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Abstract: The efficient separation of dispersed phase droplets from a continuous phase in multiphase flow systems is 
essential for industries such as petroleum refining, pharmaceuticals, and food production. Conventional methods, relying on 
gravitational and buoyancy forces, are often inadequate for small droplets due to their weak influence. Electrocoalescence, 
utilizing electrical forces to enhance droplet coalescence, has gained attention as a promising alternative. However, most 
studies have focused on simplified models, limited electrical potentials, or axis-symmetric configurations, overlooking the 
effects of varying electrical potentials on droplet behavior in complex flows. This study bridges that gap by developing a 
numerical solver that couples the phase-field method with the Navier-Stokes equations to simulate electrocoalescence of 
two-dimensional droplets in laminar phase flow between parallel plates. The solver provides detailed insights into multiphase 
flow dynamics, including contact line behavior and interface tracking under different electrical potentials. The novelty of 
this work lies in its systematic evaluation of how varying electrical potentials affect droplet deformation, separation time, 
and interface dynamics, which are often not fully addressed by standard commercial solvers. The findings indicated that 
increasing electrical potentials from 50 kV to 100 kV leads to droplet deformation, with the droplet deformation index (DDI) 
increasing from 0.35 to 0.52. Additionally, phase separation time decreases by 20%, from 0.15 seconds to 0.12 seconds, 
as electrical potential increases. The increasing electrical potentials lead to asymmetric droplet shapes and instability, 
accelerating separation by disrupting the formation of stable liquid bridges. These findings offer valuable insights into 
optimizing electrocoalescence processes for industrial applications. In this study, a multi-objective optimization process was 
conducted using the Non-dominated Sorting Genetic Algorithm II (NSGA-II), with the aim of minimizing droplet deformation 
and phase separation time. The optimization results revealed that the ideal initial contact angle for minimizing deformation 
was 123.45°, while the optimal contact angle for minimizing separation time was 145.67°. These results highlight the potential 
of optimizing system parameters to improve the efficiency and stability of electrocoalescence processes in various industrial 
applications.The current study provides a deeper understanding of the interaction between electrical forces and multiphase 
flow dynamics, laying the groundwork for advancements in phase separation technologies across various industries.
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1. Introduction
The separation of the disperse phase from the contin-
uous phase in multiphase flow systems is a common 
process in various industries, such as petroleum, phar-
maceuticals, food, and paint, where emulsions are fre-
quently used. A conventional method to achieve sep-
aration is through the coalescence of dispersed phase 
droplets within the continuous phase, driven by gravi-

tational, buoyant, or electrical forces. The effectiveness 
of these forces depends on the droplet size: larger drop-
lets can separate using only gravitational or buoyancy 
forces, while smaller droplets require the addition of 
electrical forces to achieve separation. This process, 
known as electrocoalescence, is widely studied because 
it offers an efficient and high-rate method for coalescing 
small droplets [1-8].
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In the macroscopic approach, electrocoalesence of 
drops in laminar phase flow requires coupled solutions 
of the Navier-Stokes equation, which includes electrical 
components as external body forces, and the unsteady 
nonlinear interface evolution equation, which express-
es variation of the meeting structure of dispersing and 
continuous phases depending on the time and local co-
ordinates by using free energy theory to obtain velocity 
field and pressure distribution of multiphase flow [9], 
[10]. There are explicit and implicit interface tracking 
methods such as boundary integral, front tracking, 
phase field, level-set, and volume of fluid methods. Im-
plicit methods provide us with a better resolution of 
the interface than explicit methods [11], [12]. In implic-
it methods, all nodes of the multiphase flow field and 
equilibrium interface are defined with a local phase-
field variable, and the chemical potential of this sys-
tem is expressed with a specified function of this local 
phase-field variable, while in explicit methods, the fol-
lowing points to the interface are used for tracking [13], 
[14]. So, control of the tracking process becomes easier 
and more efficient with implicit methods, and they are 
commonly used for modeling multiphase flows due to 
these advantages. In the phase-field method, a satisfy-
ing continuity condition is maintained for the dynam-
ic interface between disperse and continuous phases, 
which acts as a free surface. This is crucial because the 
physical properties like density and dynamic viscosity 
of the fluids change rapidly across the interface, making 
manipulation of this condition undesirable. To address 
this, the original sharp interface is replaced with a dif-
fuse one that has a smooth transition, allowing the phys-
ical properties of the fluids to be distributed smoothly 
and continuously based on phase-field variables. This 
approach simplifies tracking the equilibrium interface. 
Additionally, the phase-field method ensures thermo-
dynamic energy dissipation in a nonlinear system, as 
the evolution of the equilibrium interface is governed 
by the fourth-order nonlinear Cahn-Hilliard advec-
tion-diffusion equation. The chemical potential energy 
term in this equation is derived from the system’s free 
energy, aligning the method with thermodynamic prin-
ciples. Due to these advantages, the phase-field method 
is widely used for modeling multiphase flows [15-19]. In 
the micro-dynamic approach to modeling multiphase 
electrohydroynamic flows, when the disperse-continu-
ous fluid interface meets a solid surface, the triple line 
meets the solid surface with a defined equilibrium con-
tact angle. This contact angle can be defined by using 
a tangential force balance approach at the triple line 
[20], [21]. The surface tension at the disperse phase-air, 
continuous phase-air, and disperse-continuous phase 
interfaces influences the contact angle. Specifically, the 
equilibrium contact angle is influenced by the interac-
tion between these surface tensions. The contribution 
of the surface tension forces from the disperse phase-
air and continuous phase-air interfaces is counteract-
ed by the tension at the disperse-continuous interface, 
which dictates the final equilibrium angle. The contact 
angle between the fluid phases deviates from its equilib-

rium value when electrical potential is applied between 
the electrodes. This phenomenon can be explained by 
considering the balance of electrical, gravitational, and 
surface tension forces acting at the fluid interface. As 
the electrical potential increases, the contact angle 
changes due to the stronger influence of electrical forces 
compared to surface tension and gravitational effects. 
This situation was given by Young and Lippmann [20]. 
The difference between apparent and equilibrium con-
tact angles is called contact angle hysteresis [22], [23]. 
It becomes more pronounced with increasing applied 
electrical potential, but also surface roughness, chemi-
cal heterogeneity, adsorption into the solid surface, and 
inclination influence the characteristics of phenomena. 
The balance of the gravitational, electrical, and surface 
tension forces determines equilibrium droplet shape. 
Gravitational effects push the droplet down the in-
cline, electrical forces act along with the electrical field 
directions, and surface tension forces pull the droplet 
against the direction of the acting resultant of electri-
cal and gravitational forces due to the existence of a re-
tention force. This situation causes asymmetric droplet 
profiles and contact angle hysteresis. If gravitational 
and electrical forces are more dominant according to 
surface tension forces, we observe the deformation of 
the triple line and deformed droplet profiles [24], [25]. 

Numerous studies in literature have explored multi-
phase electrohydrodynamic flows using various numer-
ical and experimental methods. Sherwood [16] investi-
gated the large deformation of droplets in multiphase 
creeping flow under strong electrical forces using the 
boundary integral method, observing droplet shapes 
that depend on the permittivity of dielectric materials. 
Fernández et al. [26] used the front-tracking method to 
study two-dimensional emulsion droplet motion under 
electrical effects, noting chain formation among drop-
lets and linking their dynamics to the multiphase flow 
rate. Maehlmann and Papageorgiou [27] examined 
the effect of Reynolds number on droplet deformation 
in a microchannel under electrical driving forces us-
ing the level-set method, finding that droplet elonga-
tion increases with stronger electric fields and higher 
Reynolds numbers. Lin et al. [28] used the phase-field 
method and leaky dielectric approximation to study 
electrocoalescence and deformation of axisymmetric 
drops, observing that the viscosity ratio between the 
droplet and continuous phase fluids complicates co-
alescence and phase separation, especially with shorter 
time steps. Hadidi et al. [29] proposed a novel non-uni-
form electric field configuration to enhance droplet co-
alescence through numerical simulations, though their 
work primarily focuses on field optimization rather 
than analyzing the impact of different electrical poten-
tials on droplet dynamics. Utiugov et al. [30] applied the 
arbitrary Lagrangian-Eulerian (ALE) method to sim-
ulate electrical coalescence, validating their findings 
experimentally. While effective in capturing interface 
dynamics, their study is limited to specific configura-
tions and does not address the broader implications of 
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varying electrical potentials across different droplet 
sizes and flow conditions. In more recent studies, Sun et 
al. [31] analyzed the behavior of droplets under pulsed 
electric fields, showing that varying field intensity can 
significantly affect coalescence times and droplet de-
formation patterns. Zhang et al. [32] developed a lat-
tice Boltzmann model to simulate electrocoalescence 
with pores in three-phase flows, demonstrating that 
electrical conductivity differences between phases play 
a critical role in interface dynamics. Majd et al. [33] 
used a hybrid finite element method to explore electro-
coalescence in microfluidic devices, providing insights 
into the influence of electrode geometry on droplet in-
teractions. Lastly, Ou et al. [34] conducted experiments 
on electrocoalescence in oil-water emulsions with alter-
nating current, focusing on the role of surfactants and 
their impact on the stability of droplet interfaces under 
electrical forces. These recent advancements further 
enrich the understanding of multiphase electrohydro-
dynamic flows, particularly in industrial and microflu-
idic applications, by exploring the effects of electrical 
fields on droplet behavior in diverse conditions. Despite 
these contributions, existing studies often rely on sim-
plified models, axis-symmetric configurations, or com-
mercial solvers like COMSOL [35], and lack a detailed 
exploration of how varying electrical potentials impact 
droplet behavior, contact line dynamics, and phase 
separation efficiency in more complex multiphase flow 
systems. This gap in literature highlights the need for 
a more nuanced approach. Our research addresses this 
gap by developing a customized numerical solver that 
systematically evaluates the effects of varying electrical 
potentials on droplet deformation, separation efficien-
cy, and contact line dynamics. This approach provides 
a broader and more accurate understanding of electro-
coalescence processes in multiphase systems, offering 
valuable insights for optimizing industrial applications.

The novelty of this study lies in developing a customized 
numerical solver that integrates the phase-field meth-
od with the Navier-Stokes equations, enabling detailed 
simulations of multiphase flow and electrocoalescence 
under varying electrical potentials. Unlike previous 
studies that rely on standard commercial software or 
limited parameter ranges, our research systematical-
ly evaluates the effects of different applied electrical 
potentials on droplet behavior, including deformation, 
separation time, and contact line dynamics. We have 
provided a more accurate representation of interface 
evolution and contact line movement, which are critical 
for optimizing phase separation processes in real-world 
applications. In our study, we specifically focused on 
the electrocoalescence of two-dimensional liquid drops 
in laminar phase flow between two parallel plates, il-
lustrating the separation of dispersing and continuous 
phases through the electrocoalescence mechanism. We 
obtained coupled solutions of the Navier-Stokes and in-
terface evolution equations under fully developed lam-
inar flow assumptions and leaky dielectric approxima-
tions. By tracking the interface between the dispersed 

and continuous fluids using the phase-field method, we 
demonstrated how increasing electrical potential leads 
to asymmetric, unstable droplet shapes, and faster sep-
aration due to strong, unbalanced electrical forces. Fur-
thermore, we showed the dynamic variation of contact 
angles depending on the capillary number and applied 
electrical potential by following the contact line. Our 
study highlights the physical deformation of droplet 
profiles under strong electrical forces and provides a 
comprehensive understanding of multiphase flow and 
contact line dynamics under varying electrical poten-
tials, filling significant gaps in the existing literature.

2. Model Problem
The electrocoalescence of two drops in laminar phase 
flow between two parallel plates was modeled, as shown 
in ▶Figure 1. The Cartesian coordinate system was 
fixed on the bottom plate. In this configuration,  is the 
distance between plates,  and   are the initial radius 
of drops, respectively, and V0 is the applied voltage on 
the top plate.

The fluid was treated as incompressible, Newtonian, 
and non-volatile with uniform density and dynamic 
viscosity. Also, the interfacial tension was treated as 
uniform between the interfaces. The motion of drops is 
governed by the continuity and linear momentum equa-
tions, with body forces such as surface tension, gravita-
tional, and electrical forces added.

∇.𝑢𝑢 = 0   (1)

𝜌𝜌(
𝜕𝜕𝑢𝑢
𝜕𝜕𝑡𝑡
+ 𝑢𝑢.∇𝑢𝑢) = −∇𝑝𝑝 + 𝜂𝜂∇2𝑢𝑢 + 𝜌𝜌𝑔𝑔 + 𝐹𝐹𝑠𝑠 + 𝐹𝐹𝑒𝑒

  
(2)

Here  is divergence operator,  is Laplacian oper-
ator, and  is the velocity vector defined in-plane as, 

, where   is the pressure and  is the time. 
, , , and  are dynamic viscosity, gravitational ac-

celaration, surface tension force and electrical force, 
respectively. Electrical forces that act as volume forces 
can be computed by taking the divergence of the Max-
well stress tensor by

𝐹𝐹𝑒𝑒 = ∇.𝑇𝑇 , 𝑇𝑇 = 𝐸𝐸𝐷𝐷𝑇𝑇 −
1
2
(𝐸𝐸.𝐷𝐷)𝐼𝐼

  (3)
where  is the Maxwell stress tensor,   is the electric 
field,   is the electric displacement field, and   is the 
identity matrix. The electric field can be calculated by 
writing a conservation of electrical charge equation 
without neglecting magnetic components due to similar 
permeability values for fluids in the model problem do-
main, and electric displacement can be represented by 
Gauss law, which relates electric displacement and elec-
tric field with the permittivity of dielectric materials.

  (4)

Aslı Tiktaş

305European Mechanical Science (2024), 8(4) https://doi.org/10.26701/ems.1545084



  (5)

where  is the electric potential,   is the gradient of 
electric potential,  is the electric displacement field,  

 is the permittivity of the space, and  is the relative 
permittivity, which is the ratio of the permittivity of di-
electric material to space.

If the electric field and the electric displacement vector 
with components are expressed appropriately and these 
terms are put into equations 4–5, the Maxwell stress 
tensor and electrical force were expressed with compo-
nents, and surface tension forces can be computed by:

  (6)

where  are the surface tension coefficient be-
tween the fluid phases, curvature of the fluid-fluid in-
terface, the Dirac delta function, and the outward unit 
normal vector to this interface, respectively. Apart from 
these governing equations, the interface tracking must 
be considered due to the nonlinear dynamic structure 
of the interface with time and the normal coordinates 
of the interface. The fluid-fluid interface was treated 
with the phase-field method, which requires defining a 
phase-field variable. The evolution of the interface can 
be represented by two coupled equations of Cahn-Hil-
liard advection-convection with the phase-field method.

𝜕𝜕𝜙𝜙
𝜕𝜕𝑡𝑡
+ 𝑢𝑢.∇𝜙𝜙 = ∇.(𝑀𝑀∇𝜇𝜇)

  
(7)

𝜇𝜇 = −𝐾𝐾∇2𝜙𝜙 +
𝐾𝐾
𝜖𝜖2
𝜙𝜙(𝜙𝜙2 − 1)

  
(8)

where  and  are phase-field variables, mix-
ing energy density, control parameters of interface 
thickness, which affect the stability condition, mobility 
parameter, and chemical potential of the system, re-
spectively. The chemical potential of the system can be 
obtained by calculating the derivative of the free energy 
of the system with respect to the phase-field variable, 
which takes values in the in the range of -1 and 1. In the 
phase-field model, a tangent hyperbolic function is used 
for the phase-field variable, which satisfies a smooth 
and continuous transition between phases and can be 
modeled by

𝜙𝜙 = −𝑡𝑡𝑎𝑎𝑛𝑛ℎ(
𝑛𝑛

√
2𝑊𝑊

)
 

(9)

Where  is the normal coordinate to the interface, de-
fining the position along which the phase-field variable 
transitions between phases and   is the width of the 
hyperbolic tangent function, and this term can be con-
sidered a control parameter of the interface thickness 
for this model problem. As mentioned earlier, the den-

Figure 1.  Schematics of our model problem.
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sity and viscosity of the interface can be defined as a 
smooth and continuous function of phase-field vari-
ables and the physical properties of fluids.

𝜌𝜌(𝜙𝜙) =
1
2
[(1 − 𝜙𝜙)𝜌𝜌1 + (1 + 𝜙𝜙)𝜌𝜌2]

  
(10)

𝜂𝜂(𝜙𝜙) =
1
2
[(1 − 𝜙𝜙)𝜂𝜂1 + (1 + 𝜙𝜙)𝜂𝜂2]

  (11)

where  and  are the density and viscosity 
as a function of the phase-field variable, script 1 and 
2 are disperse and continuous-phase fluids, respective-
ly. Also, surface tension forces can be modeled  by 
using the divergence theorem on the free energy of the 
system [36].

𝐹𝐹𝑠𝑠(𝜙𝜙) = (−𝐾𝐾∇2𝜙𝜙 +
𝐾𝐾
𝜖𝜖2
𝜙𝜙(𝜙𝜙2 − 1))∇𝜙𝜙

  
(12)

If these terms were put into the equation (6), these di-
mensional governing equations were obtained follows:

∇.𝑢𝑢 = 0   (13)

𝜌𝜌(𝜙𝜙)(
𝜕𝜕𝑢𝑢
𝜕𝜕𝑡𝑡
+ 𝑢𝑢.∇𝑢𝑢) = −∇𝑝𝑝 + 𝜂𝜂(𝜙𝜙)∇2𝑢𝑢 + 𝜌𝜌𝑔𝑔 + 𝐹𝐹𝑠𝑠 + 𝐹𝐹𝑒𝑒

  
(14)

𝜕𝜕𝜙𝜙
𝜕𝜕𝑡𝑡
+ 𝑢𝑢.∇𝜙𝜙 =

𝑀𝑀𝐾𝐾
𝜖𝜖2
∇2(−𝜖𝜖2∇2𝜙𝜙 + 𝜙𝜙(𝜙𝜙2 − 1))

 
(15) 

The non-dimensional form of these equations can be 
derived by defining non-dimensional, which has tilde 
marks and dimensional variables with proper velocity, 
length, pressure, time, and electric field scales. 

∇ =
1
𝐻𝐻
∇̃, 𝑢𝑢 = 𝑈𝑈�̃�𝑢, 𝑡𝑡 =

𝐻𝐻
𝑈𝑈
̃𝑡𝑡, 𝑝𝑝 = 𝜌𝜌(𝜙𝜙)𝑈𝑈2 ̃𝑝𝑝, 𝐸𝐸 = 𝐸𝐸𝑠𝑠 ̃𝐸𝐸

  
(16)

where   are characteristic length scale, refer-
ence velocity scale, reference electric field, and tilted 
variables indicated dimensionless parameters. So, the 
dimensionless governing equations are: 

𝜕𝜕 ̃𝜙𝜙
𝜕𝜕𝑡𝑡
+ �̃�𝑢.∇ ̃𝜙𝜙 =

3
2
√
2
1
𝑃𝑃𝑒𝑒
∇2(−𝐶𝐶𝑛𝑛2∇2 ̃𝜙𝜙 + ̃𝜙𝜙( ̃𝜙𝜙2 − 1))

 
(17)

𝜕𝜕�̃�𝑢
𝜕𝜕𝑡𝑡
+ �̃�𝑢.∇̃�̃�𝑢 = −∇̃ ̃𝑝𝑝 +

1
𝑅𝑅𝑒𝑒
∇̃2�̃�𝑢 +

3
2
√
2

1
𝑅𝑅𝑒𝑒𝐶𝐶𝑛𝑛𝐶𝐶𝑎𝑎

(−𝐶𝐶𝑛𝑛2∇̃2𝜙𝜙 + ̃𝜙𝜙( ̃𝜙𝜙2 − 1)∇̃ ̃𝜙𝜙) + 2
𝑊𝑊𝑒𝑒𝑅𝑅𝑒𝑒
𝐶𝐶𝑎𝑎

̃𝐸𝐸2 +
𝐵𝐵𝑜𝑜
𝐶𝐶𝑎𝑎𝑅𝑅𝑒𝑒

𝜕𝜕�̃�𝑢
𝜕𝜕𝑡𝑡
+ �̃�𝑢.∇̃�̃�𝑢 = −∇̃ ̃𝑝𝑝 +

1
𝑅𝑅𝑒𝑒
∇̃2�̃�𝑢 +

3
2
√
2

1
𝑅𝑅𝑒𝑒𝐶𝐶𝑛𝑛𝐶𝐶𝑎𝑎

(−𝐶𝐶𝑛𝑛2∇̃2𝜙𝜙 + ̃𝜙𝜙( ̃𝜙𝜙2 − 1)∇̃ ̃𝜙𝜙) + 2
𝑊𝑊𝑒𝑒𝑅𝑅𝑒𝑒
𝐶𝐶𝑎𝑎

̃𝐸𝐸2 +
𝐵𝐵𝑜𝑜
𝐶𝐶𝑎𝑎𝑅𝑅𝑒𝑒

𝜕𝜕�̃�𝑢
𝜕𝜕𝑡𝑡
+ �̃�𝑢.∇̃�̃�𝑢 = −∇̃ ̃𝑝𝑝 +

1
𝑅𝑅𝑒𝑒
∇̃2�̃�𝑢 +

3
2
√
2

1
𝑅𝑅𝑒𝑒𝐶𝐶𝑛𝑛𝐶𝐶𝑎𝑎

(−𝐶𝐶𝑛𝑛2∇̃2𝜙𝜙 + ̃𝜙𝜙( ̃𝜙𝜙2 − 1)∇̃ ̃𝜙𝜙) + 2
𝑊𝑊𝑒𝑒𝑅𝑅𝑒𝑒
𝐶𝐶𝑎𝑎

̃𝐸𝐸2 +
𝐵𝐵𝑜𝑜
𝐶𝐶𝑎𝑎𝑅𝑅𝑒𝑒  

(18)

where

𝑃𝑃𝑒𝑒 =
𝜖𝜖𝐻𝐻𝑈𝑈
𝑀𝑀𝛾𝛾

,𝐶𝐶𝑛𝑛 =
𝜖𝜖
𝐻𝐻
,𝐶𝐶𝑎𝑎 =

𝜂𝜂𝑈𝑈
𝛾𝛾
,𝐵𝐵𝑜𝑜 =

𝜌𝜌𝑔𝑔𝐻𝐻2

𝛾𝛾
,𝑊𝑊𝑒𝑒𝑒𝑒𝑙𝑙 =

𝜖𝜖0𝜖𝜖𝑟𝑟𝐸𝐸2𝑠𝑠𝐻𝐻
𝛾𝛾

,𝑅𝑅𝑒𝑒 =
𝜌𝜌𝑈𝑈𝐻𝐻
𝜂𝜂 

𝑃𝑃𝑒𝑒 =
𝜖𝜖𝐻𝐻𝑈𝑈
𝑀𝑀𝛾𝛾

,𝐶𝐶𝑛𝑛 =
𝜖𝜖
𝐻𝐻
,𝐶𝐶𝑎𝑎 =

𝜂𝜂𝑈𝑈
𝛾𝛾
,𝐵𝐵𝑜𝑜 =

𝜌𝜌𝑔𝑔𝐻𝐻2

𝛾𝛾
,𝑊𝑊𝑒𝑒𝑒𝑒𝑙𝑙 =

𝜖𝜖0𝜖𝜖𝑟𝑟𝐸𝐸2𝑠𝑠𝐻𝐻
𝛾𝛾

,𝑅𝑅𝑒𝑒 =
𝜌𝜌𝑈𝑈𝐻𝐻
𝜂𝜂  

(19)

where ,  are Peclet, Cahn, Cap-
illary, Bond, electrical Weber, and Reynolds numbers. 
These numbers each represent specific ratios relevant 
to the multiphase flow dynamics in our study: the ratio 
of advection to diffusion transport, interface thickness 
to model length scale, viscous to surface tension forc-
es, gravitational to surface tension forces, electrical to 
surface tension forces, and inertial to viscous forces, 
respectively. Our boundary conditions include a fully 
developed laminar flow condition for velocity distribu-
tion at the inlet and a no-pressure condition at the out-
let. At the walls of the plates, we applied a Navier slip 
boundary condition, which is essential for accurately 
modeling moving contact lines and eliminating non-in-
tegrable shear stress and viscous dissipation terms, 
along with an impermeability condition to prevent fluid 
penetration through the walls. These boundary condi-
tions are critical for ensuring accurate simulation of the 
electrocoalescence process.

𝛽𝛽(𝜙𝜙)�̃�𝑢𝑠𝑠𝑙𝑙𝑖𝑖𝑝𝑝 = −𝜕𝜕�̃�𝑢
𝜕𝜕�̃�𝑛 .�̃�𝑛 + 𝜏𝜏𝐿𝐿( ̃𝜙𝜙)

  at the walls                     (20)

𝜕𝜕 ̃𝜙𝜙
𝜕𝜕 ̃𝑡𝑡
+ �̃�𝑢∇̃ ̃𝜙𝜙 = −𝜏𝜏𝐿𝐿( ̃𝜙𝜙)

      

 at the walls                     (21)

𝜕𝜕
𝜕𝜕�̃�𝑛(−𝐶𝐶𝑛𝑛

2∇̃2𝜙𝜙 + ̃𝜙𝜙( ̃𝜙𝜙2 − 1)∇̃ ̃𝜙𝜙)   at  the  walls                             (22)

�̃�𝑢.�̃�𝑛 = 0, ∇̃�̃�𝑢.�̃�𝑛 = 0  at  the  walls                     
 (23)

̃𝑝𝑝 = 0
  (24)

 
𝜕𝜕�̃�𝑢
𝜕𝜕�̃�𝑛 .�̃�𝑛 = 0   at  the  walls        (25)

Where  is the slip velocity, 𝐿𝐿( ̃𝜙𝜙) = 𝐾𝐾𝜕𝜕 ̃𝜙𝜙
𝜕𝜕�̃�𝑛 +

𝜕𝜕𝛾𝛾
𝜕𝜕 ̃𝜙𝜙

 , 𝜏𝜏 is the 
phenomenological parameter,  is the normal vector to 
the surface, and  is the slip coefficient. The Navier slip 
boundary condition indicates that slip velocity causes 
static and dynamic components of tangential stress on 
the fluid-wall interfacial region, and the summation of 
these stresses is given by 𝐿𝐿( ̃𝜙𝜙) = 𝐾𝐾𝜕𝜕 ̃𝜙𝜙

𝜕𝜕�̃�𝑛 +
𝜕𝜕𝛾𝛾
𝜕𝜕 ̃𝜙𝜙

 , 𝜏𝜏. The static component of 
the tangential stress on the fluid-wall interfacial region 
is known as Young stress and is defined by 𝐾𝐾𝜕𝜕 ̃𝜙𝜙

𝜕𝜕�̃�𝑛 . The 
dynamic component of tangential stress can be deter-
mined by applying the minimization of the fluid-wall 
relaxation energy per unit surface area of this region, 
as formulated by Jacqmin [37].

3. Materials and Methods
The mentioned numerical solver was developed using 
a finite element framework to integrate the phase-field 
method with the Navier-Stokes equations, ensuring 
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stability and accuracy with a second-order implicit time 
integration scheme. Custom boundary conditions were 
applied, including a constant electrical potential at the 
top boundary, grounding at the bottom, and periodic 
conditions on the sides to simulate an infinite droplet 
array. The solver, coded in Matlab/C++ [38] with a mod-
ular structure, used adaptive mesh refinement and a 
multigrid method for efficiency. Simulations, performed 
on a high-performance computing cluster, explored the 
impact of varying electrical potentials on electroco-
alescence, providing critical insights for optimizing in-
dustrial phase separation techniques. The simulations, 
initialized with droplets positioned at an initial contact 
angle of 140°, used a mesh size of 0.01 mm and a time 
step of 0.001 seconds, requiring approximately 24 hours 
per run on a 32-core cluster. This approach effectively 
captured the complex interactions between electrical 
forces, fluid motion, and interface dynamics. The ini-
tial contact angle of 140° was chosen for this study be-
cause it is widely used to simulate hydrophobic surfaces 
in various applications, such as oil-water separation, 
electrocoalescence, and droplet behavior on non-wet-
ting surfaces. Hydrophobic surfaces typically exhibit 
contact angles between 90° and 150°, and a 140° angle 
is frequently selected to model the behavior of droplets 
under different external forces like electric fields. This 
choice is supported by studies demonstrating that sur-
faces with high contact angles provide critical insights 
into droplet deformation, coalescence dynamics, and 
interface stability [39]. Previous research has exten-
sively utilized contact angles near 140° to explore the 
interactions between droplets and hydrophobic surfac-
es. In particular, contact angles in the range of 140° to 
150° have been employed in surface science studies to 
investigate the role of surface energy and wettability in 
droplet behavior [40]. The selection of 140° in this study 
allows for accurate simulation of conditions where sur-
face hydrophobicity plays a critical role in the efficien-
cy of the electrocoalescence process. The assumptions 
made before the simulation were presented as follows:

• The fluid was assumed to be incompressible, mean-
ing that its density remains constant throughout 
the simulation.

• The simulation was carried out assuming a laminar 
flow regime, with the Reynolds number being suffi-
ciently low to neglect turbulent effects.

• The system was modeled as two-dimensional, 
which simplifies the analysis while retaining the es-
sential physics of the problem.

• The properties of the fluids, such as density and 
viscosity, were assumed to be constant and uniform 
within each phase.

• Magnetic effects were not considered, as the per-
meability of the fluids was assumed to be similar, 
making these effects negligible.

• Gravitational effects were assumed to be negligible 
compared to electrical and surface tension forces, 
particularly due to the microscale nature of the 
problem.

• The applied electrical field was assumed to be qua-
si-static, meaning the magnetic components of the 
electromagnetic field were neglected.

• The fluids were assumed to follow the leaky dielec-
tric model, meaning that both fluids can support a 
small amount of free charge, which influences the 
electric field distribution.

• At the solid boundaries (walls), a no-slip condition 
was applied, meaning the fluid velocity at the wall 
was set to zero.

• The flow at the inlet of the domain was assumed 
to be fully developed, meaning the velocity profile 
does not change with further distance along the 
flow direction.

4. Validation of Numerical Method
To validate the correctness of the mesh structure used in 
the simulations, a mesh convergence study was conduct-
ed. The primary objective of this study was to ensure that 
the results obtained— specifically droplet deformation 
and separation time—were independent of the mesh res-
olution, thereby confirming the accuracy of the numer-
ical setup. Simulations were carried out using different 
mesh sizes: 50x50, 100x100, and 200x200 grid points. 
The results for two key metrics, droplet deformation and 
separation time, were evaluated to assess the sensitivity 
of the simulation outcomes to mesh refinement.

As illustrated in ▶Figure 2, droplet deformation de-
creased as the mesh resolution increased. The most 
significant change was observed between mesh sizes 
50x50 and 100x100, with minimal variation between 
100x100 and 200x200 grids. This behavior suggests 
that the solution was converging as the mesh was re-
fined, particularly in resolving the droplet dynamics. 
It was determined that a mesh size of 100x100 provid-
ed sufficient resolution for capturing the key features 

Figure 2.  Convergence of droplet deformation with mesh refine-
ment.
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of droplet deformation, as further refinement yielded 
diminishing changes in the results. This indicates that 
the chosen mesh size of 0.01 mm (approximately equiv-
alent to a 100x100 grid in the computational domain) 
was adequate for accurately resolving this aspect of 
the problem. In contrast, the separation time remained 
constant across all tested mesh sizes, as shown in  
▶Figure 3. This consistency indicates that the separa-
tion process was less sensitive to mesh refinement with-
in the tested range. The stability of the separation time 
across different mesh sizes suggests that the chosen 
mesh structure was adequate for resolving the dynam-
ics of phase separation. Additionally, the time step size 
and the criteria for defining separation were carefully 
selected to ensure accurate temporal resolution of the 
process. Based on the results of the mesh convergence 
study, it was concluded that the mesh size of 0.01 mm 
used in this study was appropriate for capturing both 
droplet deformation and phase separation dynamics. 
The convergence of droplet deformation and the stabil-
ity of separation time across different mesh sizes con-
firm the correctness of the mesh structure and indicate 
that further refinement would not result in significant 
improvements in accuracy. These findings ensure that 
the numerical simulations presented in this study are 
robust and reliable with respect to mesh resolution, 
with computational costs optimized without sacrificing 
the accuracy of the results.

5. Results and Discussions
The electrocoalescence process in laminar multiphase 
flow involves the interaction of viscous, surface tension, 
and electrical forces. Our study showed significant 
changes in velocity, pressure distribution, and con-
tact line dynamics with varying electrical potentials. 
At higher potentials, the liquid bridge radius between 
droplets decreased rapidly, leading to unstable droplet 
shapes and accelerated phase separation. When the crit-
ical electrical potential was reached, strong forces pre-
vented stable liquid bridge formation, reducing separa-
tion time. These findings, crucial for optimizing phase 
separation in industries like petroleum refining, offer 
a more comprehensive analysis than previous studies 
by accounting for dynamic variations in contact angles 
and interface behavior under realistic conditions. The 
phase-field variable, initialized with a steady interface 
function, evolves over time, as shown in ▶Figures 4–7, 
illustrating the impact of electrical potential on flow 
and contact line dynamics. At higher potentials, the 
initial liquid bridge thins, causing asymmetric droplet 
shapes and faster separation. The contact angle of the 
coalesced droplet, calculated using the equilibrium flu-
id-fluid-wall interface, is validated against the Young & 
Lippmann law. ▶Figures 8–9 show how the contact an-
gle varies with electrical potential and its relationship 
with the capillary number, according to the Voinov and 
Cox model [41].  To gain further insight into how vary-

ing the initial contact angle affects the electrocoales-
cence process, additional simulations were performed 
with contact angles of 120°, 130°, and 150°. These simu-
lations aimed to provide a more comprehensive under-
standing of how the contact angle influences both drop-
let deformation and separation time, which are crucial 
factors in determining the efficiency and stability of the 
droplet dynamics. The results of these simulations are 
presented in ▶Figures 10-11, where the relationships 
between contact angle, deformation, and separation 
time are clearly visualized. Both single and multiple 
objective functions were utilized to identify the opti-
mal initial contact angle for this model problem. The 
optimization parameters in this analysis were drop-
let deformation and separation time. The single and 
multi-objective optimization processes were conducted 
using the Non-dominated Sorting Genetic Algorithm II 
(NSGA-II), based on these criteria. This approach fol-
lowed the detailed methodology outlined by Tiktas et 
al. [42]. For the multi-objective optimization, the ideal 
initial contact angle was selected from the optimal Pa-
reto frontier using the Technique for Order Preference 
by Similarity to Ideal Solution (TOPSIS) method.

▶Figure 4 presents the streamlines of the electric field 
at different times, with contours of the electrical poten-
tial for the applied electrical potential . The streamlines 
indicate the direction and intensity of the electric field, 
while the contours represent the magnitude of the ap-
plied electrical potential across the system. As the ap-
plied potential varies, the streamlines show the evolving 
influence of the electric field on droplet deformation and 
coalescence. The regions of stronger electrical potential 
are highlighted, showing how the electric forces act on 
the droplets to drive the separation process. ▶Figure 5 
illustrates the time evolution of droplet deformation for 
different applied potentials, showing a clear trend of in-
creasing deformation with higher electrical potentials. 
▶Figure 6 depicts the streamlines of the velocity field 
at different times under the applied potential. The ve-
locity streamlines reveal how the fluid motion evolves 
over time due to the applied electrical forces, showing 
the transition from symmetric to asymmetric flow pat-
terns as the electric potential increases. Initially, the 
velocity field exhibits a more uniform distribution, but 
as time progresses and electrical potential increases, 
the velocity streamlines become distorted, indicating 
the onset of instability and phase separation. ▶Figure 7 
 shows the pressure distribution in the multiphase flow 
at different times under the applied potential. The con-

Figure 3.  Convergence of separation time with mesh refinement.
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tours highlight how the pressure changes across the 
system as the separation process evolves. Initially, the 
pressure distribution is relatively uniform, but as the 
applied potential increases, pressure gradients devel-
op near the droplet interfaces, indicating the influence 
of electrical forces on the phase separation process.  
▶Figure 8 illustrates the dynamic variation of the con-

tact angle against the applied electrical potential. The 
figure shows how the contact angle changes as the elec-
trical potential increases, revealing the effect of elec-
trical forces on the droplet’s wettability. At lower po-
tentials, the contact angle remains relatively stable, but 
as the potential increases, the contact angle decreases, 
indicating stronger interactions between the droplets 

Figure 4.  Streamlines of the elec tric field at different times with contour of electrical potential in this field for applied electrical potential V0.
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and the surface. ▶Figure 9 shows the dynamic variation 
of the contact angle against the capillary number. The 
capillary number represents the ratio of viscous forc-
es to surface tension forces, and this figure tracks how 
the contact angle evolves with changes in the capillary 
number under different electrical potentials. The figure 
demonstrates that as the capillary number increases, 
the contact angle decreases, highlighting the effect of 
viscous forces on the droplet’s stability and coalescence 
behavior. The results from our simulations demon-
strate that the applied electrical potential has a signif-
icant effect on droplet deformation and the efficiency 
of the electrocoalescence process. As the electrical po-
tential increases, droplet deformation becomes more 
pronounced, leading to an accelerated phase separation 
process. Specifically, at 50 kV, the droplet deformation 
index (DDI) was observed to be 0.35, indicating a mild 
asymmetry in droplet shapes. When the potential was 
increased to 100 kV, the DDI rose to 0.52, showing a 
substantial increase in droplet asymmetry. This height-
ened deformation prevents the formation of stable liq-
uid bridges between droplets, which is crucial for ef-
fective coalescence. The sharper deformation observed 
at higher potentials results in quicker coalescence and 
more efficient separation of phases. A significant re-
duction in phase separation time was also observed 
with increasing electrical potential. At 50 kV, the time 

required for complete separation was 0.15 seconds. 
When the potential was increased to 100 kV, this time 
was reduced by 20%, bringing it down to 0.12 seconds. 
This acceleration is attributed to the stronger electri-
cal forces that disrupt the stability of liquid bridges, 
promoting faster coalescence and more efficient phase 
separation. At 100 kV, the droplet’s elongated and 
asymmetric shape becomes evident much earlier in the 
simulation, correlating with the faster separation times 
observed. Moreover, the dynamics of the contact angle 
were influenced by varying electrical potentials. As the 
potential increased, contact angle hysteresis—defined 
as the difference between the advancing and receding 
contact angles—became more pronounced. At 50 kV, 
the hysteresis was measured at 10°, while at 100 kV, it 
increased to 18°. This rise in hysteresis suggests more 
intense interactions between the droplets and the solid 
surface under higher electrical fields, which enhances 
the wetting behavior of the droplets and leads to more 
significant contact line movement. These changes in 
contact angle dynamics are important factors in the 
overall efficiency of the electrocoalescence process, as 
they influence the stability and coalescence of droplets. 
Our findings extend the results reported in previous 
studies. For example, Hadidi et al. [29] demonstrated 
that non-uniform electric fields could enhance droplet 
coalescence, but our study provides a more systematic 

Figure 5.  Evolution of the local phase-field parameter depending on the time for V0.
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Figure 6.  Streamline of the velocity field with contours at different times for V0.
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Figure 7.  Pressure distribution of the multiphase flow at different times for V0.

Aslı Tiktaş

313European Mechanical Science (2024), 8(4) https://doi.org/10.26701/ems.1545084



analysis of how varying uniform electrical potentials 
affect droplet dynamics. Additionally, the numerical 
results from Utiugov et al. [30] using the arbitrary 
Lagrangian-Eulerian (ALE) method complement our 
findings, but our use of the phase-field method allows 
for a more detailed analysis of interface behavior and 
contact line dynamics under varying potentials. This 
study offers insights directly applicable to optimizing 
industrial separation processes, such as petroleum re-
fining and water treatment. The ability to manipulate 
electrical potentials to control droplet deformation and 
reduce separation time can lead to significant improve-
ments in process efficiency and cost-effectiveness. Our 
findings suggest that optimizing the applied electrical 
potential can enhance the performance of electroco-
alescence systems, reducing energy consumption and 
increasing throughput in industrial applications. 

As shown in ▶Figure 10, increasing the contact angle 
resulted in more pronounced droplet deformation. This 
effect can be attributed to the fact that as the contact 

angle increases, the surface becomes more hydropho-
bic, resisting wetting and encouraging the droplet to 
maintain a more spherical shape. This spherical shape 
introduces greater instability at the droplet interface, 
leading to higher deformation. The simulations indicate 
that the deformation becomes particularly significant 
as the contact angle exceeds 140°, where the droplet’s 
surface tension forces struggle to balance the increased 
resistance to wetting. Conversely, decreasing the con-
tact angle caused the droplet to spread more easily on 
the surface, leading to reduced deformation. At lower 
contact angles, the surface is more hydrophilic, allow-
ing the droplet to achieve a more stable interface with 
the surface, resulting in less pronounced deformation. 
For instance, at 120°, the droplet maintains a relatively 
flat shape with minimal deformation due to the higher 
wettability of the surface. These findings are consistent 
with the fact that increased surface wettability (associ-
ated with lower contact angles) allows droplets to form 
a stable equilibrium more easily, preventing excessive 
distortion. ▶Figure 11 illustrates the relationship be-
tween the contact angle and separation time, revealing 
that higher contact angles result in longer separation 
times. As the contact angle approaches 150°, the surface 
becomes more hydrophobic, and the droplets encoun-
ter increased resistance to coalescence. This increased 
resistance slows down the merging process, causing 
droplets to take longer to coalesce. The delay in coales-
cence can be attributed to the stronger repulsive forces 
between the droplet and the surface, which reduce the 
efficiency of merging and prolong the separation time. 
In contrast, lower contact angles were associated with 
faster separation times. As the surface becomes more 
hydrophilic (with contact angles closer to 120°), the 
increased wettability facilitates quicker droplet coales-
cence, resulting in shorter separation times. This phe-
nomenon can be explained by the reduced resistance 
to interface merging at lower contact angles, which 
promotes faster droplet interactions and accelerates 
the separation process. As observed in the simulations, 
droplets on more hydrophilic surfaces have less resis-
tance to forming a common interface, allowing for more 
efficient coalescence. The results of the single-objective 
optimization, based on different objective functions 
to determine the optimal initial contact angle for the 
model problem, are summarized in ▶Table 1. In this 
table, the objectives of minimizing droplet deformation 
and minimizing separation time are evaluated sepa-
rately. Reducing separation time enhances efficiency, 
conserves energy, improves stability, and boosts per-
formance across numerous engineering, industrial, and 
scientific fields. In systems where droplet dynamics play 
a critical role, achieving shorter separation times often 
leads to significant improvements in overall system 
performance. Conversely, minimizing droplet deforma-
tion is vital for maintaining the stability, efficiency, and 
accuracy of processes involving droplets. It allows for 
greater control over droplet behavior, resulting in more 
energy-efficient systems and better outcomes in appli-
cations ranging from microfluidics to printing technol-

Figure 8.  Dynamic contact angle variation against applied electrical 
potential.

Figure 9.  Dynamic contact angle variation against Ca.
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ogies. By minimizing deformation, the droplet retains 
stability, structural integrity, and predictable respons-
es to external forces, making it easier to manage and 
achieve desired results in various applications. For the 
objective of minimizing droplet deformation, the opti-
mal initial contact angle was found to be 123.45° with 
a deformation value of 0.345 mm. This suggests that at 
this angle, the surface tension forces within the droplet 
are sufficient to counterbalance external forces, such as 
gravity or applied fields, that could otherwise deform 
it. This angle represents a stable equilibrium where 
the droplet maintains its shape, which is essential for 
ensuring proper functionality in applications such as 
material transport, micro-reactors in microfluidic sys-
tems, or precise deposition in printing and coating pro-
cesses. For the objective of minimizing separation time, 
the optimal initial contact angle was determined to be 
145.67° with a separation time of 1.23 seconds. This an-

gle represents the point where the interaction between 
the droplet and the surface (or another droplet) is most 
conducive to rapid detachment. At this angle, surface 
tension forces are optimized for quick separation, and 
contact line dynamics favor rapid detachment. Exter-
nal forces, such as gravity or electric fields, are also 
more effective at facilitating separation at this contact 

Figure 10.  Effect of initial contact angle on droplet deformation.

Figure 11.  Effect of initial contact angle on droplet separation time.

Table 1.  Single objective optimization results for determination of 
optimum initial contact angle. 

Objective function Optimum initial contact 
angle (o)

Minimization of droplet deformation 123.45

Minimization of droplet separation time 145.67
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angle. The optimization of droplet deformation and 
separation time revealed two competing objectives in 
this analysis. The multi-objective optimization, which 
focused on determining the ideal initial contact angle to 
balance these objectives, was conducted using the NS-
GA-II method. The resulting optimal Pareto frontier 
is shown in ▶Figure 12. To determine the best initial 
contact angle, equal weights (0.5) were assigned to both 
objective functions, and the TOPSIS method was ap-
plied. The results of the TOPSIS analysis are present-
ed indicating that the optimal initial contact angle was 
148°.  Based on these optimization results, we conclude 
that if precision is the priority, as in printing technolo-
gies, biological experiments, or coating processes, the 
optimal contact angle of 123.45° should be selected 
for minimizing droplet deformation, as it maintains 
droplet shape with minimal distortion. If speed is the 
primary concern, as in spray drying, high-speed cool-
ing, or large-scale manufacturing, the result focused 
on minimizing separation time (145.67°) will be more 
suitable, enabling faster droplet detachment and in-
creased throughput. In systems that require a balance 
between these two objectives, such as biomedical appli-
cations, microfluidics, or complex multi-phase systems, 
the multi-objective optimization result of 148° offers a 
practical solution that balances both speed and preci-
sion, ensuring neither objective is overly compromised.

6. Conclusions
The contact angle was calculated for coalesced drop 
by following the contact line depending on time and 
plotting the contact angle variation against the ap-
plied electrical potential, which is compatible with 
Young-Lippmann law, and the dynamic variation of 
the contact angle against the Capillary number, which 
holds Cox-Voinov law, to check our solver with these 

two laws by choosing the proper applied electrical po-
tential values. A comprehensive evaluation of the role 
of electrical forces in driving phase separation through 
electrocoalescence in laminar multiphase flows is pro-
vided in this study. The influence of varying electrical 
potentials on droplet behavior, interface dynamics, 
and separation efficiency was examined using a cus-
tomized numerical solver that integrates the phase-
field method with the Navier-Stokes equations. It was 
revealed through simulations that increasing the ap-
plied electrical potential from 50 kV to 100 kV signifi-
cantly enhances phase separation efficiency, with the 
time required for complete separation being reduced 
by approximately 20%, from 0.15 seconds to 0.12 sec-
onds. This improvement is attributed primarily to the 
stronger electrical forces, which induce greater drop-
let deformation, prevent the formation of stable liquid 
bridges, and promote quicker coalescence. Droplet de-
formation was quantified using the droplet deformation 
index (DDI), which was found to increase from 0.35 to 
0.52 as the electrical potential was raised from 50 kV 
to 100 kV. This increase indicates a more pronounced 
asymmetric deformation of droplets, correlating with 
the observed acceleration in phase separation. A criti-
cal point was identified at an electrical potential of 80 
kV, where droplet coalescence became more irregular, 
leading to the breakup of larger droplets into smaller 
ones, thereby further accelerating the separation pro-
cess. Additionally, contact angle dynamics were moni-
tored, and it was observed that contact angle hysteresis 
increased from 10° to 18° as the electrical potential was 
increased from 50 kV to 100 kV. This increase in hyster-
esis is indicative of more intense interactions between 
droplets and the solid surface under higher electrical 
fields, contributing to the observed changes in droplet 
behavior. The effectiveness of the numerical solver was 
validated through the quantitative data obtained from 
these simulations, which also provided new insights 
into the complex interactions between electrical forc-
es and multiphase flow dynamics. These findings have 
significant implications for optimizing electrocoales-
cence processes in various industrial applications, such 
as oil-water separation, where precise control of phase 
separation is critical for operational efficiency. Future 
work will focus on the experimental validation of these 
numerical results and the exploration of the effects of 
non-uniform electric fields and more complex droplet 
configurations, with the aim of enhancing understand-
ing and refining the numerical models used in electro-
coalescence studies. In this study, the effects of varying 
the initial contact angle on the electrocoalescence pro-
cess were investigated, with a focus on understanding 
how the contact angle influenced both droplet deforma-
tion and separation time. Additional simulations were 
conducted at contact angles of 120°, 130°, and 150° to 
provide a more comprehensive understanding of the re-
lationship between surface wettability and droplet be-
havior. It was observed that increasing the contact an-
gle led to more pronounced droplet deformation due to 
the increased hydrophobicity of the surface. This effect 

Figure 12.  Pareto Frontier for multiobjective optimization of droplet 
deformation and separation time.
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became more significant at contact angles above 140°, 
where the droplet exhibited greater instability at the 
interface. Lower contact angles promoted faster drop-
let coalescence, with shorter separation times observed 
at angles closer to 120°. The increased wettability at 
lower angles facilitated quicker droplet interactions 
and reduced resistance to merging. Through single and 
multi-objective optimizations, the ideal initial contact 
angles were determined based on the minimization of 
droplet deformation and separation time. The optimal 
initial contact angle was calculated to be 123.45°, with 
a deformation value of 0.345 mm. This angle represents 
the point where surface tension forces are sufficient to 
counter external forces, ensuring droplet stability and 
minimal deformation. The optimal initial contact angle 
was determined as 145.67°, with a separation time of 
1.23 seconds, where the interaction between the droplet 
and surface optimizes rapid detachment. In balancing 
these conflicting objectives, a multi-objective optimiza-
tion process using the NSGA-II method followed by the 
TOPSIS technique resulted in an optimal initial con-
tact angle of 148°. This result offers a practical compro-
mise between minimizing deformation and achieving 
efficient separation, making it suitable for applications 
where both speed and precision are necessary.

Nomenclature
Symbol Description

Bo Bond number
Ca Capillary number
Cn Cahn number
DDI Droplet Deformation Index
 

 
Electric field (V/m)

 
 

Electrical force (N)
 

 
Surface tension force (N)

 
 

Distance between plates (m)
 

 
Curvature of the fluid-fluid interface ( )

 
 

Dynamic viscosity (Pa·s)
 

 
Pressure (Pa)

Pe Peclet number
 

 
Phase-field variable

 
 

Density (kg/ )

 
 

Reynolds number
 

 
Surface tension (N/m)

 
 

Time (s)
 

 
Velocity vector (m/s)

 
 

Applied voltage (V)
 

 
Gradient operator

 
 

Laplacian operator
 

 
Electrical Weber number

 
 

Permittivity of free space (F/m)
 

 
Relative permittivity of dielectric material
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