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A nonstationary electrohydrodynamic model of dielectric film dynamics on a solid substrate in surrounding gas is de-
veloped. The mesoscopic multiphase lattice Boltzmann model is applied for simulation of fluid dynamics. The nonuni-
form electric field is generated by inserting nonconductive parts into the lower electrode. Under the action of a nonuni-
form electric field, the film can be perforated producing new contact lines. In the case of a round insulating inset, the
perforation process is governed by the electric field strength, the film thickness, the radius of nonconductive insets, and
the contact angle between the liquid and the solid substrate. Hence the modified expression for the electric Bond number
can be introduced, which takes into account both the film thickness and the radius of nonconductive insets. When the
inset radius is substantially larger than the thickness of a film, the wetting of the electrode does not play an essential
role in the initial perforation but influences the dynamics of the dry spot growth. When the size of the insulating parts
is comparable with the film thickness, the situation becomes different. With certain electric field strength, the film is
teared faster on a nonwettable surface of inserts but can be preserved on a wettable one. It was shown that the degree
of wetting of insulating insets makes the main difference.

KEY WORDS: dielectric liquid, electric field, liquid films, computer simulations, graphics processing
unit, lattice Boltzmann method

1. INTRODUCTION

The effective cooling of hot surfaces is very important ircrofluidic and microelectronic devices. One of the meth-
ods for cooling is the creation of thin films or many droplet®eaporating liquid placed onto a solid surface with
three-phase contact lines (Potash and Wayner, 1972; Wal@@9). It was shown theoretically and in experiments
that the main heat flux occurs near the contact lines (Kaskyest al., 2016; Ajaev and Kabov, 2017). Thus, in order
to increase the cooling efficiency, it is promising to cresd@ contact lines by perforating liquid films.

Many studies, experimental, theoretical, and with compsitaulations, are devoted to the behavior of droplets
(Taylor, 1964; Imano and Beroual, 2006; Liu et al., 2008; dzunwenberghe et al., 2013; Corson et al., 2014, 2016;
Gibbons et al., 2016; Akbari and Mortazavi, 2017; Medvedal ldupershtokh, 2021), bubbles (Korobeynikov et al.,
2019; Wang et al., 2017; Kupershtokh and Medvedev, 2019) lignid films (Medvedev and Kupershtokh, 2021;
Zubarev, 2002) under the action of an electric field. Thetatefield was also used to manipulate the droplets (Liu
et al., 2008; Medvedev and Kupershtokh, 2021). The acti@n@ectric field on dielectric droplets can also enhance
heat transfer from a solid substrate (Vancauwenberghe, &(l3). However, there are no numerical studies of the
perforation of dielectric films in an electric field, excepétwork (Medvedev and Kupershtokh, 2021).

In Medvedev and Kupershtokh (2021), the possibility of tingture of liquid films by the action of a nonuniform
electric field was demonstrated. There the authors invasiignumerically the process of generation of new contact
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NOMENCLATURE

A free parameter in the forcing W weights in the equilibrium
scheme distribution functions

B wettability parameter

Bo Bond number Greek Symbols

Bogp electric Bond number 104 polarizability in the

Bo;, modified electric Bond number Clausius—Mossotti formula

Ck velocities of pseudoparticles B contact angle

E electric field 5 initial film thickness

Tk distribution functions for lattice € electric permittivity
Boltzmann method 0 electrostatic constant

4 equilibrium distribution 0 kinetic temperature

functions v kinematic viscosity

F force acting on fluid p fluid density

h lattice spacing o surface tension

ls width of strips T nondimensional relaxation time

P fluid pressure 0] electric potential

R;, radius of nonconductive inset ) special function in the forcing scheme

T fluid temperature Q collision operator

t time

u fluid velocity Subscripts

U pseudopotential cr critical values

V voltage between electrodes l liquid

g gravity acceleration x,y,z spatial directions

lines by perforating liquid dielectric films. The nonuniforfield was produced at the boundaries of nonconductive
insets in a lower electrode. This electrode was electyiggibunded. When a high voltage was applied to an upper
flat electrode, the dielectric liquid was pulled into theiogg of increased magnitude of the electric field. In thiscas
depending on the geometry and the field strength, the rupfutee film and, consequently, the appearance of new
contact lines may occur.

In the present work we perform further studies of the petfoneof a liquid film by a nonuniform electric field.
We study the influence of the different values of wettabitifynonconductive insets that plays a decisive role in
this process. We also demonstrate in the present work therpton process for an array of round insets. Three-
dimensional computer simulations of this process areaout. The dimensionless parameters governing the film'’s
behavior are the Bond number and the electric Bond humber.

The lattice Boltzmann equation method (LBE, LBM) is useddnulations of these nonstationary two-phase
fluid dynamics (McNamara and Zanetti, 1988; Shan and Ched8;1upershtokh et al., 2009; Kupershtokh, 2010;
Kupershtokh and Medvedev, 2018). It was first applied to &teuelectrohydrodynamic flows in Medvedev and
Kupershtokh (2000) and Kupershtokh and Medvedev (20063.mMkthod takes into account the surface tension at the
liquid-vapor interface, the gravitational and electrtistéorces, and also the interaction of fluid with solid subtt.

The electrical and hydrodynamic equations of the threeedsional problem are solved jointly. The distribution of
the electric field strength in the entire region between flatteodes is calculated numerically at each time step by
solving the Poisson’s equation for the potential of thetelefield.
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The CUDA (Compute Unified Device Architecture) technologyised for parallel programming on GPU. In
Section 2 we briefly describe the multiphase lattice Bolamenethod for simulating the fluid dynamics and the
details of the solution of Poisson’s equation and the catmn of electric forces with corresponding boundary con-
ditions. Section 3 is devoted to the investigation of thegbtion of liquid films at electrodes with round insulating
insets. In Section 4, the dynamics of dielectric films at tetates with alternating conductive and nonconductive
stripes is simulated. Section 5 gives some concluding resnar

2. NUMERICAL METHOD
2.1 Lattice Boltzmann Method

The lattice Boltzmann method simulates the fluid flows as greachics of an ensemble of pseudoparticles that can
move along the links of the regular spatial lattice. Only lingted set of the velocities of the pseudopartictgs

is used. In the 19-speed LB model D3Q19 (Qian et al., 1992) urs¢his work, the possible values gf;| are 0,
h/At, andv/2h/At (h is the lattice spacing)t is the time step). Corresponding lattice vectorseare= ¢, At. The
one-particle distribution functionf, evolve according to the equation

fe(x+ At t + At) = fi(x,t) + QA fe} + Afr. ()

The collision operatof2,, is taken in the form of the relaxation to local equilibriunthva single relaxation time
(the BGK form [Qian et al., 1992])

Qulfulx, ) = S0 W = Sl t) @)

T

The dimensionless relaxation timedetermines the kinematic viscosity of fludd = (t — 1/2)0At¢. Here,
0 = (h/At)?/3 is the kinetic temperature of LBE pseudoparticles. Thelibgium distribution functionsf,? are
usually taken in the form of truncated Maxwellians (Koelma991)

: w2 u?
21(p,u) = puwy, (1+ (Cke w (C’“ze;l) - 121_e> . 3)

The densityp and the mass velocity of the fluid are calculated as the first two moments of the distribution

functionsf,
18 18
p=> fr and pu=3" " cifi.

The weight coefficients for the D3Q19 model arg = 1/3, w1 = 1/18, andw;_15 = 1/36 (Qian et al.,
1992).

We use the exact difference method (EDM) (Kupershtokh, 2@040) forA f, to take into account the body
forces (internal, gravitational, and electrostatic)

Afi = fi'(p,u+ Au) — fi%(p, u). (4)

Here,Au = FAt/p is the change in velocity during the time step due to bodyesrc
To simulate the phase transition, the internal forces betweeighbor nodes of fluid are introduced. The total
force acting on a node is expressed as the gradient of the@getentiall = P(p,T) — p6 (Qian and Chen, 1997)

Fin(x) = —=VU, (5)

whereP(p, T) is the pressure calculated from the equation of state of,fandT is the temperature. We proposed
earlier to introduce a special functidn= /—U and to rewrite the formula (5) for the total force in the eal@nt
form (Kupershtokh, 2005; Kupershtokh et al., 2009, 2015)&sghtokh and Medvedev, 2018)

F(x) = 2AV(®?) + (1 — 24)20V . (6)
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Here, A is a free parameter that can be adjusted so that the coeéstemve corresponds best to the given
equation of state of the fluid. For the van der Waals equatfostaie in reduced variables (density, temperature,
and pressure), the value = —0.152 (Kupershtokh et al., 2009; Kupershtokh and Medvedet828upersh-
tokh, 2005). Equation (6) allows one to write the approxiorabf the gradient of pseudopotential in a combined
finite-difference form with improved isotropy (Kupershto&t al., 2009, 2015; Kupershtokh, 2005; Kupershtokh and
Medvedeyv, 2018). The surface tension is produced at thedzoybetween phases. Its value is equalte: 5.1 in
lattice units for the reduced temperat@téT.,. = 0.6.

The wettability of the solid surface can be changed undeattien of the electric field (Bateni et al., 2005). The
lattice Boltzmann method includes this feature (electiting) as an intrinsic property. However, this effect is wea
for the considered problem (Kupershtokh, 2020).

2.2 Geometry and Boundary Conditions

The calculations are performed in a rectangular domainaitrensions of,,, L,,, L. The periodic boundary condi-
tions are used in the andy directions. We use the well-known “bounce-back” rule toudiate the no-slip boundary
conditions at the flat electrodesat 0 andz = L, in the LBM simulations.

We use the model of wettability that introduces in LBM theenaiction forces between a nodef fluid and the
nearest five nodes on the solid wall (Kupershtokh, 2020)

F(x) = B®(x) 25

J=1

w(e;) Psolia(x + €;) - €. (7)

Here, the value of the functiobggiq takes the same value as one in the nearest node okfloichted directly over this
node of solid surface. Lattice vectags point from a fluid node to these five wall nodes. The wettabditthe solid
surface is related to the parameig(Kupershtokh, 2020). The value of contact angle 90° (neutral wettability) is
obtained atB = 1. The values3 > 1 correspond to the wetting case, aBd 1 to the nonwetting case.

2.3 Calculation of Electric Potential and Forces

The electrostatic force acting on a dielectric liquid withspace charge is given by the Helmholtz formula (Landau

and Lifshitz, 1959)
_ goF? €0 , (O
F= > VEJFZV{Ep(@p)T]' (8)

Here,F is the local electric field magnitude; is the electrostatic constant, ands the permittivity of fluid. For
nonpolar dielectric fluids, the Clausius—Mossotti equattoused

3
e=1+ xP

T 9
Here the value of polarizabilityc is chosen to set the permittivity to a prescribed vatdudor the reduced
equilibrium density of liquid dielectrip; used in simulations. The permittivity of vapor is close tawrThe dielectric
permittivity e (p) of the fluid changes in space during the development of thegs
The calculations of electric field are carried out takin@iatcount the changes of the permittivity distribution in
space and, consequently, in time. The following equatioitife distribution of the electric field potentidl between
electrodes,

V - (e0e V) =0, (10)

is solved at every time step using the well-known methodropé iterations (McDonough, 1985; Press et al., 1986),
also known as the Jacobi method. For example, in the two+tBioral case with nonuniform permittivity the iteration
step looks like
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€it1/2,Pit1; + €im1/2Pi-15 + €ijr1/2Pi+1 + € j—1/2¢i -1
€it1/2,5 t €im1/2,5 + €ijr1/2 + € j—1/2

$ij = ; (11)
and can be easily extended for the three-dimensional case.

The periodic boundary conditions for the electric potdrdie used for side boundaries (along thendy
coordinates). The electric potential of the upper ele@rsconstant (x,y, L,) = V (Fig. 1). The lower electrode
is electrically grounded(x, y,0) = 0. At the surface of the nonconductive insets in the lowectedele we use the
boundary condition8¢ /9= = 0. After solving Eq. (10), the electric field is calculatedis= —V .

To ensure the value of electric fielth over the initial surface of the film, the applied voltage diddae equal to

V= EO(LZ - 6(1 - 1/5l))7 (12)

where$ is the initial thickness of the film.

3. PERFORATION OF LIQUID FILMS BY THE ELECTRIC FIELD

An example of modeling the perforation of a thin film in a noifiarm electric field is shown in Fig. 1. The round
nonconductive inset of the radidg,, is located in the center of the dissected lower electrodeeW¢hhigh voltage

is applied, the dielectric liquid is pulled into the regiarfincreased electric field near the edges of the inset. & thi
case, depending on the thickness of the film, its rupture @msequently, the appearance of a new contact line may
occur (Fig. 1). Then the liquid continues to move not only tluelectrostatic forces but also by inertia [Figs. 1(b)
and 1(c)].

The dimensionless parameter that determines the behdadiqoid dropletin a gravity field is the Bond number
Bo = pgR?/0, whereo is the surface tension, amdlis the characteristic size of the droplet. For a liquid ditie
film, we can introduce the Bond number in the form Bpgs?/ o, wheres is the thickness of the film.

Obviously, the degree of deformation of a dielectric ligindreases with an increase in the electric field, but the
situation with the electric Bond number for dielectric filigsnot simple. Our simulations show that the time until
perforation also depends strongly on the size of the nonattive insetsR;,, in the dissected electrode (Table 1),
despite the fact that the electric Bond numberzBe 1.71 does not change. This means that the usual definition
Bog = eo(e; — 1)E25/(g;0) is not correct, wherd, is the value of electric field over the surface of the film. The
values of the other parameters do not chage: 20,¢; = 4, 0 = 5.1, = 0.58,B = 1 (contact angle 90°). The
lattice size is 560 x 560 x 144,

At R;, > 80, we observe that the perforation of the film starts soméevater than atR;,, = 60 (Table 1). This
can be explained by the fact that the rupture mechanism esahgthis case the rupture of the film begins not above

FIG. 1: Process of film perforation in an electric field. The lower rigvdensity distributions of fluid in the central vertical s
section. The round nonconductive inset in the lower eleletis shown by the thick bar at the bottom. The parameteresalte
g =4,6 =20,R;», =80, =90°, Bo=0.018, Bg = 1.18, and B§ = 18.9. Lattice size 560 x 560 x 144= 3900 (a), 5500
(b), and 8600 (c).
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TABLE 1: Time before perforation of liquid film at constant thickneggilm

R;, 20 30 40 60 80 100
t 11,400 6700 4400 3200 3400 4000
Bog 1.71 3.84 6.82 15.3 27.3 42.6

the center of the inset but along a certain circumferencéevle liquid droplet remains above the center of the inset
(Fig. 2). As a result, the perforation process slows down.

On the other hand, we observe that the time to rupture unéegigéncreases with the film thickness at constant
R;, = 40 (Table 2), despite the fact that the electric Bond numbeeases. Therefore, to take into account both the
thickness of the film and the radius of inset, we propose tarues case a modified definition of the dimensionless
parameter

BO*E = 80(81 — 1)E3R'L2n (68[0-). (13)

This definition is more appropriate for evaluating the psscef perforation of liquid dielectric films. With rea-
sonable values of the parameters, &g-2 mm,R;, =8 mm,g; = 7, ando = 0.073 N/m, the value of the modified
electric Bond number is Bp = 3.33 at the electric field strength &% = 10 kV/cm. The breakdown electric field
strength of typical dielectric liquids is higher than 100/& (Boj > 300, in this case). Regarding the surrounding
gas over a liquid film, the breakdown electric field strengdthinat atmospheric pressure is 30 kV/cm. However, the
breakdown electric field strength of sulfur hexafluoride gsormal pressure is three times higher than of air, that
is, itis about 100 kV/cm. Moreover, the breakdown electeddfistrength of gases can be improved by increasing the
pressure.

N N S

FIG. 2: (a) Process of film perforation with generation of a drop(le}.Density distribution of fluid in the central vertical @®
section.t = 3400. The round nonconductive inset in the lower electredghbwn by the thick bar at the bottom. Lattice size
560 x 560 x 144¢; = 4,5 = 20, R;, = 80, Bo=0.018, Bg = 1.71, and B§ = 27.3.

TABLE 2: Time before perforation of liquid film at constaR,,

S 20 30 40 50 60

t 4400 5800 7500 9400 11,000
Bog 1.71 2.56 341 4.27 5.12
Bog 6.82 4.55 3.41 2.73 2.27
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The deformations of a thin film in an electric field lead to adbincrease in the electric field. This increase in
gas phase can be of order of;3(¢; + 2) times, and the magnitude of the electric field usually resmaelow the
breakdown electric field strength.

The simulation of the process with four nonconductive reghdpe insets is carried out. The insets are evenly
distributed over the surface of the lower electrode, takimg account the periodic boundary conditionsrimndy
directions. The arrangement of the lower electrode witletmss shown in Fig. 3(a). The results of simulation are
shown in Figs. 3(b) and 4. The parameter valuesae20, R;,, = 60,¢; = 4,0 = 5.1, and B, = 12.9.

The density distributions of fluid in the vertical cross $attat the first row of insets for different values of
contact angle are as follows (Fig. 4):= 90° (a), 60° (b), and 130° (c) for valués= 1, 1.06, and 0.92, respectively,
in accordance with Kupershtokh (2020). One can see thatrtheegs of rupture of the liquid film begins later for a
wettable surface (60°) and faster for a nonwettable one°jXB@n for neutral wettability gb = 90°.

We also investigate the case of different wettabilitieg [B{d)]: the contact angles ape= 60° for the conductive
part of the electrode an@;,, = 130° for the nonwettable insulating insets. Even with a wedttable electrode in
this case, the time before perforation of the liquid film iagdically the same as for a completely nonwettable surface
[Fig. 4(c)].

Parallel calculations are performed using all cores of GRENTV (internal memory 12 Gb, 5120 cores). For
the above-described three-dimensional LBE simulationth@fdynamics of dielectric films in an electric field, the
3D lattices with sizes up to 560 x 560 x 144 (45 million nodem) be allocated in GPU internal memory. The
performance of our calculations turned out to be over th&hrilion node updates per second (MNUPS).

4. DYNAMICS OF FILMS ON A STRIPED ELECTRODE

We simulated the evolution of the liquid film placed initiatt the lower electrode under the action of gravity and
electric field. The lower electrode consists of alternatbogductive and nonconductive strips of the same width.
The initial height of the liquid dielectric layer i§ = 20 lattice units, the size of the calculation domain was
320 x 320 x 101, and the width of stripslig = 40. The gravity field is directed normal to the electrodes; it
magnitude wag. = 8 x 10> in lattice units, which corresponds to the Bond numberB0.015.

" T

FIG. 3: (a) Arrangement of four nonconductive round-shape ingb)sProcess of film perforation in electric fielt.= 5600.
Lattice size 560 x 560 x 144, = 90°.
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a Contact angle 90° b Contact angle 60°

t=3600 t=4800

A aah 4aAsih a2 4B

t=5000 t=6400
t=6000 t=7400
c Contact angle 130° d  Contact angles 60°-130°

- it

t=3100 t=3200

t=3900 t=4000

R_& &

t=5200 t=5400

FIG. 4: Density distributions of fluid in vertical cross sectionlag first row of insets. Insets are shown by thick bars at thbot
(@) B =90°, (b)p = 60° (wettable), (c3 = 130° (nonwettable). (d) Different wettability: = 60° for the conductive part of the
electrode angb;,, = 130° for the nonwettable insets.

Figure 5 shows the dynamics of a film for the same value of méefield corresponding to the electric Bond
number Bg; = 0.614 but different electrode wettability. For the upper rtive electrodes are nonwetting (contact
angle3 = 70°). In this case the film breaks up at the time= 1900, the liquid ramparts are formed, and new
triple-phase contact lines arise.
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The lower row presents the results for wetting electrodes ¢bntact angl@ = 116°). Here the initial deforma-
tion of the film is almost the same as in the previous case. Mexy¢he film does not break because of the higher
value of the wetting energy.

On the contrary, in the next series of simulations, differegttability was assigned to the conductive and noncon-
ductive parts of the lower electrode. The resulting film dwies is shown in Fig. 6. For the upper row, the conductive
parts of the electrode are separated by nonwettable irsatsaCt angle$ = 70° and 116°, correspondingly). For
the lower row, conductive strips were nonwettatflef 116°) and nonconductive ones were wettalfle=70°).

One can see that the dynamics of the liquid film at the samepiigs is quite similar to the case presented in
Fig. 5, where wettability of the whole electrode was the sat®nce, the main conclusion is that only the wettability
of the nonconductive stripes plays a decisive role. Theoreéar this is that after the application of voltage, the film
gets thinner at nonconductive insets and here it “feels’elbetrode surface. For thicker film at conductive stripes,
the wetting of electrodes is not so significant.

5. CONCLUSIONS

We demonstrate the perforation of dielectric liquid filmsaolid surface of electrode containing nonconductive
insets as round or in the form of strips. At the constant ntageiof the electric field, the perforation time increases
with the increase of the film thickness and decreases whenadligs of the inset grows. The dimensionless parameter
for estimation of time before perforation of dielectric féris the modified electric Bond number (13). However, with
large radius of the inset, the rupture mechanism changdsoamation of a droplet or disk above the center of the
inset is observed. On the wetting surface with smaller atirgagle, the perforation process develops more slowly
than on neutrally wetting ones.

When the lower electrode consists of conductive and nonattive strips of the same width, the size of which
is comparable with the initial film thickness, the qualitateffect of the surface wettability is observed. With certa
electric field strengths, the film is teared faster on a notabét surface of insets, but a rupture can be prevented

o PV VAN

a 7 » b

S PV OV

FIG. 5: Film deformation and breakup in nonuniform electric fielghpggr row is for nonwettable lower plane surface and lower
row is for the wettable one. Time= 1200 (a), 1900 (b), and 3000 (c).

S OV v/ Jch*

a | - | b

S PV VS

FIG. 6: Film deformation and breakup. Upper row is for nonwettabkilating insets and wettable conductive parts. Lower row
is for wettable insets and nonwettable conductive partaeTi= 1200 (a), 1900 (b), and 3000 (c).
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on a wettable one. It was shown that the degree of wettingsefiating insets makes the main difference, whereas
the wetting of conductive parts is not significant. Hencengding the wettability of the electrode surface gives an
additional degree of freedom for the control of the film peafmn. The choice of optimal specific dielectric liquids
and material of insets is a topic for a separate engineetirty and is beyond the scope of this article.
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