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ABSTRACT

In this article, the cooling of a solid surface by an evaporating film of a dielectric liquid and the influence of an electric field on this process
are studied. The mesoscopic lattice Boltzmann method is applied to simulate the fluid flow with phase transitions and the heat transfer. The
cases without electric field, with initially uniform electric displacement field, and with non-uniform electric field are considered. A uniform
field enhances the cooling slightly. Non-uniform field leads to the rupture of the film. In this case, the local heat flux in local regions increases
significantly when the film becomes thin and effectively evaporates. After the rupture of the film, the heat flux from a dry spot decreases
abruptly. The formation of a dry spot can be prevented by switching off the electric field before the film rupture. Thus, we demonstrate the
possibility of enhanced cooling of local regions at a surface using pulses of non-uniform electric field acting on a thin film of dielectric liquid
placed at the surface. If the inflow of liquid to the film could be provided, it is in principle possible to realize a periodic process of application
of voltage pulses to electrodes and to enhance the cooling of surface by the evaporation of a film of dielectric liquid.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0167462

I. INTRODUCTION

In recent years, a new scientific direction is developed, controlling
the movement of small volumes of dielectric and conducting liquids
using, in particular, electric fields. On this basis, attempts are being
made to create microelectromechanical devices (micro-fluidic devices)
for the purpose of moving, mixing, and separating liquids in chemical,
medical, and biotechnologies using the so-called laboratories on chips
(lab-on-a-chip).

The rupture of thin liquid films can occur in many industrial
applications related to dispersed and colloidal systems and other tech-
nical phenomena. Experimental and theoretical studies on thermoca-
pillary instability and rupture of thin liquid films on a heated surface
were presented in Refs. 1 and 2.

Electric field is one of the suitable instruments for controlling the
shape of liquid droplets and their motion along a solid surface’ '” as
well as for changing the shape of the surface of dielectric liquid
films.”

Electrostatically induced pumping in microchannels and pattern-
ing under the action of an externally applied non-uniform electric field
were described in Refs. 12 and 13. In Ref. 12, numerical calculations of
the deformation of the free surface of thin films in an electric field
between horizontal electrodes were carried out. Protrusions were spe-
cially created on the upper electrode so that the vertical electric field

became non-uniform. The growth of prominences reduces the air gap
between the film and the upper electrode, which enhances the electric
field and accelerates their evolution. The development of electrohydro-
dynamic instability and the controlled development of structures are
shown.

In Ref. 13, a liquid dielectric film is located above the lower plane,
in which a pair of electrodes is mounted, and an electric field is created
between them. The deformation of the film surface is experimentally
shown. Obviously, the liquid is drawn into the region of high electric
field and rises above the initial level.

In the method proposed by us, a non-uniform electric field
is created by non-conductive insets in segmented lower electrodes. In
this case, on the contrary, the dielectric liquid is drawn from the area
above the non-conductive insert and is pulled into the region with a
higher field magnitude over the conductive electrodes. The thinning of
the film occurs, and its rupture is possible.

In Refs. 14 and 15, it was shown by the three-dimensional
computer simulation that the process of perforation depends on
the initial field magnitude, the film thickness, the shape and the
size of non-conductive insets, and the value of surface tension.
Hence, influence of these factors was combined in the modified
electric Bond number.'”'”> However, heat fluxes were not calcu-
lated in these works.
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Liquid films and droplets are widely used for the cooling of
heated surfaces. This method is efficient because the surface is cooled
intensely at the evaporation due to the absorption of the latent heat of
evaporation. One of the methods to evacuate the produced vapor is
used in heat pipes where the vapor condenses at a special cold section.
It is commonly assumed that the cooling of hot surfaces by the evapo-
ration of liquid films and droplets is more effective when many contact
lines are present.'® >’

It was shown in Ref. 21 that the total heat flux did not always
increase after the rupture because of the formation of dry spots at the
surface and decreasing heat flux to the gas phase.

In the present work, we investigate the possibility of intensifica-
tion of the heat removal from the heated surface during the process of
the deformation of a dielectric liquid film before its rupture. Two-
dimensional problems of evaporation of a liquid film from the surface
of a heated solid or segmented lower electrode and the condensation
at a cooled upper electrode are considered. The lattice Boltzmann
method is used to simulate the fluid dynamics™>*
heat transfer.”*

* and the convective
Il. METHODS
A. Lattice Boltzmann method for fluid flow

In this method, the fluid dynamics is simulated by means of
pseudoparticles (also called one-particle distribution functions) f;,
which can move along the links of a regular spatial lattice and undergo
collisions in its nodes. The vectors of allowed velocities ¢, k = 0, ..., n
and the time step At are chosen so that their products are equal to the
lattice vectors e; = c;At. Frequently used lattice arrangements are
D1Q3 (one-dimensional space with three velocity vectors), D2Q9 (2D
space, nine lattice vectors), and D3Q19 (three dimensions, 19 velocity
vectors). The possible values of velocity in last two cases are 0, h/At,
and v/2h/At.

The distribution functions evolve according to the following lat-
tice Boltzmann equation:

fi(x + ek, t + At) = fi(x,t) + Q({fi}) + A (1)

There is a term corresponding to the free motion of pseudoparticles,
the discrete analogue of the Boltzmann collision integral, and the
change of f due to the action of volume forces.

The collision operator € is often used in the form of BGK
(Bhatnagar-Gross-Krook),”” which has the form of the relaxation to
local equilibrium values f;? with a single relaxation time,

Q= (f(p,w) — filx, 1) /2. @)

The fluid density p and velocity u are calculated from the distribution
functions fj as

p=> fio pu=> fick. 3)
k=0 k=0

The truncated Maxwell-Boltzmann formula is commonly used for the
equilibrium distribution functions f**°

pubs.aip.org/aip/pof

Change of the distribution functions Afy due to the action of
body forces (internal and external) is calculated using the exact differ-
ence method (EDM) first proposed in Ref. 27. It is described in more
detail in Ref. 28. The values of the fluid velocity before u and after the
action of force u 4 Au are used,

Afe = f{(p,u+ Au) — £ (p, ), (5)

where Au = FAt/p. Compared to other methods, EDM is Galilean

invariant. This method is widely used and included in international

computer simulation packages: LBsoft, OpenLB, and DL-MESO.” '
The physical fluid velocity in this case is™*

u’ =u+ Au/2. (6)

For simulating phase transition liquid-vapor, the method of
pseudopotential is used.” The force acting at the fluid in a node is
expressed as the gradient of the pseudopotential F = —V U, where
U = P(p, T) — p0 is defined by the equation of state P(p, T'). We fol-
low the approach of ****

F = 2AV(®?) + (1 — 2A)20V®, @ =+ -U. (7)

The free parameter A allows one to adjust equilibrium liquid and
vapor values for the best agreement with the theoretical coexistence
curve.

Van der Waals equation of state is used, which is written for one
mole as

p— R @ ®)
CV—b V%

Using non-dimensional variables P = P/Py, T = T/Ter, p = p/per
(Per, Ter, p,, are the critical values), Eq. (8) takes the following form:

8pT

P=_—"——3p ©)
3-p

For this equation of state, the best choice of the parameter is
A=-0.152"

B. Lattice Boltzmann method for heat transfer

To simulate the heat transfer, we use an additional set of distribu-
tion function g. The internal energy density E is expressed as

E= Z 8k (10)
k=0
Variables gi evolve according to the equation similar to Eq. (1),

g(x+ et + A1) = g(x, 1) + (g7 — &) /e + Agr. (11)

The term Ag consists of two parts Agy = Ag,El) + Ag,iz). The first
term

Ag" = g (E,u+ Au) — g'(E, u) (12)

prevents the parasitic heat diffusion across phase boundaries, and the
second one corresponds to the change of internal energy,

2 2
C-u Cr-u u
f;fq=ka(1+k G 2) ——). (4)
0 20 20 e AE
=gk 13
Here, 0 = h?/(3At?). e &g (13)
Phys. Fluids 35, 102006 (2023); doi: 10.1063/5.0167462 35, 102006-2

Published under an exclusive license by AIP Publishing

95:0%:20 €202 1890120 S0


pubs.aip.org/aip/phf

Physics of Fluids ARTICLE

Here, AE = AEp + AE¢ + AE, takes into account all heat sources as
follows: the pressure work

AEp = —Pdiv(u*)At, (14)

the conductive heat flux

AEc = div(grad(AT))At, (15)
and the release or absorption of the latent heat of phase transition
pLQ(T) dp pLT)
AEGg = —=————At = ———Fpdiv(u")Atr. (16)
¢ py— py dt Pz_Plp )

The coefficient 4 in Eq. (15) is the thermal conductivity of the fluid,
and Q in Eq. (16) is the latent heat of evaporation per unit mass. For
more detailed description, the reader is referred to the paper.”*

For the van der Waals equation of state (8), the internal energy
for one mole of fluid is equal to”

Ey =Eig—a/V, (17)

where Ejg = C,T is the internal energy of ideal gas, and C, is the spe-
cific heat at fixed volume. Hence, the latent heat of evaporation per
unit mass is

Q=alpy — pv), (18)

where p; and py are the equilibrium densities of liquid and vapor.
Using Eq. (16) and taking p, = p;, p; = py, we obtain finally

AEq = —app div(u®)At. (19)
In non-dimensional values, Eq. (19) takes the following form:
AEq = —3p,p div(u”™)At. (20)

The term div(u*) is calculated using central finite differences, as well
as the change of energy due to conductive transport [Eq. (15)].

C. Boundary conditions

For fluid, well-known bounce-back rule™ is applied at rigid walls,
which produces impermeability and no-slip boundary conditions. To
simulate the degree of a surface wettability, we use the method pro-
posed in Refs. 14, 15, 37, and 38. For this purpose, it is necessary to
take into account the forces of interaction between the liquid and the
substrate. In two-dimensional case, the force acting on a node of fluid
adjacent to the wall is calculated using three nearest solid nodes as

3
F(x) = O(x) E wiB(x + ;) Dgonia (X + €))e;. (21)
=

Here, @4 is equal to the value of @ in the nearest fluid node. The
coefficient B controls the wettability of the surface and the contact
angle. The value B= 1 results in the wetting angle of 90°.

Unfortunately, for B # 1, this method leads to variations in fluid
density near the surface,''*””** which hampers the calculation of
heat fluxes. To overcome this flaw, a new method was proposed in
Ref. 21. There, the combination of neutral wetting in accordance with
Eq. (21) at B=1 and additional forces parallel to the surface was used.
For a horizontal wall, the sum of these additional forces is given by the
following formula:

pubs.aip.org/aip/pof

3
F(x) = DD(x) > Dgoria (x + €))er- (22)
j=1

The neutral wetting remains for D= 0. Values of D < 0 correspond to
wettable surfaces, and D > 0 to non-wettable ones.

Distribution functions g for the internal energy in boundary
nodes are set to equilibrium values corresponding to the prescribed
temperature, zero velocity, and the density in the nearest fluid node.

Simulations are performed in a rectangular computational
domain of the size L, x L, =400 x 200. In all calculations, we
assume h =1 and At = 1, i.e,, all sizes are measured in the lattice spac-
ing h, and time is measured in the time steps At.

Gravitational force is acting downward along the Y axis, and the
gravity acceleration is g, = 107, At the temperature T = 0.7T,,, the
value of gravitational Bond number Bo = pg,°/ is ~0.06. Here, &
is the initial film thickness, and ¢ is the surface tension of liquid.

The heat flux from the lower heated surface is measured in calcu-
lation as

q=— [ngx, (23)

where the values of the heat conductivity /4 are taken in the layer of
fluid adjacent to the surface.

Ill. SIMULATION RESULTS
A. Film evaporation without an electric field

Two-dimensional problem of the evaporation of a flat film of
dielectric liquid placed at the surface of the lower flat electrode is
solved. The initial film thickness is equal to 6 = 30. At the beginning,
the temperature in the whole domain is set to T' = 0.7T,, and the
fluid velocity is zero everywhere. After the equilibration stage between
the liquid film and the vapor (until = 5000), the lower electrode is
instantly heated to T = 0.75T,, and the upper one is cooled to
T =0.6T,,.

Curves 1 and 2 (Fig. 1) show the time dependence of the heat
flux from the electrode surface without an electric field. Calculations
by the one-dimensional D1Q3 (curve 1) and two-dimensional D2Q9
(curve 2) models produce identical results. At the initial stage, the
heating of the film occurs, and a quasi-steady evaporation regime is
established.”’ Then, the film thickness decreases due to evaporation,
leading to the gradual increase in the heat flux. Small oscillations
decaying with time are causes by the reverberation of waves generated
by the perturbations related to the instant switch-on of the heating at
t=5000.

B. Evaporation of film in initially uniform electric
displacement field

Two-dimensional problem of the evaporation of a flat film of
dielectric liquid placed at the surface of the lower flat electrode is
solved. The initial film thickness is equal to = 30. At =12 000, con-
stant voltage is applied between the electrodes producing the initially
uniform electric displacement field Dy = y&(y)E, where E is the local
electric field, and & is the electrostatic constant. The electric permittiv-
ity ¢ for non-polar liquids depends on the local fluid density p accord-
ing to the Clausius—Mossotti formula,
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20~
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FIG. 1. Time dependence of the total heat flux from the electrode surface without
an electric field (curves 1 and 2) and after the application of the initially uniform
electric displacement field without non-conductive inset (curves 3 and 4). Curve 5
corresponds to the case of non-uniform electric field (with non-conductive inset).
Curves 1 and 3—calculations of the heat flux by the one-dimensional D1Q3 model
rescaled to L,=400. Curves 2, 4, and 5—two-dimensional calculations by the
D2Q9 model. Electric bond number is equal to Bog = 4.6.

3o0p

e=1+ (24)

1—op’
The value of o = 0.141 is chosen so that the value of permittivity of
liquid is & = 2.3 at the initial temperature T = 0.7T.

Electrostatic force F acting on a unit volume of dielectric fluid is
defined by the following Helmholtz formula: ™

E*p (g—;) } . (25)
T

The electric field distribution is calculated at every time step by
solving the Poisson’s equations,

0 E? ;
F=— POTgrads +%0 grad

div(egrad ) = 0. (26)

The electric potential at the upper solid electrode is constant
¢(x,L,) = V. At the conductive parts of the lower electrode, the
potential is set to zero ¢(x,0) = 0. At the non-conductive inset, the
normal component of the electric field is set to zero E,(x,0)
= 0p/dy = 0. In two-dimensional calculations, the periodic bound-
ary conditions are set at the side boundaries of the calculation domain
@(Lyx,y) = ¢(0,y). The electric field is then calculated from the
potential as E = —grad ¢.

Time dependence of the heat flux from the electrode surface after
the voltage application is shown in Fig. 1 for the one-dimensional
D1Q3 (curve 3) and two-dimensional D2Q9 (curve 4) models. In such
quasi-1D setting, the results are almost identical until t ~ 40 000.
After the switch-on of electric field, the heat flux increases slightly,
since electrostatic forces accelerate the evaporation process of the film.
In the 2D model, however, the film surface becomes unstable. The
growth of prominences reduces the air gap between the film and the
upper electrode, which strengthens the electrical field and accelerates
the evolution. The heat flux increases due to the higher evaporation

ARTICLE pubs.aip.org/aip/pof

rate at thinner parts of the film. For the geometry and other parame-
ters used in the calculation, this occurs at ¢ > 40 000 (Fig. 1, curve 4).

C. Film rupture in a non-uniform electric field

Two-dimensional problem of the evaporation of a flat film of
dielectric liquid placed at the surface of the lower flat electrode with a
non-conductive inset of the size of 2R = 60 is solved. The initial film
thickness is equal to 6 = 30. At t= 12000, constant voltage is applied
between the electrodes. The contact angle is equal to f = 90°, which
corresponds to the neutral wetting.

The modified electric Bond number proposed in Refs. 14 and 15
depends on the film thickness ¢ and the characteristic size of the non-
conductive inset R as

Boj = &o(e — 1)EZR?/(d¢10). (27)

Here, E, is the initial magnitude of the electric field above the surface
of the film, and ¢ is the electric permittivity of liquid.

Under the action of a non-uniform electric field, the film
becomes thinner in the region of non-conductive inset [Fig. 2(a), see
also Refs. 10, 14, and 15]. This leads to the local increase in the temper-
ature gradient, and the heat flux in this region increases [Fig. 2(b)] due
to the rapid evaporation of this part of the film. The total heat flux also
increases (curve 5 in Fig. 1). Just before the film rupture, the total heat
flux increases more than twice. This will lead to enhanced local cooling
of the surface.

After the rupture of the film (t > 36 000), the heat flux from the
dry spot drops significantly because the thermal conductivity of vapor
is much lower than that of liquid (in our calculations, by the factor of
20). The total heat flux decreases accordingly (Fig. 1, curve 5). For
comparison, the time dependence of the total heat flux is shown for
one-dimensional problem (curve 3 in Fig. 1), where the deformation
of the film is obviously absent, and the film thickness changes monoto-
nously during the evaporation.

200
a Yy

0
0.3
b é / \
ES' ’;'..':. -:“‘-\
[
0

(=)

x 400

FIG. 2. (a) Deformation of the dielectric liquid film in the perforation process before
the film rupture. (b) Distribution of the heat flux along the electrode surface. Time
t=28000. See Fig. 6 for multimedia view.
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FIG. 3. Film rupture in a non-uniform electric field, compared with Fig. 2(a).
Multimedia available online.

The value of the contact angle influences the flow of film after the
breakup.'*"” The growth of the dry spot is faster for non-wettable sur-
faces. Hence, the timescale for the variation of the heat flux depends
on the contact angle. However, the overall development of the process
does not change.

The animation of the perforation process can be seen in Fig. 3
(Multimedia view).

200 -

y
a

A

0 x 400
200 -

y
b

, . <

0 x 400

200

y
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o
0 400

X

FIG. 4. Shape of the film surface after the switch-off of the electric field. Time is
t=28000 (a), 29000 (b), and 51250 (c).

ARTICLE pubs.aip.org/aip/pof

B
FIG. 5. Film behavior in a non-uniform electric field. Field switch-off before film rup-
ture, compared with Fig. 4. Multimedia available online.

Thus, it is possible to produce conditions for pulse cooling of
local region at the surface by the perforation of thin films of dielectric
liquid by the non-uniform electric field.

D. Heat flux during evaporation of film in non-uniform
electric field. Field switch-off before film rupture

In order to avoid the film rupture and the formation of a dry
spot, the electric field is switched off in the simulations before the rup-
ture of the film at the time t =27 000. After this, the formation of the
rupture stops [Fig. 4(a)], and liquid starts to flow into the region above
the non-conductive inset [Fig. 4(b)].

The animation of the film behavior can be seen in Fig. 5
(Multimedia view).

When the electric field is switched off, the heat flux ceases grow-
ing and decreases for certain time (Fig. 6, curve 3). However, it is still
higher than that in the absence of an electric field. During the evapora-
tion of liquid from the surface, the total heat flux increases until the
moment when the film breaks and a dry spot appears at the surface at
t ~ 51000 [Fig. 4(c)].

60

7mD2Q9 E=0
{1 2 e D2Q9 E - nonuniform 2

3 A D2Q9 E - nonuniform
40 switch-off at ¢ = 27000

Heat flux

T T T T T T T T T
10000 20000 30000 40000 50000
Time
FIG. 6. Time dependence of the total heat flux from the electrode surface without
electric field (curve 1), and after the application of the non-uniform electric field at

the time t= 12000 (curves 2 and 3). Curve 3 corresponds to the field switch-off at
t=27000.
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)

[S)]
L

10000 20000 30000 40000 50000
Time

FIG. 7. Time dependence of the local heat flux from the surface of non-conductive
inset without electric field (curve 1) and with application of voltage at 12000 < ¢
< 27000 (curve 2).

Figure 7 shows the heat flux in local region (from the non-
conductive inset). Curve 1 presents the local heat flux in the case with-
out electric field. Curve 2 shows the local heat flux when the voltage is
applied at the time interval 12000 < t < 27000. The heat removal
from the non-conductive inset increases almost twice until the
moment of the film rupture and the appearance of a dry spot in this
region (t ~ 50 000). It is, therefore, possible to produce conditions for
pulse cooling of local region at the surface by the perforation of thin
films of dielectric liquid by the non-uniform electric field.

IV. CONCLUSION

We study the cooling of a solid surface by an evaporating film of
dielectric liquid and the influence of an electric field on this process.
The evaporation of a thin film of dielectric liquid is effective for
enhancing the heat flux from a hot surface. A uniform electric field
enhances cooling slightly, since electrostatic forces accelerate the evap-
oration of the film. Moreover, this process eventually leads to instabil-
ity of the interface and to more intensive evaporation of thinner parts
of the film. It is found that non-uniform electric field can be used for
fast cooling of a local region of the surface. A non-uniform electric
field can be created using non-conductive insets in segmented
electrodes. However, the appearance of dry spots after film ruptures
prevents the heat flux from these regions because the thermal conduc-
tivity of vapor over the hot surface is much lower than that of liquid.

For comparison of the results of different works, non-
dimensional similarity criteria are useful. In our case, the relevant one
is the electric Bond number (27), introduced in Ref. 14. At tempera-
ture T = 0.7, density p ~ 0.32, permeability & = 2.5, surface tension
¢ = 0.02]/m> film thickness 6 = 1 mm, and dielectric inset size 2R
= 4 mm, the electric Bond number equal to Boj, % 2.4 corresponds to
the electric field strength of Ey ~ 15 kV/cm. The listed parameters are
close to those of the dielectric liquids PDMS (polydimethylsiloxane).

We demonstrate the possibility of enhanced cooling of local
regions on the surface using short pulses of non-uniform electric field
acting on the thin film of dielectric liquid. If the inflow of liquid to the

ARTICLE pubs.aip.org/aip/pof

film could be provided, then, in principle, it is possible to realize a peri-
odic process of applying voltage pulses to the electrodes and to
enhance the surface cooling due to film evaporation for a long time.
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