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ABSTRACT
In this article, we present mesoscopic simulations of the fluid flow and heat transfer in a model of a heat pipe with the action of a 
non-uniform electric field on the fluid, based on the lattice Boltzmann method. We demonstrate in numerical experiments the possibility to 
realize the controlled quasiperiodic flow of a film of dielectric liquid in the vicinity of a non-conductive inset using the cyclic change of the 
electric field and the regularly switching flow of liquid condensed in the cold section back to the cooled hot surface. We model the process 
of the pulse action of a non-uniform electric field on the liquid film with a feedback based on the thickness of the liquid films at the cooling 
region and at the vapor condenser. Such combined action ensures the increased average value of the heat flux from the heater. In our 
experiments, the value of the heat flux was 1.7 times higher than the heat flux without the electric field for the same geometry of the region, 
the same temperatures, and the same amount of the cooling fluid.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0345251

I. INTRODUCTION
In microfluidics and microelectronics, it is necessary to cool 

heated surfaces to prevent them from overheating. For this purpose, 
evaporation of liquid films or many droplets is widely used (rivulet or 
spray cooling).1–4 The effectiveness of such methods is ensured by the 
intensive evaporation of the liquid surface and its cooling due to the 
absorption of the latent heat of the phase transition. One of the ways 
to remove vapor from the cooled surface is the process used in so- 
called “heat pipes,” where vapor condenses at a special part of the 
tube with a lower temperature, and then the liquid returns to the 
cooled surface.5–9

It is commonly assumed that the cooling of heated surfaces by 
evaporating liquid droplets or films is more effective when numerous 
contact lines are present.10–15 However, the generation of contact lines 
inevitably leads to the occurrence of dry spots at the surface. The heat 
flux from these spots is essentially lower. It was shown in Refs. 16 
and 17 that this leads to a decrease in the total heat removal from the 
surface.

In Refs. 18–20, the principal possibility of the rupture of liquid 
films under the action of non-uniform electric fields and the process 
of the generation of contact lines by the perforation of thin films of 
dielectric liquid placed on the electrode surface was demonstrated. A 
non-uniform electric field was produced at the edges of solid non- 
conductive insets in a segmented flat electrode.

It was proposed in Ref. 17 to intensify the heat exchange process 
on solid surfaces at the mini- and microscale by decreasing the thick
ness of the evaporating film without its rupture. For this purpose, the 
possibility of using periodic voltage pulses was suggested in Ref. 17. In 
order to avoid the film rupture a regular inflow of liquid to the work
ing film is necessary. In the present article, we realize such a possible 
process of the pulse action on the liquid film with a feedback that 
ensures an increase in the average value of the heat removal from the 
heater. One of the purposes of this article is precisely to draw the 
attention of experimenters to this phenomenon.

The paper is organized in the following way. In Sec. II, we 
describe briefly the lattice Boltzmann method (LBM) applied to simu
late the motion of fluid, phase transitions, and convective heat trans
port. Section III is devoted to the description of the cooling process by 
the evaporating liquid film, and the influence of non-uniform electric 
field on this process. In Sec. IV, we introduce the feedback setup, 
which allows us to prevent the breakup of the film and to get the 
increased average heat flux. Simulation results are presented in Sec. V. 
Finally, the summary is given in the Conclusion section.

II. LATTICE BOLTZMANN METHOD
Lattice Boltzmann method (LBM) is widely used to simulate 

fluid flows with phase transitions. The authors of the present article 
have made significant contribution into the application of LBM for 
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simulation of electrohydrodynamic flows and flows with heat 
transport.21–26

In LBM, the fluid flow is described by solving the Boltzmann 
kinetic equation with a discrete set of particle velocities ck, which 
should correspond to the lattice vectors ek ¼ ckDt. One-particle dis
tribution functions fk; k ¼ 0;…;m are used as main variables. Their 
evolution equation has the form 

fkðxþ ckDt; t þ DtÞ ¼ fkðx; tÞ þ Xk fkf g þ Dfk: (1) 

Fluid density q and mass velocity u are calculated as the moments of 
distribution functions, 

q ¼
Xm

k¼0
fk and qu ¼

Xm

k¼0
fkck: (2) 

Characteristics of the LBM are the straight lines corresponding to the 
directions of the velocity vectors ck; the values of the distribution 
functions fk propagate along these lines.

In this work, the collision operator in the form of relaxation to 
locally equilibrium values is used, 

Xk fkf g ¼ ðf
eq
k ðq;uÞ − fkðx; tÞÞ=s; (3) 

with single non-dimensional relaxation time s (LBGK model27) Here, 
f eq
k are the equilibrium values of the distribution functions.28

Change of the distribution functions due to the action of forces 
is taken into account using the exact difference method (EDM),21–24 

Dfk ¼ f eq
k ðq;uþ DuÞ − f eq

k ðq; uÞ; (4) 

where the velocity change during one time step Du depends on the 
total force F acting on the fluid at a node Du ¼ FDt=q. This method 
is included in several international computer modeling packages: 
LBsoft, OpenLB, DL-MESO, XLB-libr, HyLBM, and JAX-Lab. In this 
case, the physical fluid velocity should be calculated at half time 
step,29 

qu� ¼
Xm

k¼0
fkck þ FDt=2: (5) 

The pseudopotential method30 is used to simulate phase transi
tions. The total force F acting on the fluid at a node is expressed as 

F ¼ −rU; (6) 

where the pseudopotential U is expressed using the equation of state 
for the fluid U ¼ Pðq;TÞ − qh. Here, h ¼ ðh=DtÞ2=3 is the kinetic 
temperature, h is the lattice spacing. This method provides the separa
tion of the liquid and the gas phases as well as the surface tension at 
the boundary between phases and its temperature dependence. The 
formula (6) can be conveniently rewritten in the mathematically 
equivalent form introducing the function U ¼

ffiffiffiffiffiffiffi
−U
p

(see Ref. 23) 

FðxÞ ¼ 2ArðU2Þ þ ð1 − 2AÞ2UrU: (7) 

The free parameter A is chosen such that to obtain the best agreement 
between the calculated coexistence curve liquid-vapor and the theo
retical one obtained from the equation of state. For the van der Waals 
equation of state used in this work, the value is A ¼ −0:152 (see 
Ref. 23).

To simulate the action of fluid with solid walls, the commonly 
used bounce-back boundary conditions (no-slip boundaries) are 
applied for fk. The wetting of walls is simulated using the method by 
setting the values of pseudopotential in boundary nodes in the same 
way as described in Ref. 17. Formally, the contact angle was assumed 
to be equal to 90� (neutral wetting).

The convective heat transport is simulated using the additional 
set of distribution functions gk with the evolution equation in the 
form25 

gkðxþ ckDt; t þ DtÞ ¼ gkðx; tÞ þ
geq

k ðq; uÞ − gkðx; tÞ
sW

þ Dgk; (8) 

where sW is the non-dimensional relaxation time for the internal 
energy. The internal energy per unit volume is equal to 

W ¼
Xm

k¼0
gk: (9) 

The conductive heat transport and the pressure work are calcu
lated using an explicit finite-difference scheme.

For fluid with the van der Waals equation of state, 

P ¼
qRT

1 − bq
− aq2; (10) 

the internal energy per unit mass is equal to e ¼ CVT − aq, where 
CV is the specific heat at constant volume. The heat of the phase 
transition is the change of the internal energy when the fluid den
sity changes from the density of liquid qL to the density of vapor 
qV (plus the work against pressure which is taken into account 
separately). At constant temperature, the latent heat of evapora
tion is equal to 

Q ¼ eV − eL ¼ aðqL − qVÞ: (11) 

The temperature dependence of the latent heat QðTÞ is taken into 
account implicitly through the temperature dependence of qL and qV 
at the phase coexistence curve.

For the change of the internal energy per unit volume due to the 
phase transition in a cell inside the transition layer, one obtains26 

dW
dt
¼

qLQðTÞ
qL − qV

dq

dt
: (12) 

It is assumed that the evaporation heat QðtÞ is absorbed or released in 
the range of density ½qV ; qL�. Then, taking into account Eq. (11), we 
get the following equation: 

dW
dt
¼ aqL

dq

dt
¼ −aqLdiv u�: (13) 

For the density, the pressure, and the temperature, we use the 
values reduced by the critical ones. The non-dimensional variables 
are ~P ¼ P=Pc; ~T ¼ T=Tc; ~q ¼ q=qc (here, Pc;Tc; qc are the critical 
values). Equation (10) takes the form 

~P ¼
8~q~T
3 − ~q

− 3~q2; (14) 

and the non-dimensional heat of evaporation is equal to 
~Q ¼ 3ð~qL − ~qVÞ. Lattice units are used for the spatial and the 
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temporal scales. The relaxation times for the fluid and for the internal 
energy are s ¼ 1; sW ¼ 0:53.

III. NUMERICAL MODEL OF THE COOLING PROCESS
A mesoscopic numerical model based on the LBM is developed 

for simulating the non-stationary fluid flows of dielectric liquids with 
phase boundaries under the action of a non-uniform electric field on 
the fluid. Gravity, surface tension, heat transport, evaporation of liq
uid, and condensation of vapor are taken into account.

The principal setup of the cooling system17 is shown in Fig. 1(a). 
A film of dielectric liquid is placed on the hot lower conductive sur
face (electrode). The evaporation of this film cools the heater. There is 
a non-conductive inset in the central part of the lower electrode. The 
thickness of the liquid film above the center of this inset is denoted as 
h1ðtÞ. The vapor condenses at the cold upper electrode producing the 
liquid film of thickness h2ðtÞ. The lower electrode is electrically 
grounded, and the voltage V is applied to the upper electrode. After 
the application of voltage, a non-uniform electric field is generated 
near the edges of the non-conductive inset. The Helmholtz volume 
force31 

F ¼ −
e0E2

2
grad eþ

e0

2
grad E2q

@e

@q

� �

T

" #

(15) 

pulls the dielectric liquid into the regions of stronger electric field. 
Here, e0 is the electrostatic constant, E is the magnitude of the electric 
field, e is the permittivity of the fluid. This leads to the decrease in the 
film thickness above the non-conductive inset and to the increase in 
the heat flux through the film. Increasing heat flux intensifies the 
evaporation. The distribution of the electric potential u in the dielec
tric fluid is obtained by solving the Poisson’s equation 
divðegraduÞ ¼ 0. At the surface of the dielectric inset, the normal 
derivative of the electric potential is set to zero, that can be used if per
mittivity of solid non-conductive inset is equal to permittivity of the 
liquid film. The periodic boundary conditions are used for side 
boundaries.

In order to characterize the relative strength of the electric field, 
it was suggested in Refs. 19 and 20 to use the modified definition of 
the electric Bond number, namely, Bo�E ¼ e0ðeL − 1ÞE2

0R2
in=ðdeLrÞ. 

This quantity depends both on the initial film thickness d and on the 
radius (or half-width) of the non-conductive inset Rin. Here, 

E0 ¼
eLV

eLh − ðeL − 1Þd 

is the initial electric field strength above the film surface, eL is the per
mittivity of liquid, and h is the interelectrode distance.

It was shown in Refs. 16 and 17 that the heat flux decreases after 
the film breakup [Fig. 1(b)] despite the appearance of new contact 
lines with enhanced heat flux in their vicinity. Even when the electric 
field was switched off beforehand, the breakup finally occurred 
because of the continuing film evaporation and, correspondingly, the 
overall decrease in its thickness.

IV. SIMULATION OF THE COOLING PROCESS WITH 
FEEDBACKS

We simulate the quasiperiodic flow of the film in the vicinity of 
the non-conductive inset controlled by the regularly changed electric 
field.

In order to compensate for the continued evaporation of the 
film and the decrease in its thickness, the following variant to organize 
the flow of fluid is proposed (Fig. 2).

In order to realize the quasiperiodic regime of heat removal 
when the film thickness changes in a certain range, it is necessary to 
switch the electric field on and off at certain prescribed values of the 
film thickness h1 above the center of the non-conductive inset. We 
chose the range between 10 and 17 lattice units. The breakup of the 

FIG. 1. (a) Initial state before the switch-on of heating and electric field at t ¼ 5000. (b) Breakup of film without the switch-off of the electric field t ¼ 19 000. 1—lower elec
trodes, 2—upper electrode, 3—solid non-conductive inset, 4—liquid film on the heater, 5—liquid film on the condenser, 6—vapor. Width of the non-conductive inset is 
2Rin ¼ 60. Size of the calculation domain is 400� 200.

FIG. 2. Setup for the cooling of a heater. 1 and 2—lower and upper electrodes, 
3—non-conductive inset, 4 and 5—liquid films at the heater and at the condenser, 
6—vapor, 7—channels for backflows. Size of the calculation domain between 
electrodes is 400� 200.
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film does not occur for such a regime of switching the electric field 
with the feedback on the film thickness 10 � h1 � 17. The instanta
neous film thickness is determined by the position of the isosurface 
q ¼ 1 inside the transition layer between liquid and vapor.

Evaporated dielectric liquid condenses at the cold upper elec
trode. A part of this condensate needs to be fed back into the liquid 
film on the heater, which cools the hot surface by evaporation. The 
scheme of the fluid flows in such a closed system is shown in Fig. 2.

To accomplish this, the liquid is removed uniformly from the 
base of the film (5) through the porous upper electrode (2). Then, 
the removed liquid is fed back through the bypass channels (7) to the 
sides of the working film (4) in a layer of prescribed thickness adjacent 
to the lower electrode (Fig. 2). In this paper, the thickness of this layer 
was set to ten lattice units. In the model, such a process is simulated 
by setting corresponding boundary conditions at the upper and side 
boundaries of the calculation domain.

The velocity boundary conditions are used in the form proposed 
in Refs. 32 and 33. Here, the values for distribution functions fin for 
the characteristics entering the computation area are set by the multi
plication of the values for the outcoming characteristics fout by a cer
tain coefficient b, which depends on the local fluid velocity u at the 
boundary, 

b ¼
1 − 3uþ 3u2

1þ 3uþ 3u2 : (16) 

Zero flux corresponds to the value b ¼ 1. At the side boundaries, 
this gives finð0; jÞ ¼ b1foutð1; jÞ and finðnxþ 1; jÞ ¼ b1foutðnx; jÞ. 
At the upper boundary, we have finði; nyþ 1Þ ¼ b2foutði; nyÞ. Here, 
nx and ny are, correspondingly, the width and the height of the 
calculation domain. In the most part of calculations, one and the 
same value b2 ¼ 0:998 was used for the whole upper boundary, 
which corresponds to the uniform outflow of liquid with the velocity 
u2 � 0:000 33 lattice units. The condition of mass conservation 
should be satisfied, i.e., the outflow velocity at the upper boundary u2 
and inflow velocity to the lower layer u1 (the values of b1 and b2) 
should be adjusted such that q1u1S1 ¼ q2u2S2. Here, S1 and S2 are 
the cross sections for the inflow and the outflow of liquid.

The above-described scheme of fluid flows corresponds to the 
so-called “loop heat pipes,” the idea of which was proposed in Refs. 7 
and 8. The difference is that we realized a precise feedback for the 
flow of liquid from the vapor condenser to the cooling film in order 
to maintain the fixed range of the film thickness at the upper electrode 
(17 � h2 � 21), similar to switching the electric field on and off. 
These procedures provide the cyclic cooling process.

V. SIMULATION RESULTS
The initial temperature of the fluid in the system was set to 

T0 ¼ 0:7. The temperature of the heater is fixed to Th ¼ 0:7 or 
Th ¼ 0:75, and the temperature of the vapor condenser was Tc ¼ 0:6. 
The electric field is first turned on at time t ¼ 5000. After the applica
tion of voltage, the film thickness above the center of the non- 
conductive inset decreases from h1 ¼ d ¼ 30 to h1 ¼ 10 lattice units 
(Fig. 4). Afterward, the electric field is turned off.

After the next switch-on of the field, the film thickness above the 
center of the non-conductive inset decreases rapidly from 17 to 10 lat
tice units [Figs. 3(b) and 4]. The backflow of liquid into the deepening 
in the film on the heater after the beginning of the feeding of liquid is 
a much slower stage.

Thus, in order to provide the quasiperiodic regime of cool
ing, feedback is realized between the thickness of liquid films, 
the switch-on of the electric field, and the backflow of liquid 
between films.

Figure 4 shows the time dependence of the total heat flux from 
the heater after the switch-on of the automatic regime (red curve). 
The diagrams of switching of the electric field Eon and the liquid back
flow from the condenser to the cooling layer Fon are also presented. 
After several field switching cycles, the system achieves a quasiperi
odic regime with an approximately constant average value of the heat 
flux Qaver � 24. In this regime, the voltage pulses are applied 

FIG. 4. Total heat flux from the heater Q. Electric field is switched on for the first 
time at t ¼ 5000. 2Rin ¼ 60;Bo�E ¼ 2:5; Th ¼ 0:75; u2 � 3:3� 10−4.

FIG. 3. Film thickness above the center of the non-conductive inset decreases rapidly from 17 lattice units at t ¼ 22 384 (a) to ten lattice units at t ¼ 24 920 (b) after the 
next switch-on of the field. Electric field is switched on for the first time at t ¼ 5000. 2Rin ¼ 80; Th ¼ 0:75.
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cyclically, as well as the backflow of liquid. Both processes are con
trolled by the values of the film thicknesses h1 and h2. Without an 
electric field, the total heat flux is approximately Q0 � 14. Thus, the 
action of the electric field and the backflow increase the heat flux by 
more than 1.7 times. Note that the film thickness at the condenser h2 
decreases when the flow of liquid starts, which leads to the enhanced 
evaporation of the film at the heater. This produces small oscillations 
of the film thickness h1 superimposed upon its linear increase (blue 
curve in Fig. 4). The additional cause of oscillation is the generation 
of small waves in the film on the heater at the abrupt switch-on of the 
liquid inflow.

Numerical experiments with two different values of the heater 
temperature show that the average value of the total heat flux in the 
quasistationary regime is approximately proportional to the tempera
ture difference between the heater and the condenser DT ¼ Th − Tc 
when other parameters remain unchanged (Fig. 5). It is worth noting 
that a further increase in the heater temperature leads to the film 
breakup at the heater due to more intense evaporation. The film 
thickness does not have time to recover, since the flow of liquid is a 

relatively slow process. In order to prevent the breakup, it is necessary 
to increase the minimum permitted film thickness. Moreover, the 
temperature of the condenser and the range of the film thickness at 
the condenser should be reduced in order to compensate for the 
increasing heat inflow.

Undoubtedly, the most interesting is the heat flux from the sur
face of the non-conductive inset. It was investigated in numerical 
experiments with different values of the half-width of the inset: 
Rin ¼ 30; 40, and 50 lattice units [Fig. 6(a)]. Sharp fronts on the 
curves correspond to the thinning of the film under the action of elec
tric field. The heat flux from the inset increases with an increase in its 
width. The heat flux from a unit width of the inset is also calculated 
[Fig. 6(b)]. Interestingly, the average values of the heat flux per unit 
width are very close for different widths.

Thus, it is possible to realize a regular pulse action of a non- 
uniform electric field on the dielectric liquid film cooling a hot surface 
in order to increase the average value of the heat removal from the 
inset compared to the case without an electric field.

VI. CONCLUSION
We developed the mesoscopic numerical approach for simulat

ing the fluid flow and heat transfer in a model of a heat pipe with the 
action of a non-uniform electric field on the fluid. The approach is 
based on the lattice Boltzmann method.

We demonstrate in a numerical experiment the possibility to 
realize the controlled quasiperiodic flow of an evaporating film of 
dielectric liquid in the vicinity of a non-conductive inset using the 
cyclic change of the electric field and the regularly switching flow of 
liquid condensed in the cold section back to the cooled surface. The 
action of a non-uniform electric field leads to a decrease in the thick
ness of the liquid film above the non-conductive inset, which leads to 
enhanced evaporation and an increase in the heat flux.

We simulate the process of the pulse action of a non-uniform 
electric field on the liquid film with a feedback based on the thickness 
of the liquid film at the cooling region and at the vapor condenser. 
Such combined action ensures an increased average value of the heat 
flux from the heater. In our experiments, the value of the heat flux is 
1.7 times higher than the heat flux without the electric field for the 

FIG. 5. (a) Time dependence of the heat flux Q for different heater temperatures 
Th ¼ 0:7 and 0.75. 2Rin ¼ 60;Bo�E ¼ 2:5; u2 � 3:3� 10−4.

FIG. 6. (a) Time dependence of the heat flux from the surface of the non-conductive inset Qin. (b) Time dependence of the heat flux from the unit width of the non- 
conductive inset Qin=2Rin. Half-width of the inset is Rin ¼ 30; 40, and 50, Bo�E ¼ 2:5; 4:4, and 6.9, correspondingly. Th ¼ 0:75.
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same geometry of the region, the same temperatures, and the same 
amount of the cooling fluid.

Regimes of different temperatures of the cooling surface are 
investigated. For T ¼ 0:75, the average heat flux is approximately 1.5 
times higher than for T ¼ 0:7. Further increase in the heater tempera
ture, however, leads to a decrease in the cooling efficiency, to an 
increasing probability of the film rupture, and to a drastic fall of the 
heat flux.

We study the influence of the width of the non-conductive inset 
on the average heat flux from its surface. Calculations were carried 
out for three cases corresponding to the values of the modified electric 
Bond number (introduced in Sec. III) of 2.5, 4.4, and 6.9. An increase 
in the width leads to an increase in the total heat flux. At the same 
time, the average heat removal from a unit length remains approxi
mately the same.

We demonstrate the feasibility of enhanced cooling of local 
regions of the hot surface by the intensification of the liquid film evap
oration using the cyclic switching on and off of the non-uniform elec
tric field.
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