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ABSTRACT
We investigate the behavior of dielectric droplets and ﬁlms placed onto a solid surface under the action of electric ﬁeld of different
conﬁgurations. The mesoscopic thermal multiphase lattice Boltzmann model [A. Kupershtokh, D. Medvedev, and I. Gribanov, “Thermal
lattice Boltzmann method for multiphase ﬂows,” Phys. Rev. E 98, 023308 (2018)] is used for simulation. Different conﬁgurations of electric
ﬁeld were produced by using dissected ﬂat electrodes of various shapes. On a simple ﬂat electrode, droplets elongate after the application of
electric voltage. Quite different behavior was observed when the central round part of the electrode was made non-conductive. In this case,
the droplet spreads under the action of a non-uniform electric ﬁeld, and the breakup and the formation of an annular structure were
observed. A ﬁlm of dielectric liquid ﬂowing along a solid surface made of conductive and non-conductive transversal stripes exhibits a variety
of regimes. When the voltage is low, the action of electric ﬁeld produces waves at the surface of liquid. At a high voltage, the liquid is pinned
to the edges of stripes, and the ﬂow may be stopped completely. The purpose of this article is precisely to attract experimenters to the study
of this type of phenomena.
Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0074016

I. INTRODUCTION
Electric ﬁelds can be used for manipulating and controlling droplets and ﬁlms of conducting and dielectric liquids. It is known that the
free surface of liquid ﬁlms subjected to a perpendicular strong electric
ﬁeld can be unstable with the formation of conic cusps.2–6 Multiple
conic cusps on the surface of liquid metal have been registered in an
earlier work.7 The ﬁrst investigation of cone formation on the surface
of water drops was carried out by Taylor.3 The effect of DC electric
ﬁelds on dielectric liquids is of great interest in many applications,
including droplet and ﬁlm manipulation, coating and surface drying,
and cooling processes. In Refs. 3 and 8–14, the behavior of liquid sessile droplets on a solid surface under the action of gravity and electric
ﬁeld was studied. The phenomena of droplet deformation and motion
in an electric ﬁeld were also simulated. The equilibrium shape of a
droplet lying on a solid surface (both dielectric and conductive)
depends on the surface tension, as well as on the electrical and gravitational forces. It was shown also in Ref. 14 that sessile droplets can
move along the hydrophobic surface in the direction of higher electric
ﬁeld strength. Both these effects provide for promising applications in
droplet microﬂuidic technology.
The main non-dimensional numbers that
determine the behavior
2
of a droplet are the Bond
number Bo ¼ gRr q and the electric Bond
2
R
. Here, R is the droplet radius, g is the
number BoE ¼ ðel 1ÞE
r
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acceleration due to gravity, r is the surface tension, el is the dielectric
permittivity of the liquid phase, and E ¼ V=h is the average magnitude of the electric ﬁeld between electrodes.
It is well known that the electric ﬁeld not only changes the shape
of the droplet but also can lead to unlimited lengthening of the droplet
up to its destruction.3,8 Above a certain critical value of BoE , the droplets cannot acquire a stable shape. This process of elongation and
destruction of dielectric droplets was numerically simulated in Ref. 15.
It was shown that the impulse character of the applied voltage played
an important role due to transient process in elongation of droplets.
The growth of droplet apex at the last stage is a phenomenon very similar to the explosive growth of perturbations on an initially ﬂat free
surface of dielectric ﬁlms described in Ref. 6. The transversal electric
ﬁeld may generate instabilities in a ﬁlm ﬂow16 and signiﬁcantly inﬂuence the characteristics of ﬁlm boiling.17
The lattice Boltzmann method (LBM) was ﬁrst applied to simulate electrohydrodynamic ﬂows in Refs. 18 and 19. This method allows
one to take into account the surface tension on the liquid–vapor interface, the interaction of ﬂuid with a solid substrate, as well as the external forces (electrostatic and gravitational).
In this work, we carry out three-dimensional modeling of dielectric drops and thin ﬁlms in an electric ﬁeld. For this purpose, the lattice
Boltzmann method is used taking into account the action of
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gravitational, capillary, and electrostatic forces. To control the behavior
of dielectric droplets and thin ﬁlms, certain conﬁgurations of nonuniform DC electric ﬁeld are created using the dissected ﬂat electrodes
of various shapes. The equations for the electric ﬁeld potential and for
ﬂuid dynamics are solved together.
II. LATTICE BOLTZMANN METHOD
A. LBM basics
The lattice Boltzmann method was ﬁrst proposed in 1988.20 It is
based on the kinetic equation with a discrete set of velocities and a regular spatial lattice. The lattice vectors ek and the velocity vectors ck are
related as ek ¼ ck Dt where Dt is the time step. The model with nine
velocities (D2Q9) is commonly used in the 2D case, and the model
with 19 velocities (D3Q19) is frequently applied in the 3D case. The
evolution equation consists of the free streaming (propagation) of
one-particle distribution functions fk, the collisions, and the action of
body forces as follows:
fk ðx; t þ DtÞ ¼ fk ðx  ek ; tÞ þ Xk ffk g þ Dfk :

(1)

The collision operator Xk usually takes the form of the relaxation to
eq
local equilibrium values fk with a single relaxation time
(Bhatnagar–Gross–Krook model21)
eq

Xk ¼ ðfk  fk Þ=s;
where s is the non-dimensional relaxation time, or multiple relaxation
times (MRT model22,23).
Equilibrium
distribution functions
P depend on the local ﬂuid denP
sity q ¼ k fk and velocity u ¼ k fk ck =q. They are usually chosen
in the form of truncated Maxwellians as follows:24


ck  u ðck  uÞ2 u2
eq
þ
f k ¼ xk q 1 þ

:
(2)
h
2h
2h2
Here, xk are the weights for different lattice directions. In the D3Q19
model used in this work, they are equalpto
ﬃﬃﬃ 1/3, 1/18, and 1/36 for
the lattice vectors with lengths 0, h, and 2h, correspondingly. Here,
h is the lattice spacing. The kinetic temperature h is equal to
h ¼ h2 =ð3Dt 2 Þ in the D2Q9 and D3Q19 models.
The last term in Eq. (1) represents the action of body force on the
ﬂuid. One of the popular choices for this term, the exact difference
method (EDM)25,26 expresses this term as a difference between equilibrium distribution functions before and after the action of the force
as follows:
eq

eq

Dfk ¼ fk ðq; u þ DuÞ  fk ðq; uÞ;

where Du ¼ FDt=q:

(3)

The physical ﬂuid velocity in this case is equal to27
u ¼ u þ

Du
:
2

B. Multiphase LBM
Two main approaches are used to simulate ﬂuid ﬂows with possible phase transitions between liquid and vapor. The pseudopotential
model was ﬁrst proposed in Ref. 28 and later further developed in
Refs. 29 and 30. The free energy-based model was introduced in Refs.
31 and 32. In this work, we use the pseudopotential approach. In this
case, the mesoscopic force is introduced, which acts between neighbor
nodes as follows:
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X

Gðx; x0 Þwðqðx0 ÞÞðx  x0 Þ:

(4)

x0

The Green’s function Gðx; x0 Þ is usually non-zero for nearest and
next-nearest neighbors, the values are chosen so as to ensure isotropy
of the interaction. In the Ref. 33, this force was expressed as a gradient
of the pseudopotential as follows:
F ¼ rU:
The pseudopotential U is related to the equation of state P ¼ Pðq; TÞ
as follows:33–35
U ¼ P  qh:

(5)

Equation (1) is usually written in the non-dimensional form, where
distances are scaled by h, and time is scaled by Dt. It is also natural to
scale the pressure, density, and temperature by the critical values
Pc ; qc ; Tc . In this case, the non-dimensional pseudopotential given by
(5) should be expressed as follows:
~ ¼ kP
~ q
~ ~h:
U
The coefﬁcient k matches physical and non-dimensional (lattice) units
and it is equal to30
 2
Pc Dt
k¼
:
qc h
It was proposed in Ref. 30 to write the pseudopotential as U ¼ U2
and express the force given by (4) in the form


F ¼ 2 ArðU2 Þ þ ð1  2AÞUrU :
The value of free coefﬁcient A can be adjusted in order to ensure best
agreement between the simulated coexistence curve and the theoretical
one. It depends on the equation of state used. For the van der Waals
equation of state used in this work, the value is A ¼ 0:152.
C. LBM for electrohydrodynamic flows
The Helmholtz force acting on a dielectric ﬂuid with electric permittivity e in electric ﬁeld is equal to
  !
E2
1
@e
2
Fe ¼  re þ r E q
:
(6)
8p
@q T
8p
The ﬁrst term is the action of electric ﬁeld on inhomogeneous dielectric ﬂuid, the second one is the electrostriction force. The electric ﬁeld
is connected with the electric potential u as follows:
E ¼ ru:
The electric potential was calculated by solving the Poisson equation in a medium with varying electric permittivity and without space
charge, i.e.,
r  ðeruÞ ¼ 0;
by the ﬁnite-difference method using the method of simple iterations.
III. DROPLETS IN ELECTRIC FIELD
The behavior of a dielectric droplet placed on an electrode surface
under the action of gravity and electric ﬁeld was simulated. The
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FIG. 1. Droplet elongation. Time (lattice units) t ¼ 0 (a), 2000 (b), and 25 000 (c).

hydrodynamic boundary conditions were no-slip at the surface of electrodes and periodic at the sides of the computation area. The contact
angle b was adjusted by introducing the force between ﬂuid and solid
surface. First, the values of the pseudopotential U [Eq. (5)] or, equivalently, of the function U were copied to the solid layer from the adjacent ﬂuid layer. In this case, the contact angle is equal to b ¼ 90
(neutral wetting). Second, the following additional force between liquid and solid nodes was used:
X
sðx þ ek Þek ;
(7)
Ffs ¼ BqðxÞ
k

where s ¼ 0 for ﬂuid nodes and s ¼ 1 for solid nodes. For B > 0, the
ﬂuid wets the surface (b < 90 ) and for B < 0, the contact angle
b > 90 . Another method to adjust the contact angle is to multiply
the copied values of U by a coefﬁcient C. The contact angle is b < 90
for C >1 and b > 90 for C <1. If C  1, the surface becomes
superhydrophobic.
Fixed potential was set at the conductive parts of the electrodes.
At the non-conductive phases, the normal component of the electric
ﬁeld was set to zero as follows:
@u
¼ 0:
@n
The density dependence of the electric permittivity was expressed
in the Clausius–Mossotti form as follows:
e¼1þ

3aq
:
1  aq

(8)

The coefﬁcient a was set to obtain the given electric permittivity el of
the liquid phase with an equilibrium density ql.
The simulations were carried using the grid size 251  251  101
lattice nodes. The static contact angle was 90 for all simulations.
Figure 1 shows the evolution of a droplet placed at an electrode
in a relatively moderate electric ﬁeld (BoE ¼ 40). After the application
of voltage, the droplet elongates [Fig. 1(b)] and, after several oscillations, one obtains the ﬁnal elongated shape.
The degree of deformation of the droplet is equal to
D¼

In the next series of simulations, the central round part of the
lower electrode was made non-conductive (see Fig. 2). The radius of
the insulating circle was 1.17 times larger than the initial droplet
radius. In this case, the electric ﬁeld is non-uniform: it is lower in the
central part of the insulating circle and enhanced at its periphery. The
liquid is pulled to the region of higher ﬁeld, and the droplet spreads
and acquires an oblate shape for the same ﬁeld strength (BoE ¼ 40,
Fig. 3).
The deformation in this case is D ¼ 0:68.
For a higher ﬁeld magnitude (BoE ¼ 80), the pull is more pronounced. The droplet also spreads [Fig. 4(a)], but later it breaks in the
center and ﬁnally acquires an annular shape [Fig. 4(b)]. Thus, the
shape of droplets can be controlled by the electric ﬁeld.
At the initial stage of spreading, instability of the dielectric
boundary in the transversal electric ﬁeld is observed, which produces
protrusions visible at the contact line between the droplet and the electrode [Fig. 4(a)]. It is also interesting that the advancing contact angle
is much lower than its equilibrium value of 90 due to the action of
electric ﬁeld.
When the droplet is placed not exactly at the center of the nonconductive part of the electrode (shifted by one lattice node to the
right), it is pulled sideways and migrates outward from the nonconductive region (Fig. 5). The electric Bond number is in this case
BoE ¼ 20.
A similar behavior of a bubble placed in a non-uniform electric
ﬁeld was observed in Ref. 37. The motion of a droplet in a nonuniform ﬁeld produced by the point-plane electrode geometry was
simulated in Ref. 14.
IV. LIQUID FILMS IN ELECTRIC FIELD
We simulated the evolution of a liquid ﬁlm placed initially at the
lower electrode under the action of gravity and electric ﬁeld. The lower

hr
¼ 0:97:
r

Here, h is the droplet height and r is the radius of the base of the
droplet.
When a droplet is placed at a superhydrophobic surface (b
 180 ), its elongation in the transversal electric ﬁeld is more prominent, and the droplet can jump under the action of the ﬁeld.11,13,36
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FIG. 2. Initial setup. Insulating region on electrode is shown with cyan.
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FIG. 3. Droplet spreading. Time (lattice units) t ¼ 0 (a), 1000 (b), and 25 000 (c).

FIG. 4. Droplet spreading and breakup. Time (lattice units) t ¼ 300 (a), and 6000 (b).

FIG. 5. Droplet migration. Time (lattice units) t ¼ 500 (a), 3000 (b), 5500 (c), and 9000 (d).

electrode consisted of alternating conductive and non-conductive
stripes of the same width placed perpendicular to the direction of the
horizontal component of gravity. The initial height of the liquid layer
was 320
was h0 ¼ 20 lattice units, the size of the calculation domain
2
h0
¼ 160.
320  101, the electric Bond number was BoE ¼ ðel 1ÞE
r
On a slightly inclined surface (acceleration due to gravity in lattice units gz ¼ 8  105 ; gx ¼ 105 ), the breakup of the ﬁlm is
observed (Fig. 6).
Banks of liquid are formed at the boundaries between the conductive and non-conductive parts of the lower electrode. These banks
are pinned by the electric forces, and they are only slightly inclined to
the right, in the direction of the horizontal component of gravity.
Later, instability of the dielectric boundary in the transversal electric
ﬁeld develops [Fig. 6(d)], producing secondary bumps at each liquid
bank.
When the inclination angle is higher (acceleration due to gravity
gz ¼ 8  105 ; gx ¼ 8  105 ), the behavior of the ﬁlm is completely
different (Fig. 7). In this case, pinning does not occur, the action of
electric forces produces waves at the surface of the ﬂowing liquid.
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Later, the waves may overturn, and surface instability also develops
when the liquid surface comes closer to the upper electrode, which
leads to increase in the electric ﬁeld magnitude [Fig. 7(d)].
Figure 8 shows the evolution of the liquid ﬁlm placed at the electrode with a ring-shaped non-conductive inset (inner radius of the
ring Rin ¼ 50, outer radius Rout ¼ 80). The electric Bond number was
BoE ¼ 80; gz ¼ 8  105 ; gx ¼ 0, all other parameters were same as
in the two previous cases.
After the application of voltage, the liquid is pulled outside of the
non-conductive ring, producing a bump in the middle and a bank
near the outer rim of the ring [Figs. 8(a) and 8(b)]. Then, the ﬁlm
breaks [Fig. 8(c)], and ﬁnally, a stable droplet is formed in the central
part surrounded by a dry circle [Fig. 8(d)].
V. CONCLUSION
We investigated the behavior of dielectric droplets and ﬁlms
placed onto a solid surface under the action of electric ﬁelds of different conﬁgurations. The mesoscopic thermal multiphase lattice
Boltzmann model1 is used for simulation. A non-uniform ﬁeld was
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FIG. 6. Film breakup and pinning. Time t ¼ 500 (a), 1000 (b), 2000 (c), and 20 000 (d).

FIG. 7. Film ﬂow and formation of waves. Time t ¼ 500 (a), 1300 (b), 2000 (c), and 14 500 (d).

FIG. 8. Breakup of liquid ﬁlm above the non-conductive ring. Time t ¼ 1000 (a), 3000 (b), 6000 (c), and 9000 (d).
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produced by inserting non-conductive parts of different shapes into
the lower electrode. Without such inserts, droplets elongate after the
application of electric voltage, the elongation increases with increasing
voltage (and the corresponding electric Bond number).
In a non-uniform ﬁeld, a qualitatively different behavior of droplets was observed. On electrodes with a non-conductive central part,
the droplet spreads under the action of the non-uniform electric ﬁeld.
For a high enough electric Bond number, the breakup and the formation of an annular structure were observed.
A ﬁlm of dielectric liquid ﬂowing along a solid electrode made of
conductive and non-conductive transversal stripes exhibits a variety of
regimes depending on the relative strength of gravity and the electric
ﬁeld. When the voltage is low, gravity prevails and the action of electric
ﬁeld produces waves at the surface of the moving liquid. With a high
voltage, the liquid is pinned to the edges of stripes, and the ﬂow may
be stopped completely. We also observed the breakup of liquid ﬁlms
and the formation of a dry area at the electrode with a ring-shaped
non-conductive part.
Thus, the behavior of liquid droplets and ﬁlms can be changed
signiﬁcantly by the application of electric ﬁeld with different conﬁgurations. This may be used in order to control the liquid ﬂow over a
solid surface for different applications.
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