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a b s t r a c t 

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, Ca E and Weber number, We . Two new modes have been 

identified at Ca E = 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. 
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. Introduction 

Heat transfer using a liquid spray is a common technique to 

issipate heat in several applications such as quenching of metal 

asting [1] , exhaust gas treatment systems [2,3] and electronic 

ooling [4] , etc. Recently, electrohydrodynamic (EHD) flow induced 

eat transfer enhancement is popular among researchers due to its 

uick response, low power consumption and design flexibility with 

o moving parts [5] . Electrospray cooling is being considered as an 

lternative to the conventional spray cooling due to its advantages 

uch as better atomization processes, superior droplet size control, 

etter droplet speed control, and higher efficiency than mechanical 

umps [6] . Several investigations are reported in the literature on 

verall heat transfer performance of electrospray cooling systems 

7,8] . But, very limited information is available on the dynamics of 

 single droplet impact and corresponding heat transfer over a hot 

urface in the presence of an electric field. Coupled interaction of 

he electric field with the flow and thermal fields make the droplet 

ynamics and related heat transfer processes more complex and 

ntricate. Given its practical relevance and complex nature, droplet 
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ouncing dynamics under the combined actions of inertial force, 

urface tension, thermal buoyancy and electric field have become 

 problem of academic and research interest. Deeper insights on 

his problem will help to design electrospray cooling systems with 

mproved cooling efficiency. In addition to heat transfer character- 

stics of electrospray cooling systems, the droplet impact dynam- 

cs in the presence of an electric field has applications in other 

ndustrial processes such as emulsification [9,10] , drug develop- 

ent [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 

rst spread on the surface due to its inertia. After spreading, the 

roplet will retract back due to the surface tension. Retraction 

s followed by upward stretching of the droplet tip. Finally, the 

roplet rebounds or splashes [16,17] . The impact and bouncing dy- 

amics of the droplet are different in the presence of an external 

lectric field. For instance, the electrostatic force tends to make the 

roplet tip to become very sharp. Thus, the local electric field gets 

istorted and might lead to a flash-over or corona discharge [18–

1] , affecting the safety of the device and system. To avoid these 

armful effects, a deeper understanding of droplet dynamics in the 

resence of electric field is very important. Experimental and nu- 

erical investigations on the effect of droplet deformation on the 

https://doi.org/10.1016/j.ijheatmasstransfer.2022.122837
http://www.ScienceDirect.com
http://www.elsevier.com/locate/hmt
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Nomenclature 

L H Height of the domain [ m ]. 

L W 

Width of the domain [ m ]. 

D Diameter of the droplet [ m ]. 

V Electric potential [V] . −→ 

E Electric field [ Vm 

−1 ] . 

U Absolute velocity [ ms −1 ] . −→ 

u Velocity vector [ ms −1 ] . 

p Pressure [ kgm 

−1 
s −2 ] . −→ 

g Acceleration due to gravity [ ms −2 ] . 

C p Specific heat capacity [ Jkg 
−1 

K 

−1 ] . 

q Charge density [ Cm 

−3 ] . 

K Electric conductivity [ Sm 

−1 ] . 

W e Weber number. 

Ca E Electric capillary number. 

Ra Rayleigh number. 

P r Prandtl number. 

k Thermal conductivity [ Wm 

−1 K −1 ] . 

t Time [s] . 

H Heaviside function. 

ψ Ionic diffusivity [m 

2 s −1 ] . 

αT Thermal diffusivity [m 

2 s −1 ] . 

θ Temperature [K] . 

ρ Density [ kg m 

−3 
] . 

α Phase/Volume fraction. 

ξ Expansion coefficient [K 

−1 ] . 

σ Surface tension [ Nm 

−1 ] . 

ε Dielectric permittivity [ Fm 

−1 ] . 

ν Kinematic viscosity [m 

2 s −1 ] . 

β Spreading factor. 

φ Level set function. 

δ Dirac function. 

η Pressure ratio. 

W, S Value over the solid surface. 

∞ Ambient/Far stream value. 

0 Initial value. 

1 , 2 Fluid 1 (droplet) and 2 (gas). 

max Maximum value. 

∗ Non-dimensional value. 

M, L Mean and local value. 

R Ratio. 

ontact charge process of a neutral droplet over a flat electrode 

ere carried out by Khorsidi et al. [22] . A three step charging pro-

ess of a water droplet over a charged flat electrode surface was 

xperimentally demonstrated by Im et al. [23] . Likewise, Borman- 

henko et al. [24,25] experimentally studied the deformation be- 

avior of smoothly deposited droplets over a super-hydrophobic 

urface in the presence of a vertical electric field. They studied 

he electrowetting behavior of charged droplets. It was observed 

hat the charged droplets exhibited deformation from their natural 

hape and also a different wetting behavior. Majority of the studies 

oncentrate on the contact charge process, rather than the dynamic 

mpact behavior [26] . 

The droplet dynamics after impact in the presence of an elec- 

ric field is decided by the competition between surface tension 

nd electrostatic forces. In this context, an experimental study by 

yu and Lee [27] investigated the spreading behavior of charged 

nd neutral droplets on impact over a hydrophobic surface. The 

harged droplet showed higher maximum spreading diameter than 

he neutral droplet. The wetting characteristics of a dielectric 

roplet impacting over a solid surface was numerically investigated 

y Pal et al. [28] and Yurkiv et al. [29] . It was concluded that an
2 
lectric field could be employed to develop surfaces with tunable 

etting features. A numerical study on droplet impact on a surface 

nder an electric field by Emdadi and Pournaderi [30] showed that 

he electric field led to longer contact times of the droplet. These 

tudies have only reported the droplet deformation and bouncing 

uring impact of a dielectric droplet over a solid surface in the 

resence of an electric field. However, the droplet stretching in the 

pward direction after retraction might cause distortion in local 

lectric field distribution. This can lead to enhanced electrostatic 

orce near the tip leading to stretching and ejection behavior, syn- 

nymous to a cone-jet mode [31] . Recently, Tian et al. [32] exper- 

mentally demonstrated the droplet stretching behavior after im- 

act over a solid surface in the presence of a vertical electric field 

nd reported two new droplet breakup and stretching modes. 

The droplet stretching behavior in the presence of electric field 

eserves further systematic investigation. In addition, the droplet 

mpact dynamics over a heated surface in the presence of an ex- 

ernal electric field is yet to be studied. The combined interactions 

f fluid flow, thermal, and electric fields are expected to cause 

hifts and modifications in the bouncing modes of the droplet. This 

tudy presents a detailed numerical investigation of bouncing and 

eat transfer characteristics of a dielectric droplet over a heated 

ydrophobic surface in the presence of an external electric field. 

he different dynamic modes observed at various Weber numbers 

W e ) and electric capillary numbers (Ca E ) are mapped. The heat 

ransfer characteristics during the stretching mode is quantified. 

he present study provides useful insights into the mechanism of 

roplet impact dynamics in the presence of electric field and the 

elated heat transfer characteristics. Our study will serve as a guide 

or the development of engineering systems that involve electric 

eld, droplet dynamics and heat transfer. 

. Mathematical formulation 

This section presents the physical description of the problem, 

overning equations of the numerical model, boundary conditions 

nd non-dimensional parameters used for the analysis. 

.1. Problem description 

An axisymmetric computational domain with height L H and 

idth L W 

is considered, as shown in Fig. 1 . The left boundary of 

he domain is considered as the axis of symmetry. The bottom 

all is maintained at a temperature θW 

higher than the ambi- 

nt temperature θ∞ 

. All the other boundaries, except the bottom 

all are kept at ambient temperature θ∞ 

. The top boundary is 

onsidered the high voltage electrode and the bottom boundary is 

rounded. The applied electric potential between the electrodes is 

V . Thus, the electric field 

−→ 

E acts in a vertically downward direc- 

ion. A spherical leaky dielectric droplet of diameter D 0 at ambient 

emperature θ∞ 

impacts the hot bottom wall, with an absolute ini- 

ial velocity U 0 . Detailed information about the boundary condition 

s presented in Table 1 . 

.2. Governing equations 

A two-phase electrothermohydrodynamic (ETHD) model for two 

mmiscible, incompressible, Newtonian fluids based on coupled 

evel set and volume of fluid (CLSVOF) method has been adopted. 

he coupled set of governing equations include the continuity and 

omentum equations for the fluid flow, energy equation for the 

hermal transport, interface capturing advection equation, Poisson 

quation for electric potential and charge conservation equation. 

. 
−→ 

u = 0 (1) 
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Table 1 

Boundary conditions. 

Top y = H Bottom y = 0 Right x = L W Axis x = 0 

Pressure p ∇p = 0 ∇p = 0 Total pressure Symmetry 

Velocity 
−→ 

u ∇ 

−→ 

u = 0 
−→ 

u = 0 ∇ 

−→ 

u = 0 Symmetry 

Charge density q ∇q = 0 ∇q = 0 ∇q = 0 Symmetry 

Electric potential V V = V 0 V = 0 ∇V = 0 Symmetry 

Volume fraction α Inlet-Oulet Constant Contact Angle Inlet-Outlet Symmetry 

Temperature θ θ = θ∞ θ = θW θ = θ∞ θ = θ∞ 

Fig. 1. Schematic representation of the computational domain. 
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∂ρ
−→ 

u 

∂t 
+ ∇ . 

(
ρ

−→ 

u 
−→ 

u 
)

= −∇ p + ρ
−→ 

g + ∇ . 
[
μ

(∇ 

−→ 

u + 

−→ 

u T 
)]

+ F st + F es 

(2) 

∂ρC p θ

∂t 
+ ∇ . 

[
ρC p 

−→ 

u θ
]

= ∇ . ( αT . ∇ θ ) (3) 

∂α

∂t 
+ ∇ . 

(
α

−→ 

u 

)
= 0 (4) 

ere 
−→ 

u is the velocity vector, 
−→ 

g is the acceleration due to gravity, 

p is the pressure and θ is the temperature. The buoyancy source 

erm ρ
−→ 

g is calculated using the Boussinesq approximation. In di- 

lectric fluids, the Joule heating effect results in very low vari- 

tion in temperature (1 × 10 −4 Ks −1 ) . Thus, Joule heating effects 

re generally neglected in electrohydrodynamics of dielectric fluids 

29,32–35] . The terms F st and F es represent the volumetric source 

erms due to surface tension and electric field, respectively. The 

hase fraction in each control volume is denoted by α and the ad- 

ection equation for the phase fraction is solved explicitly to cap- 

ure the droplet interface movement. 

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

The CLSVOF approach employed in this study guarantees the 

ass conservation of volume of fluid (VOF) method and accurate 

nterface capturing of the level set (LS) approach. The solution of 

edicating fully conserved scalar advection equation for the phase 

raction ensures that mass is conserved. Whereas, the simultane- 

us coupling of LS function φ ensures smoothness of the solution 
3 
cross the interface and permits the use of simple finite differ- 

ncing schemes to compute normal vector and interface curvature. 

his helps us to capture a sharp interface without any nonphysi- 

al oscillations across the interface, while also ensuring mass con- 

ervation. The value of LS initialized from the VOF phase fraction 

calar field and the interface position is considered along the con- 

our line α = 0 . 5 . 

0 = ( 2 α − 1 ) � (5) 

ere, � is a non-dimensional parameter that decides the numerical 

tability and accuracy. Large values of � result in numerical insta- 

ility and small values will lead to inaccurate results. As a general 

ractice, the value of � is decided based on the local grid size as 

= 0 . 75 | �x | [36] . The initial value φ0 is a sign function with a

alue above zero in the liquid droplet region and less than zero in 

he ambient gaseous region. The variable φ is then re-distanced by 

he re-initialization equation as follows [37] : 
 

∂φ
∂τ

= sgn (φ0 )(1 − ∇φ) 

φ(x, 0) = φ0 (x ) 
(6) 

= 0 . 1�x is a pseudo-time and sgn (φ0 ) is a sign function. The re-

nitialization of smoothing level-set function achieves convergence 

ithin a few iterations, where the iteration number φcorr = h/ �τ . 

 = 1 . 5�x is the interface thickness [38] . 

The volumetric source term indicating the interfacial surface 

ension force 
−→ 

F st in Eq. (2) is computed according to the con- 

inuum surface model [39] , as follows: 

 

F st = σκ(φ) δ(φ) ∇(φ) (7) 

here σ is the surface tension and the interface curvature κ(φ) is 

alculated as 

(φ) = −∇ . 
(
n . S f 

)
(8) 

n Eq. (8) , S f is the surface vector of the cell face and the unit

ormal vector n is determined as 

 = 

δφ

| δφ| (9) 

he Dirac function δ(φ) that limits the influence of interfacial ten- 

ion within the interface is defined as 

(φ) = 

{ 

0 i f | φ| > h 

1 
2 h 

(
1 + cos 

(
πφ

h 

))
i f | φ| ≤ h 

(10) 

he density, viscosity and specific heat capacity are calculated as a 

unction of LS variable as 

(φ) = ρ1 H(φ) + ρ2 (1 − H(φ)) (11) 

(φ) = μ1 H(φ) + μ2 (1 − H(φ)) (12) 

 p (φ) = C p1 H(φ) + C p2 (1 − H(φ)) (13) 
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here, H(φ) is the Heaviside function: 

(φ) = 

⎧ ⎨ 

⎩ 

0 i f φ < −h 

1 
2 

(
1 + 

φ
h 

+ 

1 
π sin 

(
πφ

h 

))
i f | φ| ≤ h 

1 i f φ > h 

(14) 

he subscripts ’1’ and ’2’ denote the droplet (fluid 1) and surround- 

ng gaseous phase (fluid 2), respectively. 

.2.2. Electrostatic and charge transport model 

Present study considers the coupling of electrostatics and hy- 

rodynamics by means of the source term F es in Eq. (2) . The 

lectrostatic body force F es is calculated using the Korteweg- 

elmoholtz formula [40] as follows: 

 es = ∇ . T = q 
−→ 

E − 1 

2 

| E| 2 ∇ε (15) 

here, q is the volumetric charge density, ε denotes the dielectric 

ermittivity and 

−→ 

E is the electric field. 

Present study considers a droplet of de-ionised (DI) water sur- 

ounded by air. Air is considered a perfect dielectric fluid [41] and 

I water is a leaky dielectric material [41,42] . This can also be es-

ablished based on the charge relaxation and hydrodynamic char- 

cteristic times [29,32,43,44] . The electric relaxation time t e = ε/K

n droplet is 1 . 29 e −4 s . The hydrodynamic characteristic time in

roplet t h = ρl 2 /μ is 0 . 27 e 0 s . The charge relaxation and hydrody-

amic characteristic times for air are 7 . 37 s and 0 . 021 s , respectively.

e can clearly see that t e << t h for DI water and t e >> t h for air.

hus, present study deals with a leaky dielectric droplet in a per- 

ect dielectric medium. In dielectric fluids, the dynamic current 

alues are negligible [40,45,46] . In the absence of current flow and 

agnetic field, the charge movement is very slow. The characteris- 

ic time for the magnetic phenomena t m 

= μM 

Kl 2 is several orders 

f magnitude smaller than the characteristic time for electric phe- 

omena i.e. the electric relaxation time t e [43,44] . The value of t m 

n air and DI water are 3 . 77 e −25 s and 1 . 72 e −18 s , respectively. The

alues of t m 

in air and DI water are much smaller as compared to 

he values of t e . Thus, electrohydrodynamics of dielectric fluids can 

e regarded as a quasi-static model, which ignores the current flow 

nd the induced magnetic effects [35,40,45,47] . Thus, the electro- 

tatic phenomena can be described as 

 × −→ 

E = 0 (16) 

nd 

. 

(
ε 
−→ 

E 

)
= q (17) 

he electric field is calculated as the divergence of electric poten- 

ial V 
 

E = −∇V (18) 

hus, the electrostatic field can be expressed in terms of electric 

otential V 

 . ( ε∇ V ) = −q (19) 

he transient charge density distribution inside the domain is ob- 

ained by solving the complete Nernst-Planck equation for charge 

ransport [28] 

∂q 

∂t 
+ ∇ . J = 0 (20) 

ere, J = K 

−→ 

E + q 
−→ 

u − ψ∇q is the electric charge flux [27] , K is the

lectric conductivity, and ψ is the ionic diffusivity. The inherent 

on concentration in dielectric fluids (zero in air and infinitesimally 

mall quantity in DI water) is very low. Due to the leaky dielectric 

ature of the droplet, the surface charges will instantaneously ac- 

umulate at the liquid-gas interface (t e << t ) . Thus, ionic diffusion 
h 

4 
n bulk is negligible and in general, ionic diffusion coefficients ψ
f dielectric fluids are very low [29,34] . Thus, the diffusion term 

s ignored. The permittivity and conductivity are considered as a 

armonic function of phase fraction α as given in Eqs. (21) and 

22) 

1 

ε 
= 

α

ε 1 
+ 

1 − α

ε 2 
(21) 

1 

K 

= 

α

K 1 

+ 

1 − α

K 2 

(22) 

In the context of two-phase electrohydrodynamic flows, there 

re several approximated models reported in literature based on 

he conductivity of the working fluids [35,44,47–49] . A brief sum- 

ary of the equations used to model the electrostatic phenomena 

n two-phase EHD flows are presented in Table 2 . When both fluids 

re perfectly dielectric, there are no free charges. Thus, the Lapla- 

ian equation for electric potential is solved. There is no need to 

olve the charge transport equation, as the system is devoid of 

ny free charges. The electrostatic force at the interface has only 

he normal stress (dielectrophoretic) component. When both the 

iquids are conducting liquids, Poisson equation for electric poten- 

ial is solved. Due to the significant electrical conductivity of both 

he fluids, free charges will be instantaneously conducted due to 

lectromigration. Thus, the charge transport equation is reduced 

o have only the electromigration term, as the temporal and the 

onvective derivatives are very small. The electrostatic force will 

nly have the normal stress component. When both the fluids are 

eaky dielectrics, Poisson equation for electric potential is solved. 

ven in the leaky dielectrics t e << t h . Thus, the contribution of 

emporal and convective derivatives will be small. Therefore, the 

harge transport equation can be reduced only to the electromigra- 

ion term. There will be accumulation of charges at the interface. 

ence, the electrostatic force at the interface will have both the 

angential and normal stress components. In the present work, a 

ystem of a leaky dielectric droplet in a perfect dielectric surround- 

ng is considered. Thus, there will be free charges. Hence, we solve 

he Poisson equation for electric potential. t e << t h in the droplet 

nd t e >> t h in the surrounding medium. Thus, temporal deriva- 

ive cannot be totally eliminated. Unlike a stationary, freely sus- 

ended droplet, present work considers a impacting droplet over a 

eated electrode surface. Thus, the interface undergoes significant 

eformation with respect to time and also there is a buoyancy in- 

uced flow. Thus, the convection component of charge transport 

quation cannot be ignored. Hence, the complete charge transport 

quation is considered in the present study (only the charge diffu- 

ion is neglected). Due to the accumulation of charges at the inter- 

ace, both the normal and tangential stresses are considered. This 

pproach has also been employed in previous studies reported in 

iterature [29,30,32] . 

.3. Governing parameters and variables 

The driving parameters and results of this study are presented 

nd analyzed using non-dimensional and normalized variables. In 

his problem configuration, the droplet impact dynamics is affected 

y inertial force, interfacial surface tension and electrostatic force. 

ffects of these factors are characterized by Weber number W e and 

lectric capillary number Ca E , that are defined as 

 e = 

ρ1 U 0 
2 D 0 

σ
and Ca E = 

D 0 ε 2 | E ∞ 

| 2 
σ

(23) 

n the above equations, E ∞ 

= �V 0 /L H . Furthermore, the ther- 

al buoyancy force inside the flow domain is characterized by the 

ayleigh number 

a = 

gξ2 �θH 

3 

ν α
(24) 
2 T 2 
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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 ∇ 

2 ( εV ) = 0 ∇ 

2 ( εV ) = −q ∇ 

2 ( εV ) = −q ∇ 

2 ( εV ) = −q 

Charge conservation Not applicable ∇ . 

(
K 

−→ 

E 

)
= 0 ∇ . 

(
K 

−→ 

E 

)
= 0 ∂q 

∂t 
+ ∇ . 

(
K 

−→ 

E + q 
−→ 

u 

)
= 0 

Electrostatic force 
−→ 

F es = − 1 
2 

−→ 

E . 
−→ 

E ∇ε
−→ 

F es = − 1 
2 

−→ 

E . 
−→ 

E ∇ε
−→ 

F es = q 
−→ 

E − 1 
2 

−→ 

E . 
−→ 

E ∇ε
−→ 

F es = q 
−→ 

E − 1 
2 

−→ 

E . 
−→ 

E ∇ε

Fig. 2. Domain size independence analysis. Time evolution of spreading factor for (a ) Ca E = 0 . 01 and We = 1 and (b) Ca E = 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. 
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i R 1 2  
here, ξ is the thermal expansion coefficient, ν is the kine- 

atic viscosity and αT is the thermal diffusivity. The value of the 

ayleigh number is considered as Ra = 1 × 10 3 for all the simu- 

ations presented in this study. The parameter that represents the 

atio of gravitational force to the capillary force is the Bond num- 

er. Bond number is expressed as 

o = 

�ρgD 

2 
0 

σ
(25) 
5 
or all the simulations carried out in this study, the Bond number 

s 0.034. 

The thermophysical properties of the fluids are characterized 

y the Prandtl number P r = (μC p ) /k . In this study, P r 1 = 6 . 31

nd P r 2 = 0 . 57 with viscosity ratio μR = μ1 /μ2 = 60 . 9 and

ensity ratio ρR = ρ1 /ρ2 = 773 . 6 . Furthermore, the dielectric 

ermittivity ratio ε R = ε 1 /ε 2 = 80 . 39 and electrical conductiv- 

ty ratio K = K /K = 4 . 58 × 10 6 . The properties of the work-
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Fig. 3. Grid independence study. Time evolution of spreading factor for (a ) Ca E = 0 . 01 and We = 1 and (b) Ca E = 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. 
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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 

−1 
s −1 ] 1 . 48 × 10 −5 

Dynamic Viscosity - DI water [ kgm 

−1 
s −1 ] 9 . 01 × 10 −4 

Thermal Conductivity - Air [ Wm 

−1 K −1 ] 0.026 

Thermal Conductivity - DI water [ Wm 

−1 K −1 ] 0.6 

Specific Heat Capacity - Air [ Jkg 
−1 

K −1 ] 1 . 01 × 10 03 

Specific Heat Capacity - DI water [ Jkg 
−1 

K −1 ] 4 . 20 × 10 03 

Surface Tension [ Nm 

−1 ] 7 . 20 × e −02 

Dielectric Properties Value 

Dielectric Permittivity - Air [ Fm 

−1 ] 8 . 85 × 10 −12 

Dielectric Permittivity - DI water [ Fm 

−1 ] 7 . 12 × 10 −10 

Electrical Conductivity - Air [ Sm 

−1 ] 1 . 20 × 10 −12 
ng fluids are listed in Table 3 . In addition, W e is varied in the

ange of 1 ≤ W e ≤ 100 such that the droplet remains in the bounc- 

ng regime and splashing does not occur. Hence, the axisymmetric 

ssumption holds valid. The electric capillary number Ca E is var- 

ed in three levels 0, 0.01 and 0.1 where, Ca E = 0 . 1 corresponds

o a maximum electric potential of 10 kV (approx). Since the elec- 

ric field influences the gas-liquid surface tension [27] , it would be 

ore appropriate to use a model that calculates the dynamic con- 

act angle as a function of the electric field for a charged droplet. 

nfortunately, no such models are available in the literature. As a 

ompromise, the present study utilizes a constant contact angle of 

56 ◦ at the droplet three-phase contact line as recommended by 

i et al. [50] for the considered range of parameters and operating 

onditions. Although this treatment is not ideal, it can predict the 

roplet impact behavior with acceptable accuracy, as showcased in 

he detailed validation study presented in Appendix A . 

Electrical Conductivity - DI water [ Sm 

−1 ] 5 . 50 × 10 −6 

6 
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Fig. 4. Demonstration of mass conservation with time evolution of droplet mass ratio at We = 50 and Ca E = 0 . 1 . The inset images present the liquid fraction distribution 

at different instantaneous moments during the impact and bouncing process. 

Fig. 5. Isocontours of α = 0 . 5 at different time instances to demonstrate droplet behavior in different modes of bouncing in the absence of electric field (Ca E = 0) . First 

row: Quick bounce - M1, Second row: Bounce after deformation - M2 and Third row: Bounce with satellite droplets - M3.. 
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. Numerical methodology 

The coupled set of governing equations for the two-phase ETHD 

ow based on a CLSVOF approach are implemented in the open- 

ource finite-volume framework of OpenFOAM®. Using a collo- 

ated grid system, all the variables are stored at the center of con- 

rol volumes. Standard second-order accurate finite-volume proce- 

ures available in OpenFOAM® are employed to discretize the gov- 

rning equations [51] . A second-order accurate central differencing 

cheme is used to discretize the Laplacian terms and a third-order 

ccurate cubic scheme is used to discretize the gradient terms. In 
7 
eneral, convective terms are discretized using a third-order accu- 

ate QUICK scheme [52] except the convective term in the charge 

onservation equation, which is discretized using a second-order 

ccurate total variation diminishing (TVD) Van Leer scheme [53] . 

he TVD scheme ensures an oscillation-free stable solution for the 

onvection dominant charge conservation equation. Implicit Euler 

ack ward method is employed to discretize all the time deriva- 

ives. A sequential, iterative solution procedure based on the PIM- 

LE algorithm is employed to solve the discretized equations [54] . 

he sparse matrices produced as a result of the discretization pro- 

edure are solved using a pre-conditioned bi-conjugate gradient 
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Fig. 6. Isocontours of α = 0 . 5 at different time instances to demonstrate droplet behavior in different modes of bouncing in the presence of electric field (Ca E = 0 . 01) . First 

row: Quick bounce - M1, Second row: Bounce after deformation - M2 and Third row: Bounce with satellite droplets - M3.. 

Fig. 7. Variation of total contact time of the droplet with the heated surface at 1 ≤ We ≤ 100 and Ca E = 0 and 0.01. 
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PBiCG) method along with a diagonal incomplete-LU (DILU) pre- 

onditioner, for non-symmetric matrices. For symmetric matrices, 

eometric-algebraic multi-grid (GAMG) method coupled with a di- 

gonal incomplete-Cholesky (DIC) pre-conditioner is utilized. The 

bsolute tolerance for the sparse matrix solvers is set at 10 −7 . 

. Domain and grid independence analysis 

The domain size and grid resolution used in this study are cho- 

en based on a detailed domain and grid independence analysis. 
8 
he domain height is set to 20 × D 0 to steer clear of the effect of

he top boundary. The effect of domain width is presented in Fig. 2 .

wo domain widths L W 

= 3 × D 0 and 6 × D 0 have been consid- 

red for the domain independence study. Likewise, grid indepen- 

ence study results are presented in Fig. 3 . Three different grids 

ith 20 0,0 0 0, 40 0,0 0 0 and 80 0,0 0 0 cells have been considered.

he domain and grid independence have been checked with re- 

pect to various parameters such as spreading factor β , maximum 

preading factor βmax , total non-dimensional contact time t ∗
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Fig. 8. Isocontours of α = 0 . 5 at different time instances to demonstrate droplet behavior in different modes of bouncing in the presence of electric field (Ca E = 0 . 1) . First 

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

Fig. 9. Droplet bouncing modes observed at 1 ≤ We ≤ 100 and 0 ≤ Ca E ≤ 0 . 1 . 
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nd time averaged mean Nusselt number Nu M 

. Spreading factor β
s defined as follows: 

= 

Width of the droplet in contact with the solid surface 

Initial diameter of the droplet 
= 

D S 

D 0 

(26) 

here, βmax is the maximum value of β observed at the stage 

hen the droplet is at its maximum spreading point and t ∗contact 

s the total non-dimensional time duration for which the droplet 

s in contact with the solid surface, before it bounces off. The non- 

imensional time t ∗ is given by 

 

∗ = 

U 0 t 

D 0 

(27) 

ocal Nusselt number is calculated along the heated bottom sur- 

ace as 

u L = 

∂ ( θw −θ ) 
∂y 

L W 

θW 

− θ∞ 

(28) 
9 
ean Nusselt number is calculated by the average of Nu L along 

he length L W 

. Time averaged mean Nusselt number Nu M 

is the 

ean Nusselt number over the hot surface, averaged over a pe- 

iod of time equal to t ∗contact . Based on the results presented in 

igs. 2 and 3 , GRID 2 with 40 0,0 0 0 cells and L W 

= 3 D 0 have been

hosen for this study. In addition to the grid and domain indepen- 

ence studies, the mass conservation characteristics of the numer- 

cal model are also presented in Fig. 4 . The mass ratio is the ra-

io of the droplet mass (m ) at a specific time moment to its ini-

ial mass (m 0 ) . Different stages of droplet deformation namely im- 

act, spreading, retracting, stretching and breaking up into satellite 

roplets, are marked as points A, B, C, D, and (E & F), respectively. 

t is observed that the mass ratio remains perfectly as 1, until the 

rst satellite droplet leaves out of the domain at point F. Thus, it 

s evident that the numerical model used in this study guarantees 

ass conservation until or unless the droplet escapes from the do- 

ain. An adaptive time-stepping method has been used such that 

he total and interface Courant numbers are always less than or 

qual to 0.25. 
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Fig. 10. (a ) Contours of normalized electric field (left) and normalized charge distribution in the droplet at instantaneous time step at We = 50 and Ca E = 0 . 1 . (b) 

Schematic diagram of the charge distribution and Coulombic attraction near the solid-liquid contact line. 
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. Results and discussion 

This section presents a detailed analysis and discussion of the 

esults obtained in this numerical study. Firstly, the dynamics and 

ouncing modes of the droplet at different Weber number (W e ) 

nd electric Capillary number (Ca E ) are discussed in Section 5.1 . 

hen, in Section 5.2 , the mechanism of droplet stretching observed 

n the presence of an electric field is explained. Finally, the heat 

ransfer characteristics during the droplet stretching due to the 

lectric field is highlighted in Section 5.3 . 

.1. Droplet dynamics and modes 

Once the droplet impacts a flat solid surface, the droplet be- 

ins to spread due to the kinetic energy. The extent of spread- 

ng is dependent on the initial impact velocity determined by the 
10 
eber number W e . On reaching its maximum spreading diameter, 

he surface energy due to the surface tension causes the droplet 

o retract. This retraction continues further to make the droplet 

ip/apex stretch upward. Finally, the stretched droplet may bounce 

ff the surface as a whole droplet or bounce along with some small 

atellite droplets, that break up from the original droplet. Different 

odes of bouncing of droplets in the parameter space considered 

n this study are presented in Figs. 5 , 6 and 8 . The droplet visual-

zations are isocontours drawn at α = 0 . 5 . In the absence of elec-

ric field i.e., Ca E = 0 , depending on the W e , the droplet exhibits

hree bouncing modes namely, M1- quick bounce, M2 - bounce af- 

er deformation and M3 - bounce with satellite droplets. The three 

odes of droplet bouncing seen in the absence of electric field 

Ca E = 0) are presented in Fig. 5 . In M1, the droplet undergoes only

 slight deformation on impact. In other words, the droplet spread- 

ng over the surface is minimal. Then, the droplet retracts and 
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Fig. 11. Instantaneous distribution of normalized electrostatic pressure and streamline contours at Ca E = 0 . 1 and We = 5 and 50. (Note : The droplet size is not to scale. 

All images are zoomed for visibility.). 
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5

a

ounces off the surface, almost retaining its original shape. In M2, 

he droplet impacts the surface and undergoes significant defor- 

ation, spreading more or less to a disc shape. Then, the droplet 

etracts and bounces from the solid surface. The droplet is well 

eformed to a calabash shape, while bouncing. Finally, the third 

ode M3 is characterized by impact, significant spreading, retrac- 

ion, breakup of small satellite droplets and bouncing along with 

atellite droplets. The main droplet is deformed to the shape of a 

now bowling pin, at the moment of bouncing. At 1 ≤ W e ≤ 2 . 5 ,

ode M1 is observed, mode M2 is seen for 2 . 5 < W e ≤ 15 and

hen 15 < W e ≤ 100 mode M3 is noted. The maximum value of 

 e is limited to 100, to restrict only to the bouncing regime. Be- 

ond W e = 100 , the droplet exhibits splashing at the end of the

preading stage. To accurately resolve the splashing of droplets, a 

D study is required. Thus, the present study limits the maximum 

alue of W e to 100. 

For electric capillary number Ca E = 0 . 01 , the same three 

odes M1, M2, and M3 are exhibited (refer Fig. 6 ), while the tran-

itions are slightly shifted with respect to W e . Mode M1 is ob- 

erved only up to W e = 1 . For 1 < W e ≤ 20 , mode M2 is exhibited

nd mode M3 is seen for W e > 20 . This indicates that the elec-

rostatic force promotes deformation of the droplet, as already in- 

erred by Ryu et al. [27] . Thus, the quick bounce mode M1 is seen

nly for a short range of W e . It is also to be noted that the total

ontact time t ∗contact of the droplet with the bottom surface has in- 

reased. For instance, at W e = 10 the total non-dimensional con- 

act time is 2.91 for Ca E = 0 . Whereas for Ca E = 0 . 01 , the total

ontact time at W e = 10 is 3.22. The comparison of total contact 

ime at Ca E = 0 and 0.01 is shown in Fig. 7 . The t ∗contact is higher

or Ca E = 0 . 01 and also, the difference is more pronounced at 

igher Weber numbers. A maximum of 13 % increase in total con- 

act time is observed at W e = 100 . Thus, it can be inferred that

he electric field increases the total contact time at Ca E = 0 . 01 , as

ompared with Ca = 0 . 
E t  

11 
The dynamic droplet modes for Ca E = 0 . 1 are presented in 

ig. 8 . Different from aforementioned results for Ca E = 0 and 

.01, two new modes are observed in this case, namely M4 - 

ounce with a tail and M5- Stretching. For the case of Ca E = 0 . 1

nd W e = 1 presented in the first row of Fig. 8 , the droplet im-

acts the bottom surface, undergoes a slight deformation, retracts 

nd then begins to bounce. But while bouncing, a small cross sec- 

ion of the droplet continues to be attached to the bottom wall. 

his elongates like a tail, as the droplet moves further upward. This 

longated tail will eventually break into small secondary droplets. 

he mode M4 is observed at 1 ≤ W e ≤ 7 . 5 . For W e > 7 . 5 , an up-

ard stretching of the droplet (M5) is observed. As shown in the 

econd row of Fig. 8 , at Ca E = 0 . 1 and W e = 50 , the droplet im-

acts the surface, deforms significantly to a disc shape, retracts 

nd stretches vertically to form a thin, tall tip. This stretching con- 

inues until the top tip disintegrates into small satellite droplets. 

ollowing the stretching of the top end, the bottom end of the 

roplet also undergoes thinning and stretching (refer to inset im- 

ge F of Fig. 4 ). The stretched droplet will eventually disintegrate 

nto smaller secondary droplets. Thus, in the presence of stronger 

lectric field (Ca E = 0 . 1) , two new modes of droplet dynamics

re observed. For the case of Ca E = 0 . 1 , a precise t ∗contact cannot be

efined because the bottom tip of the droplet remains attached to 

he bottom surface for a very long time, before the top end dis- 

ntegrates into satellite droplets and escapes out of the compu- 

ational domain. The overall mapping of the different droplet dy- 

amic modes seen over the range of Ca E and W e considered in this 

tudy, is presented in Fig. 9 . 

.2. Mechanism of stretching in the presence of electric field 

In Fig. 10 a, the normalized electric field intensity (E ∗ = E/E ∞ 

) 

nd normalized charge distribution in the droplet are presented at 

 

∗ = 0 . 45 , Ca = 0 . 1 and W e = 50 , for better understanding of two
E 
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Fig. 12. Time evolution of pressure ratio (η) on the top and bottom tips of the droplet for (a ) We = 5 and (b) We = 50 , in the presence of electric field Ca E = 0 . 1 . 
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ew modes M4 and M5. The normalized charge distribution is de- 

ned as 

 

∗ = 

4 
3 
π

(
D 0 
2 

)3 
q 

e 0 
(29) 

here, e 0 is the basic electric charge (1 . 6 × 10 −19 C) . On the left

ide of Fig. 10 a, the electric field distribution is stronger at loca- 

ions with a high radius of curvature. This indicates that the local 

lectric field distribution is a strong function of the local radius 

f curvature. Likewise on the right hand side of Fig. 10 a, it is ob-

erved that the bottom edge of the droplet has a strong positive 

harge distribution. The top electrode, connected to the high volt- 

ge power supply, will have strong positive charge, while the bot- 

om surface which is grounded will have a negative charge distri- 

ution. Due to the electric field, the droplet will also get charged. 

s a result, the bottom edge of the droplet accumulates positive 

harges. This phenomenon is presented in the schematic form in 
12 
ig. 10 b. The liquid-solid contact line between the droplet and the 

ottom surface will experience a Coulombic attraction due to the 

ccumulation of opposite charges in the bottom end of droplet and 

he bottom surface (grounded electrode). This Coulombic attraction 

etween the bottom surface of the droplet and the grounded bot- 

om electrode explains the longer contact time seen in the pres- 

nce of the electric field. 

In Fig. 11 , the streamline contours and normalized electrostatic 

ressure distribution within the droplet is presented for W e = 

 , 50 at Ca E = 0 . 1 . The streamlines are pointing downwards dur-

ng impact and spreading stages. The streamlines begin to point 

ertically upward during the retraction and stretching stages. The 

lectrostatic pressure is defined as 

p e = 

1 

2 

ε 2 | E| 2 (30) 

he electrostatic pressure is normalized by the hydrostatic pres- 

ure. As already explained using Fig. 10 a, the local electric field 
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Fig. 13. Local Nusselt number distribution along the heated surface at We = 50 . (a ) Ca E = 0 and (b) Ca E = 0 . 1 . The inset images show the droplet shape at different 

instantaneous moments. 
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istribution strongly influences the local curvature of the droplet. 

s a result, the local electrostatic pressure distribution within the 

roplet is strong over the region with sharp curvature. As shown 

n Fig. 11 , for the case of W e = 5 the shape evolution of the

roplet favors the stronger electrostatic pressure distribution near 

he bottom tip of the droplet. Whereas, the shape evolution of the 

roplet at W e = 50 favors the stronger electrostatic pressure dis- 

ribution close to the top tip of the droplet. The stronger electro- 

tatic pressure near the bottom end and the Coulombic attraction 

ith the bottom electrode facilitates the formation of a bottom 

ail attached to the bottom surface, when W e = 5 . Similarly, the 

tronger electrostatic pressure distribution near the top tip of the 

roplet promotes upward stretching of the droplet, when W e = 

0 . Thus, the electrostatic pressure distribution near the bottom 

r top end of the droplet and the Coulombic attraction near 

he solid-liquid contact line decide the formation tail or upward 

tretching. 
13 
The pressure ratio η can further explain the mechanism of 

odes M4 and M5. The pressure ratio η is defined as the ra- 

io of electrostatic pressure to the capillary pressure p σ = 2 σ/ κa . 

ere, σ is the surface tension and κa is the droplet’s local curva- 

ure near the top/bottom apex. The capillary pressure causes the 

roplet to retract and retain its spherical shape. In other words, 

apillary pressure restricts the stretching. In contrast, the electro- 

tatic pressure promotes the vertical stretching of the droplet. For 

 e = 5 (see Fig. 12 a), the initial stages of the droplet deformation

t both the ends are dominated by the capillary pressure. At t ∗

lose to 1.85, the electrostatic pressure near the bottom tip begins 

o increase and at t ∗ = 2 . 09 , the value of η becomes greater than

. This causes the bottom end of the droplet to stretch like a tail 

n the trailing end of the droplet. As shown in Fig. 12 b, the value

f η becomes higher than 1 for the top tip at t ∗ close to 4.35, in

he case of W e = 50 . This explains the upward stretching of the

roplet. Furthermore, at t ∗ = 6 . 27 , the value of η at the bottom
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Fig. 14. Normalized mean velocity inside the droplet at We = 50 for Ca E = 0 and 0.1. 

Fig. 15. Normalized mean temperature inside the droplet at We = 50 for Ca E = 0 and 0.1. The inset images present the zoomed views of non-dimensional temperature 

distribution in the droplet at three different instantaneous moments. 
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nd also becomes greater than 1. This can be related to the stretch- 

ng of the bottom end of the droplet, as seen in the inset image F

resented in Fig. 4 . Thus, it can be inferred that the local curvature

f the droplet and the related electric field distribution determine 

he occurrence of modes M4 and M5. 

.3. Heat transfer characteristics during droplet stretching 

Finally, the heat transfer characteristics observed during the 

roplet stretching (M5) are discussed in this sub-section. The local 
14 
usselt number Nu L distribution over the heated bottom surface 

or W e = 50 at Ca E = 0 and 0.1 are presented in Fig. 13 a and

, respectively. Immediately after the impact, at t ∗ = 0 . 05 , very 

igh values of Nu L are observed in the droplet impact region at the 

eated bottom surface. At this point, the heat transfer characteris- 

ics are identical for both Ca E = 0 and 0.1. With further progress 

n time, the droplet enters into the spreading stage. At t ∗ = 1 . 61 ,

oth the cases exhibit a more or less identical heat transfer char- 

cteristics, in the spreading stage. We can observe that the Nu L 
istribution is also a function of local liquid layer thickness. This 
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s very evident in the Nu L distribution at t ∗ = 1 . 61 . At t ∗ = 1 . 61 ,

he droplet is almost stretched to its maximum extent like a disc. 

owever, the disc is not smooth but, has ups and downs. The Local 

usselt number distribution shows sudden spikes where the liq- 

id layer is thick and exhibits sharp falls where the liquid layer is 

hin. At t ∗ = 3 . 50 , the droplet begins to recoil. The local Nusselt

umber distribution is also identical except for some minor dif- 

erences. At t ∗ = 5 . 92 , the droplet commences to bounce off from 

he bottom heated surface for Ca E = 0 . This is characterized by a

harp spike near the midpoint of the bottom surface. Whereas for 

a E = 0 . 1 , the droplet still remains attached to the surface, which

an be related to the wider Nu L profile near the midpoint of the 

eated bottom surface. At t ∗ = 6 . 46 , the droplet has completely

ounced off from the surface for Ca E = 0 , which causes the Nu L 
o fall to very low values. Unlike the case without the electric field, 

he droplet does not bounce off the surface for Ca E = 0 . 1 . Instead,

t remains attached to the surface and also stretches vertically up- 

ard. This can be correlated with the increase in Nu L distribution 

t t ∗ = 6 . 46 and 7.53. The upward stretching of the droplet makes

t come in contact with the cooler region of the domain and facil- 

tates the heat removal from the droplet. The variation in normal- 

zed mean velocity of the droplet is plotted in Fig. 14 . The normal-

zed mean velocity is the same until the recoiling stage. Once the 

roplet reaches the recoiling stage, the curves of Ca E = 0 and 0.1 

egin to deviate. The mean velocity of the droplet is higher for the 

ase with electric field Ca E = 0 . 1 . This also explains the higher Nu L 
istributions in the stretching stage. Likewise, the non-dimensional 

ean droplet temperature is plotted in Fig. 15 . The mean droplet 

emperature is more or less the same for both cases until the re- 

oiling stage. Once the droplet enters the recoiling stage, the mean 

roplet temperature of the case with the electric field (Ca E = 0 . 1)

ecomes lower than that of Ca E = 0 . This is due to the stronger

elocity distribution caused by the electric field and elongated 

hape of the droplet, which helps it dissipate heat easily to the 

ooler top regions of the domain. Overall, the presence of an elec- 

ric field increases the heat transfer by increasing the contact time, 

ncreasing the mean velocity in the droplet, and by better heat dis- 

ipation to the surrounding fluid. 

. Concluding remarks 

This study numerically investigates the bouncing dynamics and 

eat transfer of a dielectric droplet over a heated solid surface in 

he presence of a vertical electric field. The electric field has a no- 

able influence on the bouncing dynamics of the droplet. All the 
ig. A1. Case 1: Qualitative comparison of droplet impact and deformation sequence at U

f Li et al. [50] . Second row shows isocontours of α = 0 . 5 from present numerical simula

15 
ouncing modes observed in the range of W e and Ca E considered 

n this study, has been mapped. Two new modes, M4 and M5, were 

dentified at Ca E = 0 . 1 . In M4, the droplet bounces off with a tail

hat is attached to the heated bottom surface. M5 is characterized 

y stretching and thinning of the droplet. The electric field resulted 

n longer total contact times of the droplet due to the Coulombic 

ttraction at the solid-liquid contact line. The local electric field 

istribution is observed to be strongly dependent on the local cur- 

ature of the droplet. The droplet stretching direction is decided 

y the instantaneous droplet curvature and electrostatic pressure 

istribution within the droplet. At Ca E = 0 . 1 , at lower Weber num-

ers mode M4 is observed, whereas higher values of W e , favor the 

ccurrence of M5. The stretching of the droplet in mode M5 in- 

uences the heat transfer significantly. The stretching droplet in- 

reases the heat transfer by longer contact time, enhanced fluid 

irculation within the droplet and better heat dissipation to the 

urrounding fluid. 
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ppendix A. Code validation 

This section presents a detailed validation of the numerical 

olver utilized in this study, which is developed in the open-source 

nite-volume framework of OpenFOAM®. Results obtained using 

he present solver are compared with standard experimental, nu- 

erical and analytical results of the physics involved in the context 
 0 = 0 . 64 ms −1 and D 0 = 2 . 14 mm . The first row corresponds to experimental results 

tions.. 
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Fig. A2. Case 1: Time evolution of spreading factor for droplet impact over a solid surface at U 0 = 0 . 64 ms −1 and D 0 = 2 . 14 mm . The symbols correspond to the experimental 

results of Li et al. [50] . 
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f present study. To be specific, the numerical framework is tested 

ith respect to following four benchmark cases: 

• Case 1: Droplet impact over an isothermal solid surface [50] . 
• Case 2: Droplet impact over a heated solid surface [55,56] . 
• Case 3: Deformation of a freely suspended dielectric droplet in 

an external electric field [44,57] . 
• Case 4: Impact and bouncing of a droplet over an isothermal 

hydrophobic surface in an external electric field [32] . 

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

The numerical framework utilized in this study is first com- 

ared with the case of water droplet impact over a smooth solid 

ydrophobic surface. The numerical setup is exactly same as the 

ase demonstrated in Figs. 3 and 4 of Ref [50] . In Fig. A.16 , a

ualitative comparison of numerical results with the experimen- 

al results of the droplet shape at different time instances dur- 

ng impact, spreading, recoiling and bouncing stages is presented 

y means of droplet visualizations using isocontours ( α = 0 . 5 ). 

he droplet shapes obtained in the numerical simulations show 

n agreeable match with the experimental results. Furthermore, 

 quantitative comparison in terms of the spreading factor evolu- 

ion with respect to time is presented in Fig. A.17 . The quantitative 

omparison is also within the agreeable limits. 

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

To assess the capability of the solver to simulate the thermal ef- 

ects in the purview of this problem, a case of droplet impact over 

 heated solid surface is considered in this section. The numerical 

etup is made exactly to mimic the study reported by Samkhani- 

ni et al. [56] . Fig. A.18 presents the variation of spreading factor β
ith time for different contact angles. The numerical results match 

ery well with the experimental data through out the droplet im- 

act, spreading, recoiling and bouncing process, for all three con- 

act angles. In addition, numerical predictions of time variation of 

ean droplet temperature at different values of W e is compared 

ith the numerical results of Ref [56] , in Fig. A.18 b. Present nu-

erical results show very good agreement with the literature data. 
16 
3. Case 3: Deformation of a freely suspended dielectric droplet in an 

xternal electric field 

This case considers the deformations of a liquid droplet of ra- 

ius R d freely suspended in a second liquid exposed to an electric 

eld E ∞ 

as shown in Fig. 6 of Herrera et al. [44] . The thermo-

hysical properties, dielectric properties and flow configuration, 

tc. are set exactly same as the case considered in Ref [44] . The ra-

ial electric field distribution in polar coordinates for a freely sus- 

ended spherical drop in an electric field can be calculated by the 

ollowing expressions given by Taylor’s theory [57] . 

uter fluid 

 2 r = −
[

1 + 

2(K R − 1) 

2 + K R 

1 

r 3 

]
cos θ (A.1) 

nner fluid 

 1 r = − 3 

2 + K R 

cos θ (A.2) 

ig. A.19 a presents a comparison of the present numerical results 

f radial electric field distribution along θ = π with Eqs. (A.1) and 

A.2) . Likewise, the axisymmetric velocity profiles v r and v θ , along 

= π/ 4 is presented in Fig. A.19 b. The numerical results are com- 

ared with the analytical predictions of Taylor’s theory [57] as 

iven by the following expressions: 

uter fluid 

 2 r = A 

(
r −4 − r −2 

)(
3 cos 2 θ − 1 

)
and v 2 θ = −Ar −4 sin 2 θ (A.3) 

nner fluid 

 1 r = Ar(1 − r 2 )(3 cos 2 θ − 1) and v 1 θ = 

3 A 

2 

r 

(
1 − 5 

3 

r 2 
)

sin 2 θ

(A.4) 

n all the expressions of Taylor’s theory [57] , r has been made di- 

ensionless with R d , the normalized electric field is calculated as 

/E ∞ 

, the velocity is normalized with the characteristic velocity 

 c = R d ε 2 E 
2 ∞ 

/μ2 . The variable A stands for 

 = − 9 

10 

R d ε 2 E 
2 
∞ 

μ2 

1 

(1 + λ) 

K R − Q 

(K R + 2) 2 
(A.5) 
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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 (β = D S /D 0 ) for D 0 = 2 . 3 mm , We = 20 , T D, 0 = 20 ◦C and T S = 60 ◦C and (b) Droplet mean temperature variation with time 

( d 0 = 2 . 3 mm , θe = 120 ◦, T d, 0 = 20 ◦C, T s = 60 ◦C) for impact over a smooth hydrophobic surface (θe = 120 ◦) . 
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inally, the total deformation of the droplet characterized by the 

eformation ratio D = (b − a ) / (a + b) at different conductivity ra-

ios K R and Ca E = 0 . 18 is presented in Fig. A.19 c. The numerical

redictions of D is compared with the analytical expression given 

y Taylor [57] , as follows: 

 = 

9 

16 

Ca E 
(2 + K R ) 2 

[
1 + K 

2 
R − 2 Q + 

3 

5 

(K R − Q ) 
2 + 3 λ

1 + λ

]
(A.6) 

rom Fig. A.19 , it is clearly seen that the present numerical re- 

ults show good agreement with the analytical solutions. More im- 

ortantly, the numerical solver is able to capture the sharp varia- 

ions across the fluid-fluid interface, without any nonphysical os- 

illations. 
17 
4. Case 4: Impact and bouncing of a droplet over an isothermal 

ydrophobic surface in an external electric field 

Finally, the case of experimental study of a droplet impact over 

n isothermal solid surface [32] is considered. The study has re- 

orted three different modes at three different electric potentials 

amely, 7 kV , 7 . 5 kV and 8 kV . The temporal evolution of the height

atio (h S /h S0 ) at the three electric potentials obtained using the 

resent numerical framework is compared with the experimental 

esults in Fig. A.20 . Here, h S is the height of the droplet at instan-

aneous times and h S0 is the height of the droplet at the point of 

aximum stretching. It is seen that the numerical results match 

ell with the experimental results. 

The detailed validation study with respect to experimental, nu- 

erical and analytical benchmark results gives us confidence over 

he results, obtained using the numerical framework utilized in 

his 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 θ = π , (b) Velocity components distribution along angle θ = π/ 4 and (c) Deformation ratio at different conductivity ratios. 

Fig. A5. Case 4: Temporal variation of droplet height ratio (h S /h S0 ) at three different applied electric potential values 7 kV , 7 . 5 kV and 8 kV . The experimental data is taken 

from Tian et al. [32] . 
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