
or top end of the droplet and the Coulombic attraction near
the solid-liquid contact line decide the formation tail or upward
stretching.

13

The pressure ratio n can further explain the mechanism of
modes M4 and M5. The pressure ratio n is defined as the ra-
tio of electrostatic pressure to the capillary pressure ps = 20 /kq.
Here, o is the surface tension and «, is the droplet’s local curva-
ture near the top/bottom apex. The capillary pressure causes the
droplet to retract and retain its spherical shape. In other words,
capillary pressure restricts the stretching. In contrast, the electro-
static pressure promotes the vertical stretching of the droplet. For
We =5 (see Fig. 12a), the initial stages of the droplet deformation
at both the ends are dominated by the capillary pressure. At t*
close to 1.85, the electrostatic pressure near the bottom tip begins
to increase and at t* = 2.09, the value of n becomes greater than
1. This causes the bottom end of the droplet to stretch like a tail
in the trailing end of the droplet. As shown in Fig. 12b, the value
of n becomes higher than 1 for the top tip at t* close to 4.35, in
the case of We = 50. This explains the upward stretching of the
droplet. Furthermore, at t* 6.27, the value of 71 at the bottom
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distribution in the droplet at three different instantaneous moments.

end also becomes greater than 1. This can be related to the stretch-
ing of the bottom end of the droplet, as seen in the inset image F
presented in Fig. 4. Thus, it can be inferred that the local curvature
of the droplet and the related electric field distribution determine
the occurrence of modes M4 and M5.

5.3. Heat transfer characteristics during droplet stretching

Finally, the heat transfer characteristics observed during the
droplet stretching (M5) are discussed in this sub-section. The local

0 and 0.1. The inset images present the zoomed views of non-dimensional temperature
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Nusselt number Nu; distribution over the heated bottom surface
for We = 50 at Cag 0 and 0.1 are presented in Fig. 13a and
b, respectively. Immediately after the impact, at t* 0.05, very
high values of Nu; are observed in the droplet impact region at the
heated bottom surface. At this point, the heat transfer characteris-
tics are identical for both Cag = 0 and 0.1. With further progress
in time, the droplet enters into the spreading stage. At t* 1.61,
both the cases exhibit a more or less identical heat transfer char-
acteristics, in the spreading stage. We can observe that the Nu;
distribution is also a function of local liquid layer thickness. This
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is very evident in the Nu; distribution at t* = 1.61. At t* = 1.61,
the droplet is almost stretched to its maximum extent like a disc.
However, the disc is not smooth but, has ups and downs. The Local
Nusselt number distribution shows sudden spikes where the lig-
uid layer is thick and exhibits sharp falls where the liquid layer is
thin. At t* = 3.50, the droplet begins to recoil. The local Nusselt
number distribution is also identical except for some minor dif-
ferences. At t* = 5.92, the droplet commences to bounce off from
the bottom heated surface for Cap = 0. This is characterized by a
sharp spike near the midpoint of the bottom surface. Whereas for
Cag = 0.1, the droplet still remains attached to the surface, which
can be related to the wider Nu; profile near the midpoint of the
heated bottom surface. At t* 6.46, the droplet has completely
bounced off from the surface for Cag = 0, which causes the Nu;
to fall to very low values. Unlike the case without the electric field,
the droplet does not bounce off the surface for Cag = 0.1. Instead,
it remains attached to the surface and also stretches vertically up-
ward. This can be correlated with the increase in Nu; distribution
at t* = 6.46 and 7.53. The upward stretching of the droplet makes
it come in contact with the cooler region of the domain and facil-
itates the heat removal from the droplet. The variation in normal-
ized mean velocity of the droplet is plotted in Fig. 14. The normal-
ized mean velocity is the same until the recoiling stage. Once the
droplet reaches the recoiling stage, the curves of Cag = 0 and 0.1
begin to deviate. The mean velocity of the droplet is higher for the
case with electric field Cag = 0.1. This also explains the higher Nu;
distributions in the stretching stage. Likewise, the non-dimensional
mean droplet temperature is plotted in Fig. 15. The mean droplet
temperature is more or less the same for both cases until the re-
coiling stage. Once the droplet enters the recoiling stage, the mean
droplet temperature of the case with the electric field (Cag = 0.1)
becomes lower than that of Cap = 0. This is due to the stronger
velocity distribution caused by the electric field and elongated
shape of the droplet, which helps it dissipate heat easily to the
cooler top regions of the domain. Overall, the presence of an elec-
tric field increases the heat transfer by increasing the contact time,
increasing the mean velocity in the droplet, and by better heat dis-
sipation to the surrounding fluid.

6. Concluding remarks

This study numerically investigates the bouncing dynamics and
heat transfer of a dielectric droplet over a heated solid surface in
the presence of a vertical electric field. The electric field has a no-
table influence on the bouncing dynamics of the droplet. All the

*=0.10 *=0.50 =082
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bouncing modes observed in the range of We and Car considered
in this study, has been mapped. Two new modes, M4 and M5, were
identified at Cag = 0.1. In M4, the droplet bounces off with a tail
that is attached to the heated bottom surface. M5 is characterized
by stretching and thinning of the droplet. The electric field resulted
in longer total contact times of the droplet due to the Coulombic
attraction at the solid-liquid contact line. The local electric field
distribution is observed to be strongly dependent on the local cur-
vature of the droplet. The droplet stretching direction is decided
by the instantaneous droplet curvature and electrostatic pressure
distribution within the droplet. At Cag = 0.1, at lower Weber num-
bers mode M4 is observed, whereas higher values of We, favor the
occurrence of M5. The stretching of the droplet in mode M5 in-
fluences the heat transfer significantly. The stretching droplet in-
creases the heat transfer by longer contact time, enhanced fluid
circulation within the droplet and better heat dissipation to the
surrounding fluid.
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Appendix A. Code validation

This section presents a detailed validation of the numerical
solver utilized in this study, which is developed in the open-source
finite-volume framework of OpenFOAM®. Results obtained using
the present solver are compared with standard experimental, nu-
merical and analytical results of the physics involved in the context
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Fig. Al. Case 1: Qualitative comparison of droplet impact and deformation sequence at Uy = 0.64ms~' and Dy = 2.14 mm. The first row corresponds to experimental results
of Li et al. [50]. Second row shows isocontours of o« = 0.5 from present numerical simulations..
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of present study. To be specific, the numerical framework is tested
with respect to following four benchmark cases:

o Case 1: Droplet impact over an isothermal solid surface [50].

o Case 2: Droplet impact over a heated solid surface [55,56].

o Case 3: Deformation of a freely suspended dielectric droplet in
an external electric field [44,57].

o Case 4: Impact and bouncing of a droplet over an isothermal
hydrophobic surface in an external electric field [32].

Al. Case 1: Droplet impact over an isothermal solid surface

The numerical framework utilized in this study is first com-
pared with the case of water droplet impact over a smooth solid
hydrophobic surface. The numerical setup is exactly same as the
case demonstrated in Figs. 3 and 4 of Ref [50]. In Fig. A.16, a
qualitative comparison of numerical results with the experimen-
tal results of the droplet shape at different time instances dur-
ing impact, spreading, recoiling and bouncing stages is presented
by means of droplet visualizations using isocontours (a =0.5).
The droplet shapes obtained in the numerical simulations show
an agreeable match with the experimental results. Furthermore,
a quantitative comparison in terms of the spreading factor evolu-
tion with respect to time is presented in Fig. A.17. The quantitative
comparison is also within the agreeable limits.

A2. Case 2: Droplet impact over a heated solid surface

To assess the capability of the solver to simulate the thermal ef-
fects in the purview of this problem, a case of droplet impact over
a heated solid surface is considered in this section. The numerical
setup is made exactly to mimic the study reported by Samkhani-
ani et al. [56]. Fig. A.18 presents the variation of spreading factor 8
with time for different contact angles. The numerical results match
very well with the experimental data through out the droplet im-
pact, spreading, recoiling and bouncing process, for all three con-
tact angles. In addition, numerical predictions of time variation of
mean droplet temperature at different values of We is compared
with the numerical results of Ref [56], in Fig. A.18b. Present nu-
merical results show very good agreement with the literature data.
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A3. Case 3: Deformation of a freely suspended dielectric droplet in an
external electric field

This case considers the deformations of a liquid droplet of ra-
dius R, freely suspended in a second liquid exposed to an electric
field E, as shown in Fig. 6 of Herrera et al. [44]. The thermo-
physical properties, dielectric properties and flow configuration,
etc. are set exactly same as the case considered in Ref [44]. The ra-
dial electric field distribution in polar coordinates for a freely sus-
pended spherical drop in an electric field can be calculated by the
following expressions given by Taylor’s theory [57].

Outer fluid

_ 2(Kg—1) 1
Ezr__l:1+2+KRr3 cos 6 (A1)
Inner fluid
Eir = e cos 6 (A.2)

Fig. A.19a presents a comparison of the present numerical results
of radial electric field distribution along 6 = 7 with Eqgs. (A.1) and
(A.2). Likewise, the axisymmetric velocity profiles v, and vy, along
6 = /4 is presented in Fig. A.19b. The numerical results are com-
pared with the analytical predictions of Taylor's theory [57] as
given by the following expressions:

Outer fluid

vy =A(r* —=172)(3cos>0 — 1) and vy = —Ar*sin 260 (A3)

Inner fluid

vir =Ar(1 =1?*)(3cos?6 — 1) and vy = ?r(l - gﬂ) sin 26
(A4)

In all the expressions of Taylor’s theory [57], r has been made di-
mensionless with Ry, the normalized electric field is calculated as
E/E, the velocity is normalized with the characteristic velocity
Ve = Ry&2E2 /i, The variable A stands for

9 RdSZEgo 1 Kr—Q
(1+A) (Kg+2)2

10 U2

(A5)
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Fig. A3. Case 2: Comparison of present numerical results with experimental and numerical results [55,56] for droplet bouncing over a heated solid surface. (a) Time
evolution of droplet spreading factor (8 = Ds/Doy) for Dy = 2.3mm, We = 20, Tpo=20°C and Ty = 60°C and (b) Droplet mean temperature variation with time
(do =2.3mm, 6, =120°, Ty = 20°C, T; = 60°C) for impact over a smooth hydrophobic surface (6. = 120°).

Finally, the total deformation of the droplet characterized by the
deformation ratio D = (b—a)/(a+ b) at different conductivity ra-
tios Kz and Ca = 0.18 is presented in Fig. A.19c. The numerical
predictions of D is compared with the analytical expression given
by Taylor [57], as follows:

2+ 3A

[1 +K2-2Q+ g(KR - Q)M]

9 Ca E

D=1 2+ Kp)2

(A6)

From Fig. A.19, it is clearly seen that the present numerical re-
sults show good agreement with the analytical solutions. More im-
portantly, the numerical solver is able to capture the sharp varia-
tions across the fluid-fluid interface, without any nonphysical os-
cillations.
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A4. Case 4: Impact and bouncing of a droplet over an isothermal
hydrophobic surface in an external electric field

Finally, the case of experimental study of a droplet impact over
an isothermal solid surface [32] is considered. The study has re-
ported three different modes at three different electric potentials
namely, 7kV, 7.5kV and 8kV. The temporal evolution of the height
ratio (hg/hgg) at the three electric potentials obtained using the
present numerical framework is compared with the experimental
results in Fig. A.20. Here, hg is the height of the droplet at instan-
taneous times and hgg is the height of the droplet at the point of
maximum stretching. It is seen that the numerical results match
well with the experimental results.

The detailed validation study with respect to experimental, nu-
merical and analytical benchmark results gives us confidence over
the results, obtained using the numerical framework utilized in
this study.
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Fig. A4. Case 3: Comparison of present numerical results with analytical results [44,57] of deformation of a freely suspended dielectric droplet in an external electric field.
(a) Radial electric field distribution along angle 6 = i, (b) Velocity components distribution along angle & = 7 /4 and (c) Deformation ratio at different conductivity ratios.
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Fig. A5. Case 4: Temporal variation of droplet height ratio (hs/hsy) at three different applied electric potential values 7kV, 7.5kV and 8kV. The experimental data is taken

from Tian et al. [32].
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