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ABSTRACT

This study explores the impact of wavy walls and electric fields on the deformation and coalescence of droplets using a fully coupled model
developed in COMSOL. The model integrates the Navier-Stokes equations, Maxwell stress tensor, and phase-field model to analyze the
effects of electric field strength, wavy wall amplitude, and wavy wall wavelength. It can be found that in a cavity with flat walls and no applied
electric field, droplets coalesce and descend. At low electric field strengths, droplets adhere to one sidewall, altering their descent. With an
increased potential of 2000V, droplets coalesce to form a stationary barrier layer that divides the cavity into upper and lower sections. The
presence of wavy walls significantly influences droplet behavior. At A= 0.5, L =5, and V,=2000V, an inclined barrier layer form. Increasing
the A enhances the influence of the wavy walls, thereby decelerating the descent of the droplets. Conversely, reduced L inhibits droplet
descent. This study highlights the complex interplay between electric fields and wavy walls in controlling droplet dynamics.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0263873

NOMENCLATURE o Surface tension coefficient
€ A parameter related to the interface thickness
A Amplitude ¢  Phase-field variable
D  Electric displacement
E  Electric field
Fg  Electric body force | INTRODUCTION
Fy  Surface tension force The coalescence phenomenon refers to the physical interaction
I Identity tensor between two miscible droplets, which can be of the same or different
g  Gravitational acceleration phases, surrounded by another fluid." ” It is attracting increasing
H Height research interest due to its critical role in fundamental fluid dynamics,’
L  Wavelength heat transfer,” environmental management,” advanced materials,’
p  Pressure energy applications,” and biological systems.”
T Maxwell stress tensor To precisely control the timing and location of droplet coales-
u  Velocity cence, the process can be facilitated by applying external energy or
Vo Electric potential forces. These external stimulations can include magnetic fields,"”
W Width acoustic waves,'' or electric fields.'”” Ghaffari et al'’ conducted
% Interfacial mobility adjustment parameter Computational Fluid Dynamics (CFD) simulations to investigate the
. Dynamic viscosity deformation and coalescence dynamics of ferrofluid droplets subjected
p  Density to a uniform magnetic field. Their findings revealed that the
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application of a magnetic field to the ferrofluid droplets induced an
attractive force between the droplets, facilitating their approach toward
each other. Hassan et al."* conducted a numerical investigation on the
interaction of two droplets under a uniform magnetic field, where the
droplets differed in size. Their findings indicated that when a magnetic
field was applied along the horizontal direction, the droplets formed
round-bottom hull-shaped configurations. Conversely, under a vertical
magnetic field, the droplets transformed into teardrop-shaped configu-
rations prior to coalescence.

In addition to magnetic fields, acoustic waves can also influence
the coalescence dynamics of droplets. Taleghani and Noori'” studied
the effect of surface acoustic waves on two same droplets coalescence
phenomena. Under the influence of acoustic waves, the dynamics of
droplets change, overcoming the coalescence phenomenon, and mini-
mizing surface energy becomes challenging, leading to an increase in
coalescence time. Adeyemi et al.'® conducted numerical simulations to
investigate water droplet coalescence in crude oil under the influence
of ultrasound waves. They observed that an increase in droplet size led
to a delay in the restoration of the droplets to their spherical forms
after initial deformation, as the Weber number increased.

Electrocoalescence technology is extensively utilized in two-phase
separation due to its high efficiency, cost-effectiveness, and environ-
mental benefits. Huang et al.'” conducted an investigation on the
deformation and coalescence behaviors of water droplets in a viscous
fluid by applying a direct current electric field. Their findings indicate
that the temporal evolution of the liquid bridge is primarily governed
by the interfacial tension and the viscosity of the continuous phase.
Mardani et al."* numerically studied the coalescence of saltwater drop-
lets in crude oil under a uniform electric field. They found that when
the fluid velocity decreases or the electric field intensity increases, the
time required for droplet coalescence decreases. Li et al.'” conducted a
numerical study on the transformation of drop-interface electrocoales-
cence modes under direct current electric fields. The drop-interface
electrocoalescence process involves a competition between electrostatic
stress and interfacial tension, which is determined by the coupling
effects of electrical and physical parameters.

The distribution of the electric field significantly affects droplet coa-
lescence. Therefore, it is essential to properly arrange the electric field
during the electrocoalescence process. Luo et al.”’ conducted an experi-
mental study on the evolution of water droplets within an oil phase
under various electric field configurations. Their findings indicate that
non-uniform electric fields significantly improve the efficiency of elec-
trocoalescence compared to uniform electric fields. Hadidi et al.”’
numerically investigated electrocoalescence utilizing CFD methods.
They explored the effect of a concentric semi-elliptic non-uniform elec-
tric field. They revealed that the shape of the applied non-uniform fields
can significantly affect electrocoalescence performance in complex ways,
which are sensitive to the drop-medium system. The effect of pulsatile
electric field has been studied by Mousavi et al.”* By applying various
electric fields, they observed outcomes including complete coalescence,
partial coalescence, and rebound without coalescence. Additionally, they
found that the secondary droplets produced at very low-frequency pul-
satile or direct current electric fields can be suppressed by increasing the
frequency of the pulsatile electric field. Sun et al.”* conducted an experi-
ment to investigate the behavior of droplets falling and coalescing under
alternating electric fields. They observed that falling droplets oscillated
in both shape and trajectory when subjected to an electric field.

pubs.aip.org/aip/pof

Additionally, they found that increasing the electrical frequency reduced
the degree of droplet deformation and extended the time required for
the droplets to reach the interface.

According to the authors’ knowledge, research on the effects of
non-uniform electric fields on droplet coalescence is extremely limited.
Despite the established fact that non-uniform electric fields outperform
uniform electric fields, there still exists a significant gap in this field.
More specifically, as of now, there is still no comprehensive under-
standing of the exact impact of the shape of the electric field medium
on the coalescence time of droplets. The current work primarily inves-
tigates the influence of a non-uniform electric field on droplet coales-
cence. For the first time, the deformation and coalescence process of
two freely falling water droplets in a wavy wall and the effects of elec-
tric field strength, amplitude, and length of wavy wall are studied.

This study offers critical insights into the behavior of droplets
under the influence of electric fields and wavy wall geometries, with sig-
nificant implications for various practical applications. These findings
are particularly pertinent to the design and optimization of microfluidic
devices, where the precise control of droplet dynamics is essential. This
includes applications such as lab-on-a-chip technologies, where the
effective manipulation and separation of droplets is of paramount
importance. Moreover, the outcomes of this research have broader
applications in fields such as inkjet printing and emulsion stabilization,
where a deep understanding of the interaction between droplets and
external fields can lead to improvements in product quality and process
efficiency. In the context of oil-water separation and related industrial
processes, our findings may inform the development of more effective
strategies for controlling and managing droplet formation and behavior.

Il. PHYSICAL MODEL AND METHOD
A. Physical model

Figure 1 illustrates the geometric schematic and boundary condi-
tions used in the current study. The upper and lower walls of the medium
are flat walls, while the left and right walls are symmetrical wavy walls.
The walls of the cavity are all non-slip surfaces. An electrode with an elec-
tric potential of Vj, is positioned on the left wavy surface, while the right
wavy surface is grounded. The cavity is filled with fluid, and there are two
droplets of a different fluid located at the upper interior of the cavity. In
this study, W represents the width of the channel, while H denotes the
height of the channel. It is noteworthy that, in the present study, while the
shapes of the curved wall surfaces on both the left and right sides are
altered, the value of W remains constant. D is the initial diameter of the
two droplets. The parameters A and L control the sinusoidal waviness of
the sidewalls of the channel, where L is the wavelength of the sinusoidal
surface and A is the amplitude of the waviness. It is important to note
that, in addition to the electric potential, the effects of the parameters A
and L are also investigated. Accordingly, the values for the amplitude of
the wavy wall are A =0, 0.25, 0.5, and 0.75, while L, the wavelength of the
wavy wall, is set to L= 0, 2.5, 5, and 7.5. The functions of the left and right
wall surfaces of the cavity are represented by the following equations:

21
= —Asin— 1
X smLy, (1)

2
x:AsinTnerW. 2)

In the current study, the base fluid within the cavity is oil, while
the droplets are composed of water. Table I illustrates the properties of
these two liquids.
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FIG. 1. Schematic representation of two uniform-sized droplets in a rectangular cav-
ity with an applied electric field. The green labels in the figure denote length. The
potential difference between the left and right walls of the cavity is V;. The direction
of gravity is vertically downward.

B. Governing equations

This section presents the governing equations for the electrohy-
drodynamic (EHD) of droplet coalescence in a two-phase system.
These equations integrate the dynamics of fluid flow, electric fields,
and interfacial phenomena. EHD encompasses the study of fluid
motion influenced by electric fields.

The continuity equation for an incompressible fluid is given by

V-u=0, 3)

where u is the fluid velocity. The momentum conservation in the fluid
is described by the Navier-Stokes equation,

%4— plu-Vu=V- [—pl—i— u(Vu + (Vu)T)] + pg + Fy + Fg.

“)

Here, p is the fluid density, p is the pressure, I is the identity ten-
sor, p is the dynamic viscosity, g is the gravitational acceleration,
F,, represents the surface tension force, and Fg denotes the electric
body force.

The phase-field equations can simulate complex interfacial
behaviors, with the evolution of phase-field variables governed by the
following equations:

TABLE I. The parameters of the liquids in the present work.

pubs.aip.org/aip/pof
o B 3yo€
Ew‘w—v.zﬁw, (5)
Y =-V-2Ve+(°—1)¢, (6)

where y is the interfacial mobility adjustment parameter, ¢ is the sur-
face tension coefficient, € is a parameter related to the interface thick-
ness, and o is the phase-field variable.

The volume fractions of fluid 1 and fluid 2 were computed using
the phase-field variable ¢,

ol

The effective density and viscosity of the interface are given by
p=p1+[p2— P1]An2s )
B= T+ [t — ]Aps (10)

where pl, p2, ul, and p2 are the densities and viscosities of the two
phases.
The surface tension force in Eq. (2) is given by

Fst = GV(/), (11)
2
G:2(7V2¢+W), (12)
30¢€

The electric body force in Eq. (2) is computed as

where T is the Maxwell stress tensor
r 1
T = ED —E(E-D)I, (15)

and E is the electric field
E=-VV, (16)
with the electric displacement D given by'***
D = ¢, E, (17)
satisfying
V- (6, VV) =0, (18)

where & is the vacuum permittivity and ¢, is the relative permittivity.
The relative permittivity for each fluid was obtained by the internally
defined volume fractions of each fluid,

1€:/2:€0 G202 Aen 62

Liquids Conductivity (us-m™") Density (kg~m73) Viscosity (mPa-s) Dielectric constant

Water 5.49 1000 1.0 80.0

Sunflower oil 7.62x 107 922 46.5 4.9
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TABLE Il. Physical parameters used for the verifications®’.

Case No. pl (kg/m3) p2 (kg/m3) ul (Pass) u2 (Pas) o (N/m)

1 1000 10 10 1 24.5
2 1000 1 10 0.1 1.96
& = enp + el (19)

The Maxwell stress tensor is defined by

Ty T.
T = Xx Xy
(& %)

1
eoe, E2 — 5 éotr (Ei + Ef,) go& ExE,

&o&E E ssEzflss E2+ E?
OorLyLiyx 06rLsy, 2Or x y

(20)

C. Solution procedure

The governing equations are solved by the finite element method
based COMSOL Multiphysics software. For the coalescence dynamics
of two droplets surrounded by a different fluid, the two-phase level-set
method is used. This is a powerful software that provides scholars with
the capability to simultaneously simulate different physical characteris-
tics of a problem.””*°

I1l. VERIFICATION AND GRID SENSITIVITY ANALYSIS

Before commencing the present simulations, the accuracy of the
numerical solver must be validated to ensure its reliability. To achieve
this, various test cases were computed and compared with results from
previous studies. The first verification involves the surface dynamics of
a freely rising bubble. For this problem, two different fluid systems
were validated. Table IT presents the physical parameters of the two
fluid systems, namely case 1 and case 2.

Figure 2 shows a comparison between the current computational
results for case 1 and the results from Klostermann et al”’ and
Sormoli et al.”® It can be observed that in case 1, where surface tension
is dominant, the bubble deformation during ascent is not very

ARTICLE pubs.aip.org/aip/pof

significant. Figure 3 presents the comparison results for case 2. In this
case, the density ratio and viscosity ratio are higher, and the influence
of surface tension is relatively smaller. As a result, the bubble under-
goes more significant deformation during its ascent. Through compar-
ison, it can be observed that the computational results demonstrate
perfect agreement.

The second verification case examines the coalescence behavior
of two droplets under the influence of an electric field. Figure 4 shows
a comparison between the current results and those of Sun et al.** at
different time. The applied electric potential is 8000 V. The current
comparison results demonstrate good consistency.

For the investigation of grid independence, the computational
results were obtained for six different mesh schemes: Mesh 1 (2654),
Mesh 2 (5492), Mesh 3 (8916), Mesh 4 (13812), Mesh 5 (59946), and
Mesh 6 (219940). Figure 5 illustrates the voltage profiles along the axis
at t=0.4s for these different grid resolutions. It can be observed that
the curves of the computational results corresponding to Mesh 5 and
Mesh 6 almost overlap. Therefore, the current simulations utilize the
mesh scheme of Mesh 5.

IV. RESULTS AND DISCUSSION

This section comprehensively presents the results of this study.
The effects of the applied electric field intensity (V,=0, 500, 1000,
2000), wavy wall amplitude (A=0, 0.25, 0.5, 0.75), and wavy wall
wavelength (L=0, 2.5, 5, 7.5) on the coalescence phenomenon
between two droplets are thoroughly investigated. In this section, the
process of electrocoalescence of droplets within the cavity is illustrated
through various representations, including droplet phase diagrams,
electric potential contours, force distribution, streamlines, electric
potential curves, and velocity profiles.

A. Impact of electric force with flat walls

Figure 6 illustrates the potential distribution and the motion of
the droplets in the case with flat walls for different Vi, When no elec-
tric field is applied (V,=0), the droplets, being very close to each
other, will quickly coalesce and gradually form a circular shape. At
t=0.03s, the two droplets have already coalesced. Due to the influence
of gravity, the coalesced droplet descends within the cavity. When V,,
increases to 500 V, the voltage is relatively low, so the influence of elec-
tric field on the droplets is not significant. The curve depicted in the

m T T m m T
2F bl 2 Bl 2
1.8F q 1.8F q 1.8
1.6 q 1.6F q 1.6
1.4f bl 1.4} bl 1.4
1.2+ b 1.2F Bl 1.2

R R I

0.8F q 0.8 q 0.8
0.6 q 0.6 q 0.6
0.4 q 0.4 q 0.4

0.2 q 0.2+ q 0.2 B
o q 0 q 0

0 0.5 1m 0 0.5 1m 0 0‘.5 1m

FIG. 2. Case 1: the evolution of bubble
shape over time (from left to right: O,
1.5s, 3s). The above figures, obtained
from present solver, are compared with
the results from Klostermann et al.”” and
Sormoli et al.”*
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2 Bl 2F Bl 2
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1.6} bl 1.6 Bl 1.6
1.4f g 141 " 1.4
1ol | . | 15 FIG. 3. Case 2: the evolution of bubble
’ ’ ’ shape over time (from left to right: O,
1 1 1+ 1 1 155, 3s). The present solver is validated
by comparing the above figures with the
0.8y 1 08y 1 08 results from by Klostermann et al.>’ and
0.6F 4 0.6F 4 0.6 Sormoli et al.2
0.4f g 0.4f E 0.4
0.2 B 0.2F B 0.2
0 b or ki 0
0 0.5 1m 0 0.5 Im (I) 0‘.5 i m

20ms

6ms

figure represents the equipotential lines of electric potential. For the
sake of comparison, the local electric potential V has been normalized
using V), resulting in equipotential lines that illustrate the ratio of the
local electric potential to V;. The subsequent contour maps of electric

210

200

190

180 T T T T
10 12 14 16 18 20

FIG. 5. The distribution curve of electric potential along the central axis at t=0.4s
for different mesh schemes: Mesh 1 (2654), Mesh 2 (5492), Mesh 3 (8916), Mesh 4
(13812), Mesh 5 (59946), and Mesh 6 (219940).

I1s

FIG. 4. Electrocoalescence behavior between
drops under varying electric field parame-
ters at V,=28000V. The above figures
from the present solver are validated
against the results of the experimental
work by Sun et al.**

potential will utilize the same type of equipotential lines (V/V;), and
further elaboration on this methodology will not be reiterated.
Nevertheless, a comparison reveals that at t =10, the droplets with
V=500V are closer to the wall compared to those with V,=0. It can
be observed that the electric potential gradient between the sides of the
droplet and the side walls is significantly greater than the electric
potential gradient within the droplet itself. When V) increases to
2000V, the influence of the electric field on the droplets becomes very
significant. Due to the influence of the horizontal electric field, the
droplet experiences a horizontal tensile force, which can be seen in
Fig. 7. Compared to the cases with lower V, or no electric field, at
t=10.03s, the droplets still have not coalesced, with coalescence occur-
ring at t=0.04s. On the other hand, at t=4s, the coalesced droplet
forms a barrier layer that divides the cavity into upper and lower
sections. Notably, similar barrier layers are utilized in embolization
procedures to inhibit the growth of tumor cells.”” Moreover, as time
progresses, this barrier layer does not descend.

Figure 8(a) illustrates the schematic of the y-coordinate system
used in Fig. 8(b). It is important to note that the y-coordinate employed
in the subsequent sections remains consistent with the one outlined
here. Therefore, further elaboration on this will not be provided. At
t=0.01s, a sinusoidal-shaped curve forms near y=16. As time pro-
gresses to t=0.03s, the sinusoidal shape persists, but the amplitude of
the curve decreases significantly. Notably, at ¢= 10s, the voltage along
the central axis stabilizes at 1000 V across different values of y.

Figure 9 presents the streamlines and velocity contour plots
of the cavity at various moments for the case with flat walls at
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t=0.01s r=0.02s r=0.03s r=0.04s r=0.05s r=0.06s r=4s 1= 10s

g § [ O O O

| | | I | | | | | | I | | | 1
V/Vo 01 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

FIG. 6. Electric potential distribution and the motion of the droplets in the case with flat walls for different Vj: first row: V= 0; second row: V, =500 V; third row: V= 2000 V.
The contour lines represent the relative electric potential, which is the ratio of the local electric potential to V.

Vp=2000 V. It can be observed that during the electro-coalescence

O’ ) of the droplets, the movement and coalescence of the droplets induce
(O 2 fluid motion, resulting in higher velocities near the droplets.
However, once the droplets form a stable barrier layer, both the
droplets and the fluid remain nearly stationary under the influence
of the electric field, leading to very low velocities. This behavior is
evident in the streamlines and velocity contour plots within the cav-
ity at t =4s and t=10s.

To provide a clearer comparative analysis of the barrier layer
formed under high voltage, the velocity curves at t=10s were
compared. Figure 10 shows the velocity curve in the y-direction
(U,) along the central axis for the case with flat walls for different

1€:/2:€0 G202 Aen 62

(a) (b) electric field strength. It can be observed that at t = 10s, the fluid is
still in motion when V,=0 or 500 V. However, when V, is set
FIG. 7. Distribution of force of the case with flat walls at Vy= 2000V for different to 2000V, a stable barrier layer forms, resulting in near-zero
moments: (a) t=0.01s; (b) t=0.05s. velocity.
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FIG. 8. (a) The coordinate schematic. (b) Electric potential curve along the center
axis in the case with flat walls at V,=2000V. The coordinates in Fig. 8(b) are
labeled as indicated in Fig. 8(a).

B. Curved walls

In the current section, the dynamics of droplet coalescence under
the influence of an electric field in a cavity with wavy walls are investi-
gated. Figure 11 shows the electric potential distribution and the
motion of the droplets at A=0.5 and L=>5 for different V,. In the
absence of an applied electric field, the variations in the wall bound-
aries have minimal impact on the coalescence of the droplets.
Comparing with Fig. 6, it can be observed that when V, = 0, the shape
and position of the droplets in the cavities with flat walls and wavy
walls are nearly identical. Significant changes occur when the shape of
side walls changes from flat to wavy. Notably, since the side walls serve
as electrodes, alterations in their shape also lead to changes in the elec-
tric field distribution. For the cavity with wavy walls at V,=500V,
after the droplets coalesce, it can be observed at t = 4s that the droplets
have already been pulled toward the right-sidewall. By ¢=10s, due to
the coupling effect of the electric field and the side walls, the droplets
do not descend. When V, is increased to 2000 V, a barrier layer still
forms. However, compared to the flat wall cavity, the current partition
layer is inclined.

Figure 12 shows the electric potential curve along the center axis
for the case with A =0.5 and L =5 at V;;= 2000 V. By comparing with
Fig. 8, it can be observed that the electric potential curves are similar.

t=0.01ls 7=0.02s r=0.03s 7=0.04s

S

pubs.aip.org/aip/pof

0.0010 ; : T T
0.0005 - :
0.0000 P

7 -0.0005 o 4

——V,=0
000104 —— =500V e
—— V,=2000V
-0.0015 - -
-0.0020 T T T T
0 4 8 12 16 20

FIG. 10. Velocity curve in the y-direction along the center axis in the case with flat
walls at t=10s.

However, it is noteworthy that at t = 10s, the electric potential curve is
not a straight line, which is due to the inclined nature of the formed
barrier layer.

Figure 13 illustrates the streamlines and velocity contour plot for
the case with A = 0.5 and L =5 at V,=2000 V. Although there are dif-
ferences in the shape of side walls, the mechanism by which the drop-
lets coalesce and are stretched to form a barrier layer under the
influence of the strong electric field remains largely unchanged. By
t=4s and t = 10s, the barrier layer has already formed, and the fluid is
nearly stationary.

C. Effectof A

Based on the above analysis, it is evident that the coupling effect
of wall shape and electric field significantly influences the movement
and coalescence of droplets. Therefore, in the following sections, the
phenomenon of droplet electro-coalescence will be considered under
different geometric parameters (A and L) of the wavy walls. Figure 14
presents the droplet shape, position, and electric potential distribution
at Vy=>500V, t=10s, and L =5 for different wavy wall amplitudes. It
is worth noting that when A =0, the side walls are flat. Comparing
with Figs. 6 and 11, it can be observed that as A increases, the

FIG. 9. Streamlines of the case with flat walls at Vy = 2000 V.
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FIG. 11. Electric potential distribution and the motion of the droplets at A= 0.5 and L =5 for different Vy: first row: V= 0; second row: V, =500 V; third row: Vo = 2000 V.
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FIG. 12. Electric potential curve along the center axis in the case at A= 0.5 and
L =5 for Vp=2000V.

y-coordinate of the droplet position at t=10s gradually increases. In
other words, as A increases, the influence on the droplet descent becomes
greater, causing the droplet to descend more slowly. Specifically, when
A=0.75, the wall is closer to the initial position of the droplet. At
t=10s, the droplet hardly descends and instead adheres around y = 16.
Figure 15 illustrates the impact of different A values on the elec-
tric potential distribution along the vertical center axis. Based on the
analysis of Fig. 14, it is evident that the potential gradient is minimized
on the surface of the droplet, resulting in a larger gradient near its
edges. The peak potential values correspond to the locations of the
droplet. Specifically, when A =0.25, the potential trough is observed
around y = 6. As seen in Figs. 8(a) and 14, it is apparent that the drop-
let is positioned close to the right wall of the channel, precisely around
y=6. However, at A = 0.75, the peak potential along the central axis is
found near y = 16, again aligning with the location of droplet. In other
words, for the wavy wall, the locations of the peaks rise with an
increase in A. As shown in Fig. 14, when A increases, the amplitude of
the wall waves increases, causing droplets to be adsorbed onto the wall
earlier. Consequently, the y-coordinate corresponding to the peak
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FIG. 13. Streamlines of the case at A= 0.5 and L =5 for V,=2000V.

(b)

FIG. 14. Electric potential distribution and the motion of the droplets at Vp=500V,
t=10s, L=5, (a) A=0.25, (b) A=0.75.

position of the electric potential along the central axis becomes larger.
It is important to note that at this position, the potential exhibits a
peak rather than a trough due to the droplet being situated near the

left wall of the channel.
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FIG. 15. Electric potential curve along the center axis at Vp="500V, L =5, t=10s.

D. Effectof L

Figure 16 shows the impact of wavy wall wavelength on the drop-
let position and electric potential distribution. It can be seen that at
t=10s, the droplets tend to reside at the locations where the wall pro-
trudes outward. Similar to the effect of wavy wall amplitude, as L
increases, the y-coordinate of the droplet at ¢ = 10s decreases. In other
words, a decrease in L inhibits the descent of the droplet.

Figure 17 presents electric potential curve along the center axis at
A=0.5, Vy=500V, and t=10s. The peaks in the electric potential
curve correspond to the positions of the droplets. As L decreases, the
y-coordinates corresponding to the peaks increase, and the peak value
also rises. In fact, as L decreases, the changes in wall shape cause the
droplet to increase in size along the x-direction at t=10s, leading to
an increase in the electric potential gradient at the outer edges of the
droplet.

V. CONCLUSION

The present study proposed a study on the effects of wavy walls
and electric fields on the deformation and coalescence of droplets.
Based on the COMSOL, a fully coupled model was developed incorpo-
rating the Navier—Stokes equations, Maxwell stress tensor, and phase-
field model. The effects of the applied electric field strength, wavy wall
amplitude, and wavy wall wavelength are investigated. The simulations
reveal that for the cavity with flat walls, in the absence of an applied
electric field, the two droplets coalesce and descend. When the electric

(b)

FIG. 16. Electric potential distribution and the motion of the droplets at A=0.5,
Vp="500V, t=10s. (@) L=2.5and (b) L=725.
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FIG. 17. Electric potential curve along the center axis at A=0.5 V=500V,
t=10s.

field strength is low, the descent of the droplets is affected, causing them
to adhere to one sidewall. When the potential is increased to 2000 V, the
droplets coalesce and form a barrier layer, dividing the cavity into upper
and lower sections. This barrier layer remains stationary and does not
descend. Additionally, the influence of wavy walls is significant and at
A=0.5, L=>5and 2000 V, resulting in the formation of an inclined bar-
rier layer. As A increases, the influence of wall on the droplet descent
becomes greater, causing the droplet to descend more slowly.
Conversely, as L decreases, the descent of the droplet is inhibited.

Although the present study employs a two-dimensional
approach, which provides a robust and accurate representation, it is
essential to acknowledge that three-dimensional numerical simulations
more closely mirror real-world conditions. Therefore, extending this
work to three dimensions is crucial, as it can offer deeper insights, par-
ticularly in capturing the full complexity of droplet interactions under
the influence of electric fields and wavy walls. Furthermore, it remains
crucial to examine the behavior of various liquid types under analo-
gous conditions, in order to fully appreciate the broad spectrum of
potential applications afforded by this phenomenon.
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