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HIGHLIGHTS

® A numerical model was built to simulate the pool boiling under an electric field.
® The single bubble nucleate boiling under a radial electric field was simulated.

® A radial electric field could accelerate the departure of the vapor bubble.

® Decreasing gravity could enhance the effect of electric field on bubble dynamics.
® The total electric field force increased firstly and then decreased over time.

ARTICLE INFO ABSTRACT

Keywords: Previous experimental studies proved that an external electric field could accelerate the detachment of vapor
Lattice Boltzmann method bubble. However, it was difficult to investigate the influencing mechanism of an electric field on bubble dy-
Electrohydrodynamics namics because of the limit of experimental technical methods. To solve this problem, a two-dimensional lattice

Bubble departure diameter

Boltzmann model was developed in this paper to simulate the pool boiling in presence of an external electric
Bubble release frequency

field by coupling the pseudopotential model with phase-change model and electric field model. The growth and
detachment of a single bubble on a horizontal wall during pool nucleate boiling with a non-uniform electric field
was simulated. The influence of gravitational acceleration and electric field intensity on bubble dynamics was
investigated in detail, and the influencing mechanism of an external electric field on bubble dynamics during
pool nucleate boiling was analyzed. The numerical results showed that increasing electric filed intensity could
decrease both bubble departure diameter and bubble release period. Decreasing gravitational acceleration could
strengthen the influence of electric field intensity on bubble departure diameter and bubble release frequency. In
other words, the non-uniform electric field established at present study could effectively reduce the possibility of
heat transfer deterioration under microgravity.

situation might lead to the reduction of heat transfer capacity and even
the burnout of the heated surface.
Electrohydrodynamic (EHD) is an effective way to enhance the

1. Introduction

Pool nucleate boiling is a highly efficient way of heat transfer with

the characteristics of low wall superheat and high heat flux. It has been
widely applied in various fields of the engineering technology, such as
nuclear reactors, steam generators, and micro-electronic devices. In
aerospace field, the increasing demand of large spacecraft for thermal
management system transcended the capacity of traditional single-
phase liquid thermal control technology. Boiling heat transfer is a good
option to solve this problem. However, the detachment of vapor bubble
becomes much harder due to the condition of microgravity. This
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boiling heat transfer under microgravity. Using experimental method,
some researchers studied the effect of EHD on bubble dynamics and
heat transfer during pool boiling [1-6]. These authors performed nu-
merous experimental researches, obtained abundant experimental data
and proved that an external electric field could obviously affect heat
transfer and bubble dynamics during pool boiling. However, it is dif-
ficult to obtain some microscopic details (such as the distribution of
electric field intensities and electric field forces at the phase interface)
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Nomenclature u fluid velocity
Vv electric potential
a,b,R,w parameters in Peng-Robinson EOS Wq weighting coefficient
Bo, electric Bond number X position
cy specific heat at constant volume
Dy bubble departure diameter Greek symbols
e, lattice velocity vector
E electric field intensity At time step
for £ distribution function for density AT wall superheat
F external force A diagonal matrix of relaxation time
Fy forcing term in the velocity space T relaxation time
Fads fluid-solid interaction force v kinematic coefficient of viscosity
F. electric force p density
F, gravity o parameter to tune the mechanical stability
Fn intermolecular interaction force W pseudopotential
g gravitational acceleration A thermal conductivity
G Interaction strength £ the permittivity of vacuum
Gy a parameter to tune the contact angle e the relative permittivity of fluid
hye latent heat of vaporization Na distribution function for electric potential
Ja Jacob number X thermal diffusion coefficient
Ly, L, width and height of computational domain Y surface tension
M orthogonal transformation matrix
p pressure Subscripts and superscripts
PEos prescribed non-ideal equation of state
R radius of bubble / droplet 0 characteristic properties
s(x) switch function a lattice direction
S forcing term in the moment space c critical properties
t time LV liquid, vapor
T temperature s solid
Tsar saturation temperature Xy direction
T, temperature of the heating surface eq equilibrium properties

by experimental method. Therefore, experimental method is incapable
of studying the influencing mechanism of an electric field on bubble
dynamics during pool nucleate boiling. Numerical method is a good
choice to solve this problem.

Until now, some scholars numerically investigated different EHD
phenomena, such as the deformation of a droplet in a uniform electric
field and a rising bubble under an external electric field [7-9]. These
numerical investigations laid a foundation for studying the influence of
EHD on bubble dynamics during nucleate boiling or film boiling, which
has been studied by many scholars using various numerical methods
[10-13]. Welch and Biswas [10] employed level-set method to simulate
the film boiling under a uniform electric field, and they found that wall
temperature decreased with an increase in electric field intensity at a
given heat flux condition. Tomar et al. [11] and Pandey et al. [12]
simulated the effect of a uniform electric field on film boiling under
different gravitational accelerations by CLSVOF method, and these
authors found that increasing electric field intensity could increase both
the averaged Nusselt number and the bubble release frequency. In ad-
dition, the influence of the electric field on film boiling heat transfer
would be greater with a decrease in gravitational acceleration. Hristov
et al. [13] simulated the growth and detachment of a single bubble
during pool nucleate boiling under the effect of a uniform electric field
by level-set method, and these authors found that bubble became
slender in shape under the effect of a uniform electric field.

However, there were still some problems in previous numerical
studies to be solved. Firstly, all of these studies adopted traditional CFD
methods, such as level-set method and CLSVOF method. It’s well-known
that traditional CFD methods are incapable of simulating the process of
bubble nucleation, thus a small bubble or vapor film must be located on
the heated wall initially when these methods are used to simulate the
pool boiling. Secondly, most of previous numerical studies were aimed
at the influence of EHD on film boiling, but the simulations of EHD’s

638

effect on pool nucleate boiling were extremely rare. Finally, the electric
fields adopted in most of previous studies were uniform. However,
according to the numerical results of Hristov et al. [13], a uniform
electric field had limited effect on bubble dynamics during nucleate
boiling. Therefore, a uniform electric field is incapable of accelerating
bubble detachment under microgravity condition, and it is necessary to
study the effect of a non-uniform electric field on bubble dynamics and
heat transfer during pool boiling.

Lattice Boltzmann method (LBM) [14-18] is a mesoscopic method
with the advantages of simplicity and convenience. Unlike the tradi-
tional CFD, it doesn’t solve the differential equations. On the contrary,
it only involves a series of collision and stream steps. Besides, it’s easy
to deal with complex boundaries by LBM. In recent decades, LBM has
already been adopted to investigate the multiphase flow phenomena
containing liquid-vapor phase change. Based on the phase-field LB
method, many numerical simulations [19-24] were performed to study
the bubble dynamics and heat transfer during pool boiling. For ex-
ample, using three-dimensional (3D) LB model, the saturated nucleate
boiling and film boiling were simulated and the influence of wall su-
perheat and gravitational acceleration on bubble dynamics and heat
transfer during nucleate boiling and film boiling were studied by Sa-
deghi et al. [21,22].

Due to its kinetic nature and automatic phase separation via an
inter-particle potential, the pseudopotential LB model [25] received
extensive attention and has been utilized to simulate liquid-vapor phase
change phenomenon. Hazi and Markus [26] simulated the growth of
vapor bubble on a heated wall, and these authors also studied the in-
fluence of gravitational acceleration on bubble departure diameter and
bubble release frequency. Gong and Cheng [27,28] proposed an im-
proved phase-change model and simulated the pool boiling processes
under different wall superheats, and these authors also investigated the
effect of wettability on boiling curves and critical heat flux (CHF). Using
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the same model, Ma et al. [29] studied the influence of gravitational
acceleration and heater’s size on boiling curves. Li et al. [30] proposed
a hybrid thermal LB model to simulate pool boiling processes under
different wall superheats, and these authors also investigated the effect
of wettability on boiling curves and CHF. However, at present, few
scholars applied this model to study bubble dynamics or heat transfer
during pool boiling in presence of an external electric field.

In this paper, a two-dimensional LB model was developed to si-
mulate pool boiling processes under the effect of an electric field. In this
model, the hybrid thermal LB model proposed by Li et al. [30] was
coupled with the electric field model. Bubble dynamics during pool
nucleate boiling under different gravitational accelerations and electric
field intensities were simulated. The influence of gravitational accel-
eration and electric field intensity on bubble departure diameter and
bubble release frequency was analyzed, and the effect of a non-uniform
electric field on bubble dynamics was also investigated in detail. The
numerical study in this paper provided an important basis for further
analysis of the influencing mechanism of EHD on bubble dynamics and
heat transfer during pool nucleate boiling.

2. Numerical methods
2.1. Two-phase flow model

The Multiple-Relaxation-Time (MRT) pseudopotential multiphase
LB model is used to solve the distribution of phase fields and flow fields.
The LB equations [30], which govern the evolution of the density dis-
tribution function, can be written as Egs. (1) and (2).

Fr% 1) = £,(x, 1) — (MU'AM)(f; — f59) + ALE o)

(2)

where, Egs. (1) and (2) are the steps of collision and stream, respec-
tively. f, is the distribution function of density, and f,*? is its equili-
brium distribution function. F,’ is the forcing term in the velocity space.
M is an orthogonal transformation matrix [14]. e, is the discrete ve-
locity along the a™ direction. For the D2Q9 model, M and e, can be
expressed as Eq. (3) and Eq. (4), respectively. A is a diagonal matrix
which consists of relaxation times, and it can be expressed as Eq. (5).

L, (X + e AL, t + Af) = fr(x, 1)

(1 1 1 1 1 1 1 1 1

-4 -1 -1-1-12 2 2 2

4 -2 -2 -2-211 1 1

o 1 0 -1 0 1 -1-1 1
M=|0 -2 0 2 0 1-1-11

0 0 1 0 —-11 1 —-1-1

0 0 -2 0 2 1 1 —-1-1

0O 1 -1 1 —-10 0 0 O

|l o o0 0o 0o 0 1 -1 1 —1] 3)
e=[010—101—1—1 1]
« 001 0 —-11 1 —-1-1 4)
A=diag L oLl ol o) 5)

The dot product between Eq. (1) and M can be expressed as Eq. (6).

L — (4 A
m _m—A(m—mq)+At(I—?)S ®)

where, m = Mf, m*? = Mf®? and m" = Mf". m®? can be calculated
by Eq. (7), I is the unit tensor, and S is the forcing term in the moment
space [30] and can be expressed as Eq. (8).

m =p(1, =2 + 3luP, 1 — 3ulP, uy, —uy, Uy, —U,, ul — uyz, usuy)T

7)
s=1{o 6u.F+‘7|F7m|2 —6u~F—°'F7”"2
? Y2At (e — 0.5)° P2AL(r;—05)°

E, —=F, E, =F, 2(u.F — uyF), uF, + uyF] ®
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In Eq. (7), u is the macroscopic velocity. Macroscopic density p and
velocity u can be calculated by Eq. (9). F is the total force, including
intermolecular interaction force Fp,, fluid-solid interaction force F,qs,
buoyant force Fy; and electric field force Fe. Fp, F.qs and F; can be
calculated respectively by Egs. (10)-(12). In Eq. (18), o is an parameter
for tuning the mechanical stability condition. The specific description
about o can be referred to Ref. [31].

o= Zfa, ou = Zeo‘fa + 0.5AtF
« « €)]
8
E, = _3G¢(X) Walp(x + eoz)eoz
:xgl (10)
8
Ea = —Gup(X) D, wedp(X)s(x + e)eq
a=1 (1 1)
Fg =(p- loavc)g 12)

In Eq. (10), w, are the weights. wo = 4/9, w14 = 1/9 and wsg = 1/
36. G is the intermolecular interaction strength. y is the pseudopoten-
tial, and can be calculated by Eq. (13). In Eq. (11), G, is fluid-solid
interaction strength which could tune the contact angle. s(x + e,) is a
switch function that equals 1 for solid phase and O for fluid phase. In Eq.
(12), paye is the average density in the whole computational domain. g
= (0, -g) is the gravitational acceleration.

2p

P(x) = \/6[)5“7_

3G 13)

where pgos is the prescribed non-ideal equation of state.
In this study, Peng-Robinson (P-R) equation of state is adopted to
calculate pgos.

__PRT
Pros = 1-bp
a1l + (0.37464 + 1.54226w — 0.26992w2)(1 — /T/T,)*0?

1 + 2bp — b%0?
14

where a = 0.45724R>T.%/p., b = 0.0778RT./p., T. and p, are critical
temperature and critical pressure, respectively. In this study, the
parameters in Egs. (8) and (14) take the same value as those in Ref.
[30]: 0=1.2, w = 0.344, a = 3/49, b=2/21, R=1, T, = 0.109383
and p, = 0.089355.

2.2. Liquid-vapor phase-change model

According to the local balance law for entropy, the energy equation
with phase-change source term [30] (neglecting the viscous heat dis-
sipation) can be expressed as Eq. (15).

T

le)
s uvr = Lvavn - (s vy

oc, oc, 0T (15)

On the right-hand side of Eq. (15), the first term is the thermal
diffusive term and the second term is the phase-change source term. A
is the thermal conductivity, and c, is the specific heat. Eq. can be re-
written as Eq. (15), and the right-hand side of Eq. (16) is defined as K
(D). Eq. (16) is solved by finite-difference method and the fourth-order
Runge-Kutta scheme is adopted for time discretization.

)
6_T = —u-VT + LV-(/WT) - i(ﬂ)ﬂv,u = K(T)
ot ocy pc, 0T (16)
T(t+At)—T(t)+£(h + 2hy + 2h3 + hy)
6 1 2 3 4. (17)

where, h; ~ hy4 can be calculated by
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h =K(T(), h=K(T(®E+ %hl); hy = K(T (1) + %hz),

hy = K(T(t) + Aths) (18)

2.3. Electric field model for perfect dielectric

Based on the electrohydrodynamics theory, the electric force F. can
be expressed as Eq. (19).

E =gqFE— %E-EVsso + SZ—OV(pg—;E-E) 1)
where, g, is the free charge density, E is the electric field intensity, ¢q is
the vacuum permittivity and ¢ is the relative permittivity of fluid. On
the right-hand side of Eq. (19), the first term, second term and third
term represent Coulomb force, dielectric electrophoretic force and
electrostriction force, respectively.

In this study, the following assumptions are made: (1) The fluid is
incompressible and perfect dielectric; (2) There is no dynamic current
in the fluid and the magneto-induced effect is neglected; (3) The electric
field vectors are irrotational. Based on these assumptions, the Coulomb
force and the electrostriction force can be neglected, the electric force
F. can be simplified [32] into Eq. (20) and the electric field intensity E
could be solved by Eq. (21).

E =

1
—ZE-EV
g EVER (20)

V-(esE) = 0 21

Since electric field intensity E could be expressed as the gradient of
electric potential V, i.e., E = —VV, Eq. (21) can be rewritten as Eq.
(22). In this study, Eq. (22) can be solved by the LB equation [33], as
shown in Eq. (23).

V-(e5,VV) = 0 (22)

1
X + e, At t+ At) —n (X, t) = —— X, t) —n%(x, t
7, ( o ) = 71.(x, 1) Ts[na( ) = 1(x, D] 23)
where 7, is the relaxation time, 7, = 3e¢g + 0.5. 7, is the distribution
function of electric potential, and 5,°(x,t) is its equilibrium distribution
function that can be calculated by Eq. (24). And electric potential V can
be calculated by Eq. (25).

nel(x, 1) = w, V 24

V=2 nx1 25)

3. Validation of numerical models
3.1. Validation of phase-change model

In order to validate the rationality of phase-change model, the
droplet evaporation processes are simulated in an environment with
negligible viscous heat dissipation and no buoyancy. According to the
previous studies, the time rate of change of the square of the evapor-
ating droplet diameter is constant, i.e., D?()/Dy? = 1-kt [34]. The si-
mulations are carried out in a square computational domain with a grid
size of L, X L,. Initially, a droplet with a diameter of Dy, is located in the
center of the computational domain. The temperature of the droplet is
set to be its saturated temperature Ty, = 0.86T,, while a temperature of
T, is applied to the surrounding vapor of the droplet. The densities of
liquid and vapor are p;, = 6.5 and py = 0.38, respectively.

Egs. (26)—(29) are used to calculate the distribution function of
density (i.e., fo) at top boundary (y = L,), bottom boundary (y = 0), left
boundary (x = 0) and right boundary (x = L,), respectively.

Top boundary (y = L):
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h=fe h=ht G -R+LEAE, f=h- 56—
1
- ;E-F) 26
Bottom boundary (y = 0):
h=fu L=f-36-5-7E+E). §
1 1
=kt G-+ E-F) @7)
Left boundary (x = 0):
h=he f=f-36-f)-[E+E. f
1 1
o 3 =L+ JE B e8)

Right boundary (x = L,):

F=h h=ht G-t SEAR, =k 20— )

- BB 29)
Three cases are simulated, and the calculation parameters used in
these simulations are shown in Table 1. The Jacob numbers for Case B
and Case C are Ja = 0.1 and Ja = 0.2, respectively, where Ja = ¢,(T; —
Tsa)/hge and hy, is the latent heat of vaporization. Fig. 1 represents the
evolution of droplet equivalent diameter D simulated by LBM in this
paper, with the comparison with the two-dimensional (2D) numerical
results of Li et al. [35] and the three-dimensional (3D) numerical results
of Sadeghi et al. [21]. As shown in Fig. 1, in all of these three cases, the
value of (D/Dy)* decreases linearly over time. Quantitatively, the
parameter k in the law of D?(t)/Dy> = 1-kt is given by 4 x 1076,
6 x 107%and 1 x 10> for Cases A, B and C, respectively. Obviously,
the parameter k for Case C is about twice as much as that for Case B. In
addition, as shown in Fig. 1, our 2D numerical results agree well with
both the 2D numerical results of Li et al. [35] and the 3D numerical
results Sadeghi et al. [21]. Therefore, the rationality of the 2D liquid-
vapor phase-change model used at present study could be proved.

3.2. Validation of electric field model

In order to validate the rationality of electric field model, the dis-
tribution of electric field intensity around a static bubble is simulated. A
circular bubble with the diameter of D, = 40 is located at the center of
the computational domain and the size of the computational domain is
5Dy X 5Dg. A uniform electric field is imposed at the vertical direction
and the ratio of permittivity between vapor and liquid is set as 0.2 in
this section. Besides, the electric potential is V, = 17.5 at the bottom
boundary and 0 at the top boundary, while other boundaries are
Neumann boundary conditions. Concretely, Egs. (30)-(33) are adopted
to solve the distribution of electric potential V (i.e., n,) at top boundary
(y = L), bottom boundary (y = 0), left boundary (x = 0) and right
boundary (x = L,), respectively. The theoretical solution of electric
field intensity can be expressed as Eq. (34), where Eq = V/(5D)) in this
section.

Table 1
The calculation parameters used in the simulations of the droplet evaporation
processes.

Cases L, L, Do Tsat Ty AT cy A

A 200 200 60 0.86T, T. 0.14T, 5 2/3
B 100 100 40 0.86T, T, 0.14T, 3.29 0.3
C 100 100 40 0.86T, 1.14T, 0.28T, 3.29 0.3
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1.0
——— Simulated in this paper at Case A
Simulated in this paper at Case B
* — - Simulated in this paper at Case C
) \A O Results in Ref. [35] at Case A
08 \ Results in Ref. [21] at Case B
% Results in Ref. [21] at Case C
o6l .
S a
\Q_/
04
O
02 " 1 " 1 " 1 " 1
0 40000 80000 120000 160000
t

Fig. 1. Variation of D? with time simulated by LBM in this paper, with the
comparison with the numerical results in Ref. [35] and in Ref. [21].

V(x,L)) =0, 7n.(x L)) =nx,Ly)+n,(x, Ly —1) —nx, L, —1)
(30)
Vx,0)=W, 7,00 =n1x0)+7,0 1) -7 1) (31)

Vo, )=V, 1,0, =70,y +n,1y-n1Q11y) (32)

Ve, ) =V(L:—1,%), 1,Le,¥) =00(Le, ¥) + 1,(Lx — 1,9)
- 1(Lx = 1,y) (33)

2e1,Eo
eV +eL

(i, cos 6 + igsin ) r < 0.5D,

(ev —e1)D§Eo
4(ey +ep)r?

2
(ev —eL)DGE

. . 0 .
[Eo + ] sin6i, — [—E, + prmp— ] cosBig r> 0.5D,

(34)

Fig. 2(a) displays the distribution of electric field intensities and
electric field streamlines simulated by LBM in this paper. As shown in
Fig. 2(a), the distributions of electric field intensities and electric
streamlines are homogeneous at the interior of bubble and the region
far away from the phase interface. However, around the phase inter-
face, the distribution of electric field intensities is not homogeneous and
the electric streamlines are distorted. Fig. 2(b) and (c) display the dis-
tribution of electric field intensities at y = 2.5Dy and x = 2.5D,, re-
spectively, with the comparison with the analytical solutions. As shown
in Fig. 2(b) and (c), our numerical results are in good agreement with
the analytical solutions and the maximal error of electric field intensity
is 3.6%. Therefore, the electric field model in this paper is capable of
simulating the distribution of electric fields in multiphase flows.

4. Numerical results
4.1. Physical model and calculation parameters

In this paper, bubble dynamics during pool nucleate boiling in
presence of a non-uniform electric field are simulated in the computa-
tional domain with L, X L,, as shown in Fig. 3(a). The periodic
boundary condition is employed at left and right boundaries, the con-
vective boundary condition is applied at the top boundary and the no-
slip boundary condition is applied at the bottom boundary. Initially, the
computational domain is filled with saturated liquid, Ts,, = 0.86T.. The
temperature of the bottom wall is fixed at T, except that a high tem-
perature T,, = 1.25T, is applied to the three central grids of the wall. At
the same time, a radial non-uniform electric field is provided by a
charged metal sphere, as shown in Fig. 3(b). The radius of the charged
metal sphere is R; = 60 and the distance from the center of the charged
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metal sphere to the center point of the bottom boundary (i.e., point “A”)
is r, = 80. The electric potential on the charged metal sphere is Vy, and
the electric potential is set to be 0 at infinity. The distribution of electric
potential outside the charged metal ball can be expressed as Eq. (35).

V = RyVylr (35)

where r is the distance to the center of the charged metal sphere.

The relaxation times in Eq. (5) take the same value as those in Ref.
[35]: 7, = 1.0, 7, = 1.25, 7, = 1.25, 7; = 1.0, 7, = 1/1.1, and 7, = 0.8.
In Eq. (11), the coefficient G,, is equal to 0, thus the contact angle is
44.5°. The value of parameters used at study, such as kinematic visc-
osity v, specific heat c, and thermal diffusion coefficient y, are given in
Table 2. The thermal conductivity of fluid can be calculated by
A = pcyx.

The characteristic length [y, characteristic velocity up and char-
acteristic time t, are defined respectively as Eq. (36).

l
u0=1/gol s [0=—0

&b —py)’ Uo (36)

|E|: 0.06 0.07 0.08 0.09 0.1 0.110.12 0.13 0.14

(a) Distribution of electric field intensities and electric field streamlines
0.16

0.15
0.14
0.13
0.12
0.11

0.10

0.09

Electric field intensity [E|

0.08 -
® Simulated by LBM

Analytical solutions

0.07 -

0.06 L L L
-100 -50 0 50 100
x

(b) Distribution of electric field intensities at y = 2.5Dq
0.18

0.16 -

0.14

0.12

0.10

0.08

0.06

Electric field intensity |E|

0.04

® Simulated by LBM

0.02 -

Analytical solutions

0.00 L L L
-100 -50 0 50 100

y
(c) Distribution of electric field intensities at x =2.5Dq

Fig. 2. Distributions of the electric field intensities and the electric streamlines
simulated at present study by LBM.



Y. Feng, et al.

Table 2

Convective Boundary

Period
Boundary

Microheater, 7=7,

) A
Ea
|

|

|

|

|

|

|

|

|

!

Period
Boundary L

(a) The computational domain for pool

nucleate boiling
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(b) The establishment of a radial electric field

Fig. 3. The physical model used in the simulations.

The unit conversion from lattice unit to physical unit.

Symbols Lattice unit Physical unit Conversion factor
2 0.00003 9.8m/s? 3.267 x 10° m/s?
¥ 0.0878 0.1N/m 1.139N/m

oL 6.5 65 kg/m* 10kg/m®

Py 0.38 3.8kg/m* 10kg/m®

Iy 21.868 0.0129m 0.00059 m

Up 0.0256 0.3557 m/s 13.89m/s

to 853.78 0.0363 s 0.0000425 s

v 0.1 0.00082 m?%/s 0.0082 m%/s

AT 0.04266 20K 468.82K

¢ 5 211.94J/kgK 42.39J/kgK

hg 0.5032 10000 J/kg 19872.81 J/kg

X 0.06 0.000492 m?/s 0.0082 m%/s

AL 1.95 6.78 W/mK 3.477 W/mK

Ay 0.114 0.396 W/mK 3.477 W/mK

£o1 2.236 1.98 x 10~ *F/m 8.85 x 107 '%F/m
g0y 1 8.85 x 107 '?F/m 8.85 x 107 ?F/m
v 1 8.717 kV 8.717kV

where g, is the reference gravitational acceleration. In this study,
8o = 0.00003. Electric Bond number Bo,, which could be expressed as
Eq. (37), is introduced to describe the ratio between electric field force
and surface tension.

Bo, = EOELEOZIO

14 37
where E, is the characteristic electric field intensity, which takes the
value of the local electric field intensity at point “A” in Fig. 3(b).

Using the LBM, numerical simulations are usually conducted in
lattice units. In this study, all of the values of the quantities are based on
the lattice unit with the lattice constant ¢ = dx/dt = 1 and dx = dt =1,
and the unit conversion from lattice unit to physical unit is also given in
Table 2.

It is undeniable that the density ratio between liquid and gas at
present study is much smaller than that in practical engineering ap-
plications. To overcome this issue, the numerical scheme in Refs.
[31,36,37] could be adopted. Concretely, according to the numerical
results in Refs. [31,36,37], a smaller a in Eq. (14) could result in a
thicker interface and a smaller spurious current. Since the rapid change

(a) " =656

(b) "= 8.20

Fig. 4. The effect of domain size on bubble growing, detachment and rising processes.
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of physical properties at the interface can be smoothed by a thicker
interface, a smaller a will allow us to simulate multiphase flow at a
larger density ratio. For example, in the numerical study of Fang et al.
[37], the parameter a was set to be 0.02267 and the saturated tem-
perature is set to be 0.68T,. The density ratio between liquid and gas in
their study could be as higher as 200.

4.2. Convergence study

To obtain reasonable numerical results, a convergence study is re-
quired. In this section, the gravitational acceleration and electric field
intensity are g = gy and E, = 0, respectively. Three different domain
sizes (including 100 x 100, 200 x 200 and 300 x 300) are performed.
Fig. 4 represents the effect of domain size on bubble growing, detach-
ment and rising processes. As shown in Fig. 4, the domain size has little
effect on the bubble growing and detachment processes. However, it
has an obvious effect on the bubble rise. In further study, when the
100 x 100 domain size is adopted in the simulations under micro-
gravity, it is found that the vapor bubble will almost fill up the whole
computation domain before its departure. Thus the 100 x 100 domain
size is not adopted in our simulations. As shown in Fig. 4, the numerical
results of all of these three meshes in the bubble growing and detach-
ment processes are the same. In other words, the domain size has no
effect on departure diameter, shape and time. Therefore, the 200 x 200
domain size is adopted in the following simulations for the sake of time
and memory optimization, although the 300 X 300 domain size is
better.

4.3. Bubble dynamics during pool nucleate boiling in absence of an electric
field

Fig. 5 represents the evolution of bubble contours during pool nu-
cleate boiling under normal gravity (i.e., g = go) when electric field is
absent (i.e., Bo, = 0), where t = t/t,. As shown in Fig. 5, at t'=234,a
vapor bubble has been nucleated on the center of the bottom wall
owing to the high temperature. From t = 2.34 to t' = 6.08, with the
growth of vapor bubble, bubble size increases rapidly. In addition, the
height of vapor bubble increases obviously. It’s because the vapor
bubble tends to depart away from the horizontal wall under the effect of
buoyancy. At t* = 4.21, due to the action of buoyancy, a “neck” is
formed during the process of bubble growth. From t" = 4.21 to t~
6.08, the width of the “neck” decreases gradually, indicating that the
tendency of bubble detachment becomes stronger. At t = 7.95, the
bubble breaks at the “neck” and departs away from the horizontal wall.
In the meantime, a small amount of vapor still remains at the horizontal
wall and will grow to be a new vapor bubble after a while.

Fig. 6 displays the evolution of bubble contours during pool nu-
cleate boiling under microgravity conditions (i.e., g = go/4 and g = go/
6) when electric field is absent (i.e., Bo, = 0). Compared with Fig. 5,
due to the rapid decrease in buoyancy, bubble release period (i.e., the
inverse of bubble release frequency) and bubble departure diameter
increase obviously. In addition, decreasing gravitational acceleration
would increase the width of vapor bubble. Assuming that there are
other bubbles nucleated around, it’s more likely for the vapor bubble to
coalesce with other bubbles to form a large bubble or even steam film
under microgravity conditions. Therefore, heat transfer deterioration
might take place due to the delay in bubble detachment.

Fig. 7(a) represents the influence of gravitational acceleration on
bubble departure diameter. Dy is the dimensionless bubble departure
diameter, D;° = Dy/l, and Dy is the bubble departure diameter. As
shown in Fig. 7(a), bubble departure diameter increases gradually with
a decrease in gravitational acceleration. The relationship between
bubble departure diameter and gravitational acceleration is D4
1.976(g/g0) ~*°°°. This result agrees well with the theoretical correla-
tion of Fritz [38], proving the rationality of the numerical results in this
paper. Fig. 7(b) displays the influence of gravitational acceleration on
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bubble release frequency, where f is the dimensionless bubble release
frequency, f = to/tg, and t, is the bubble growth period. As shown in
Fig. 7(b), decreasing gravitational acceleration would decrease the
bubble release frequency, indicating that the bubble detachment be-
comes harder under microgravity. The relationship between bubble
release frequency and gravitational acceleration is f~' = 6.381(g/
g0) %73, This result is in consistent with the numerical results of Gong
and Cheng [39], confirming the rationality of the numerical results in
this paper once again. In addition, it can be inferred from Fig. 7 that
bubble detachment will be more difficult, bubble departure diameter
will increase and bubble release frequency will decrease if gravitational
acceleration decreases further. In this case, nucleate boiling might be
converted into film boiling due to the delay of bubble detachment. Heat
transfer deterioration and even the burnout of heated surface might
take place.

4.4. Bubble dynamics during pool nucleate boiling in presence of an electric
field

In this paper, a non-uniform electric field is provided by the charged
metal sphere in Fig. 3(b). Fig. 8 displays the distributions of electric
potentials, electric field intensities and electric streamlines within the
computational domain. As shown in Fig. 8, the value of electric po-
tential and electric field intensity reaches the maximum at the center of
the bottom boundary, and the farther away from the center of the
bottom boundary, the smaller the value of electric potential and electric
field intensity is.

Fig. 9 displays the evolution of bubble contours during pool nu-
cleate boiling under different electric field intensities. In Fig. 9, the
gravitational acceleration g = g,/6 and the electric potential at the
surface of the charged metal sphere is set as V, = 5, 10, 15 and 20 (i.e.,
Bo, = 1.224, 4.895, 11.014 and 19.580), respectively. Compare Fig. 9
with Fig. 6, it could be found that increasing electric field intensity
could make the shape of the vapor bubble become slenderer and the
deformation of vapor bubble become greater. In addition, increasing
electric field intensity decreases bubble release period and bubble de-
parture diameter obviously. This result proves that a non-uniform
electric field could accelerate the detachment of vapor bubble. More-
over, increasing electric field intensity decreases the width of bubble
obviously. As a result, the formation of large bubble or vapor film could

/ £=6.08
'=4.21
£=7.95 a '=2.34

—.

Fig. 5. Evolution of bubble contours during pool nucleate boiling at g = g, and
Bo, = 0.
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(a) g=gv/4

(b) g=g0/6

Fig. 6. Evolution of bubble contours during pool nucleate boiling under microgravity conditions (i.e., g = g§o/4 and g = go/6) when electric field is absent.
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Fig. 7. Influence of gravitation acceleration on bubble departure diameter and
bubble release frequency.
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be prevented and heat transfer deterioration could be avoided to some
extent under a non-uniform electric field.

Fig. 10(a) and (b) represent the distribution of velocity vectors
around a vapor bubble during pool nucleate boiling at t* 8.20
without and with the effect of a non-uniform electric field, respectively.
In Fig. 10, the gravitational acceleration is set as g = 1/6go, the blue
curves represent the liquid-vapor phase interface and the arrows re-
present the velocity vectors. As shown in Fig. 10, a non-uniform electric
field has an obvious influence on the velocity fields around a vapor
bubble before it departs away from the horizontal wall. Firstly, the
directions of the velocity vectors are modified by the non-uniform
electric field. In Fig. 10(a), the velocity vectors are almost horizontal at
the left side and right side of the vapor bubble. However, in Fig. 10(b),
almost all of the velocity vectors inside the bubble are upward. This
phenomenon indicates that the applied electric field could obviously
modify the velocity fields around the vapor bubble before its detach-
ment. As a result, the shape of the vapor bubble in Fig. 10(b) is much
slenderer than that in Fig. 10(a). Secondly, the non-uniform electric
field could obviously increase the magnitude of the averaged velocity
inside of the vapor bubble (i.e., @, 3). In Fig. 10(a) and (b), i, 3 equals
0.0163 and 0.0207, respectively. As a result, the applied electric field
would decrease the bubble departure diameter and increase the bubble
release frequency.

Fig. 11 represents the effect of electric field intensity, which is
characterized by Bo,, on bubble equivalent diameter and bubble height
at g = go/6. As shown in Fig. 11, at a given electric field intensity, the
bubble height increases linearly over time, while the growth rate of
bubble equivalent diameter decreases gradually. The difference be-
tween bubble height and bubble equivalent diameter increases over
time. It’s because buoyancy and electric force acted on bubble increase
and the tendency of bubble detachment becomes stronger with the
growth of vapor bubble. Therefore, the tensile deformation of bubble at
the vertical direction is more pronounced. Besides, as shown in Fig. 11,
bubble departure diameter and bubble release period decrease brightly
with an increase in electric field intensity. However, electric field in-
tensity has little effect on the growth rate of bubble equivalent dia-
meter.

Fig. 12 displays the distribution of electric field forces acted on the
phase interface before the bubble detachment. The directions of electric
field forces are shown as arrows and the magnitude of electric field
forces is described by color. As shown in Fig. 12, since the vapor bubble
is symmetrical along y-axis, the total electric force acted on the whole
phase interface at the horizontal direction equals 0. In other words,
YF.i = 0, where F, is the electric field force acted on an arbitrary node
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| m—

s

(a1 (b) E and electric streamlines

Fig. 8. Distribution of electric potentials V, electric field intensities E and electric streamlines within the computational domain (V, = 10).

of the phase interface, XF, is the total electric field force acted on the between the phase interface and the horizontal wall, the phase interface
whole phase interface, and i is the unit vector at the horizontal direc- can be divided into three regions. The Region A is the “neck” which is
tion. formed due to the tendency of the bubble detachment. At Region A, the

For convenience, as shown in Fig. 12, according to the angle phase interface is almost vertical to the horizontal wall. At Region B,

'=16.40 1288
1'=9.37 *=7.61
0343 =18.15
=2.34 (=234
(a) Bo.=1.224 (b) Bo.=4.895
=9.37
=748
/ 860 '=4.91
£'=12.88 £'=10.06
t'=2.34 =234
(c) Bo.=11.014 (d) Bo.=19.580

Fig. 9. Evolution of bubble contours during pool nucleate boiling under different electric field intensities (g = g,/6).
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Fig. 12. Distribution of electric field forces around a vapor bubble before it
departs away from the horizontal wall (g = 1/6g,, Bo. = 19.580, t" = 5.85).
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(b) Bo,~19.580

10. The distribution of velocity vectors around a vapor bubble during pool nucleate boiling under the condition of g = 1/6g, at t* = 8.20.
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Fig. 13. Evolution of the total electric field force in the y-axis before the bubble
detachment under different electric field intensities (g = 1/6gp).

the angle between the phase interface and the horizontal wall is an
obtuse angle. At Region C, the angle between the phase interface and
the horizontal wall is an acute angle. The total electric force acted on
the whole phase interface at the vertical direction can be expressed as
Eq. (38).

ZE-J'=LT Fe'jd—A=‘/:4A Fe-jdA+j;B Fe-jdA+j;C E-jdA

where j is the unit vector at the vertical direction, At is the total area of
the phase interface. A4, Ap and A¢ are the area of Region A, B and C,
respectively. Obviously, Ay = As + Ap + Ac. As shown in Fig. 12, the
electric field forces are perpendicular to the phase interface and point to
the bubble interior, thus AA E.-jdA =0, -/AB E-jdA >0 and
j;‘c E.-jdA < 0. According to Fig. 8 and Eq. (20), moving away from the
center of the bottom boundary results in a decrease in electric field
Ly, B3| > |, |
and XF.j > 0. It can be concluded that the non-uniform electric field in
Fig. 8 has the similar effect as buoyancy and could accelerate the de-
tachment of bubble.

Fig. 13 represents the evolution of XF, - j before the detachment of
bubble under different Bo,. As shown in Fig. 13, the value of XF, - j
firstly increases and then decreases over time. When the bubble size is
small, the bubble height and bubble equivalent diameter increases
gradually over time. According to Fig. 8, the electric field intensity at

(38)

intensity and electric field force. Therefore,
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Fig. 14. Effect of electric field intensity on bubble departure diameter and
bubble release frequency under different gravitational accelerations.

the top region of the bubble decreases, while the electric field intensity
at the bottom region of the bubble keeps almost unchanged. Therefore,
>F, - j increases. With the further growth of the bubble, under the action
of electric field force and buoyancy, a “neck” (i.e., the Region A in
Fig. 12) will appear at the bottom region of the bubble. With an in-
crease in the height of the “neck”, the Region B and Region C in Fig. 12

are gradually moving away from the wall. Therefore, both ‘ fAB ijdA‘

and ‘ j;‘c Fe-jdA‘ decrease. However, as shown in Fig. 8, the closer to the
center of the bottom boundary, the greater the gradient of the electric
field intensity is. Thus, the decrease rate of ‘ 1:43 ijdA‘ is larger than

that of ‘ LC I%JdA‘ As a result, the value of F, - j starts to decrease after
it reaches a maximum, as shown in Fig. 13. In addition, increasing
electric field intensity could increase the value of XF. - j and make
evolution of XF, - j becomes more intense.

Appendix A. Determination of the surface tension and contact angle

Applied Thermal Engineering 155 (2019) 637-649

Fig. 14 represents the effect of Bo, on bubble departure diameter
and bubble release frequency under different gravitational accelera-
tions. As shown in Fig. 14, when electric field intensity remains un-
changed, with a decrease in gravitational acceleration, bubble de-
parture diameter increases, while bubble release frequency decreases.
When gravitational acceleration remains unchanged, with an increase
in electric field intensity, bubble departure diameter decreases, while
bubble release frequency increases. In addition, as shown in Fig. 14,
decreasing gravitational acceleration could strengthen the influence of
electric field intensity on bubble departure diameter and bubble release
frequency, indicating that the electric field in Fig. 8 could effectively
accelerate the detachment of bubble and reduce the possibility of heat
transfer deterioration under microgravity.

5. Concluding remarks

In this paper, the two-dimensional lattice Boltzmann model was
developed to simulate the pool boiling in presence of an external
electric field. In this model, the pseudopotential model was coupled
with phase-change model and electric field model. The growth and
detachment of a single bubble on the horizontal wall during pool nu-
cleate boiling under the effect of a non-uniform electric field was si-
mulated. The influence of gravitational acceleration and electric field
intensity on bubble departure diameter and bubble release frequency
was investigated, and the influencing mechanism of the non-uniform
electric field on bubble dynamics during nucleate boiling was analyzed.
Based on the numerical results, it could be concluded that:

1. With a decrease in gravitational acceleration, the detachment of
bubble became harder, bubble departure diameter increased, and
bubble release frequency decreased. Therefore, due to the delay of
bubble detachment under microgravity, a vapor film might be
formed, the nucleate boiling might be converted into film boiling,
and heat transfer deterioration might take place.

2. Under the same gravitational acceleration, with an increase in
electric field intensity, bubble departure diameter decreased, bubble
release frequency increased, indicating that the electric field force
could accelerate the detachment of vapor bubble.

3. Decreasing gravitational acceleration could enhance the influence of
electric field intensity on bubble departure diameter and bubble
release frequency. Therefore, the non-uniform electric field estab-
lished in this study contributed very much to the departure of
bubbles under microgravity conditions. As a result, the occurrence
rate of film boiling declines and the heat transfer capacity could be
improved under the non-uniform electric field.

4. The total electric field force in the vertical direction increased firstly
and then decreased over time before the departure of the vapor
bubble from the horizontal wall. In addition, increasing electric field
intensity could make the evolution of total electric field force be-
came more intense.
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According to the Laplace equation of capillary, the pressure difference across the interface of a droplet with a radius of R, in equilibrium is

AP = y/R,

(A1)

where AP is the pressure difference between inside and outside of the droplet. In order to obtain the surface tension vy, saturated droplets of different
radii suspended in the saturated vapor in a 200 X 200 domain, with zero gravity at Ty, = 0.86T,, are simulated by the two-phase flow model in
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Section 2.1. The simulation results of AP versus 1/R;, are given in Fig A.1. As shown, the simulated results can be fitted with a straight line having a
slope of 0.0878. According to equation (A.1), the surface tension between the saturated liquid and vapor at Ty, = 0.86T, is 0.0878.
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0.000 e 1 1.
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Fig. A.1. Influence of droplet radius on the pressure difference of the droplet.

Wettability of the heating surface, characterized by the contact angle, is an important parameter influencing pool boiling heat transfer. The static

contact angle can be tuned by the fluid-solid interaction strength G,, in Eq. (11). In this study, G,, = 0 is adopted and the intermolecular interaction
force in Eq. (11) is not applied at the solid walls. To determine the static contact angle under this condition, a saturated droplet with a radius of
R}, = 40 is placed on the non-slip bottom wall in a 300 X 100 lattice domain under zero gravity. The saturated droplet is surrounded by the saturated
vapor at Ty, = 0.86T.. Periodic boundary condition is imposed in x direction and the no-slip boundary condition. Using the two-phase flow model in
Section 2.1, the final equilibrium shape of the droplet is presented in Fig A.2., where the static contact angle is measured to be 44.5°.

4

Fig. A.2. The balance form of droplet on a horizontal surface.
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