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Abstract A three-dimensional VOSET method is used
along with the adaptive mesh refinement (AMR) method to
simulate the behaviors of a bubble departing from the out-
side wall of a horizontal square-cross-section tube in micro-
gravity under the influence of nonuniform electric fields.
The effects of gravity, electric field intensity, fluid permit-
tivity, and bubble initial position on the bubble detachment
and rising are investigated and analyzed. Computational
results show that the gravity and electric fields have sig-
nificant influences on the bubble detachment and rising
velocity and rising trajectory. Decrease in gravity results in
the decrease in the buoyancy exerted on the bubble, con-
siderably mitigating the rising capability of the bubble and
delaying the bubble detachment. Imposing a nonuniform
electric field, which exhibits physically the strongest inten-
sity in regions near the tube wall, can supply an additional
driving force as a replacement of the buoyancy to acceler-
ate the bubble detachment and rising. It is also shown that
a larger electric field intensity or larger ratio of liquid per-
mittivity to gas permittivity leads to a larger deformation,
easier detachment, and larger rising velocity, of the bub-
ble. The nonuniformity of the electric fields can also affect
the bubble motion trajectory and result in the asymmetric
deformation of the bubble.
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Introduction

Electrohydrodynamics (EHD) (Castellanos 1998) is a cross
discipline of fluid mechanics and electrodynamics, which
mainly addresses fluid flows under the influence of electric
fields. Multiphase electrohydrodynamic flows, as a branch
of EHD flows, is frequently encountered in many appli-
cations such as inkjet printing (Minemawari et al. 2011),
electrowetting (Lee et al. 2002), electrospraying (Jaworek
and Sobczyk 2008), and enhancing boiling heat transfer (Di
Marco 2012a), and so on. Applying an electric field on bub-
bles, in which the electric force acts on the phase interface,
is a good method to control the bubble deformation and bub-
ble motion. Thus these studies have attracted more and more
attentions from researchers.

Over the last decade, amount of experimental and numer-
ical work have been done to investigate bubble dynamics
in terrestrial gravity under the influence of electric fields.
Dong et al. (2006) reported experimental investigations of
bubble behaviors in a uniform electric field, and analyzed
the effects of different electric field intensities on the bub-
ble growth, deformation, detachment and break-up. Bari and
Robinson (2013) performed similar experimental research
and calculated the variation of the buoyancy, capillary force
and other forces acted on the bubble. Jalaal et al. (2010)
constructed a nonuniform electric field using the horizon-
tal and vertical electrodes, and investigated the influence
of the nonuniform electric fields on bubble behaviors, and
the experimental results showed that the nonuniform elec-
tric field can affect the motion trajectory of the bubble.
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Gao et al. (2013) experimentally studied the growth of a
single R113 vapor bubble under nonuniform electric fields
which were built by a vertical needle and a horizontal heat-
ing plate, and observed that the nonuniform electric fields
would restrain the bubble growth. Mahlmann and Papageor-
giou (2009) numerically simulated a bubble rising under
a uniform electric by a two-dimensional level set method.
Wang et al. (2015) used VOSET method to study the influ-
ence of electric field intensity, fluid permittivity, viscosity,
and surface tension force on bubble deformation and ris-
ing under uniform electric fields. Sunder and Tomar (2013)
used a CLSVOF method to simulate bubble formation from
submerged needles under nonuniform electric fields, and the
numerical results showed that imposing nonuniform elec-
tric fields is a good method to control the bubble departure
volume and departure frequency.

In microgravity environments, the decrease in gravity
leads to the decrease in buoyancy, which brings increas-
ing difficulty in the detachment of bubbles attached to a
wall. The most important example is bubbles growing on a
heated wall in microgravity (Straub 2001; Di Marco 2003a;
Kim 2003, 2009; Ohta 2003; Zhao 2010). Xue et al. (2011),
among many others, experimentally studied nucleate pool
boiling of FC-72 in normal gravity and microgravity con-
ditions, and the results showed that the heat fluxes in
microgravity are low due to the fact that large bubbles
remain attaching to the heating wall for a long time. In
order to enhance nucleate boiling heat transfer in micro-
gravity, developing an effective method accelerating bubble
detachment is necessary. Then some researchers have tried
adding an electric force on the bubble to affect the bub-
ble motion. For example, Herman et al. (2002, 2004) and
Tacona et al. (2006) presented the experimental investiga-
tions of bubble growth and detachment in microgravity
under the influence of electric fields. Di Marco et al.
(2003b, 2007, 2012a) performed similar experiments using
another electric configuration, and the experimental results
showed that choosing an appropriate electric field can pro-
mote the bubble detachment. Thus, it is very significative
to further investigate and understand the influence of elec-
tric fields on bubble dynamics under various microgravity

Fig. 1 Schematic illustrations
of physical model and zA
computational domain

conditions. Up to now, there are only much small amounts
of experimental investigations of EHD flows conducted in
microgravity, as well as the numerical work, especially for
the three-dimensional numerical simulations.

In this paper, a three-dimensional VOSET method (Sun
and Tao 2010; Wang et al. 2015) is used along with the adap-
tive mesh refinement (AMR) techniques (Theodorakakos
and Bergeles 2004; Yu and Fan 2009) to study the influ-
ence of nonuniform electric fields on bubble departing from
the outside wall of a horizontal square-cross-section tube in
microgravity. The AMR techniques based on octree method
are specially employed to refine the grids around the two-
phase interface, in order to, on the one hand, enhance
the calculation accuracy and, on the other hand, reduce
the computational time. The electric force model for the
perfect dielectric fluids is used to calculate the electric
force acted on the two-phase interface. Using the numer-
ical framework, we investigated the influence of gravity,
electric field intensity, fluid permittivity, and bubble initial
position on the bubble dynamics under nonuniform electric
fields. As a part of the ground-based advance research of
the project of SOBER-SJ10, which is one of the selected
experiments of the China space mission SJ-10 (Hu et al.
2014), more attentions will be paid on the effect of the
electric fields on bubble dynamics in the microgravity
conditions.

Physical Model

The 3D physical model in the present study is shown in
Fig. 1a. The electric field is applied between two horizon-
tal electrodes, in which a small square tube (high electrode)
locates in the center of a bigger square tube (ground elec-
trode). Initially, a spherical bubble with radius R =0.004 m
attaches to the outside wall of the small horizontal square
tube. Since the bubble departs from the top wall of the hor-
izontal tube, 1/2 domain (z>0) of the physical model is
used as the computational domain shown in Fig. 1b. The
domain size and tube size are considered tobe Ly = 2L, =
2L, =0.1 m and / =0.02 m, respectively.
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Numerical Formulations
VOSET Method

In this paper, a coupled volume-of-fluid and level set
(VOSET) method, which can keep mass conservation and
accurately calculate surface normal and curvature, is used
to capture the two-phase interface. In VOSET method,
PLIC algorithm (Youngs 1982; Annaland et al. 2005) is
implemented to solve the advection equation of the volume-
of-fluid function C defined as the volume fraction of gas in
acell.
aC
m +u-VC=0 1)
After obtaining the value of C, a geometric method
(Wang et al. 2009) is used to calculate the level set function
¢ which is adopted to compute the fluid properties.

p=pH@® + pg(1— H(p)) @)

= H @)+ (1 — H(p)) 3

1_H@) " (1-H(@®)

& 8l Eg

“

where p, , € are the density, viscosity, and relative permit-
tivity, respectively. The subscripts [ and g refer to the liquid
and gas, respectively. H (¢) is the Heaviside function which
is written as:

0 forp < —y
H@g) =11 [1 +2 + Lsin (”y—‘f’)] forlg| <y o)
1 for¢p > y

where y is the width of the smoothed region and equals
1.5A, A is the least grid size.

Fluid Flow Equations

The governing equations described incompressible fluid
flows are the mass and momentum conservation equations
which can be expressed as:

V-u=0 (6)

p (38_’: tu- Vu) =—Vp+og+V - [u (Vo =(vaT)]
+F, +F, )

where u is the velocity vector, p is the pressure, and g is
the gravitational acceleration in which the terrestrial gravity
go =9.81 m/s?. F,, F, are the surface tension force and
electric force, respectively.

A continuum surface force (CSF) model (Brackbill et al.
1992) is used to calculate the surface tension force.

Fo = —okd(¢)Ve ®)

where o is the interface tension coefficient, «k = V -
(V¢/|Ve]) is surface curvature, and 5(¢p) is the Dirac
distribution function which is written as:

0 for|¢p| > y
3(¢) = { o [1 + cos (%)] forl¢| < y ©)

Electric Field Equations

In order to calculate the electric force on the bubble, it is
necessary to solve the electric field distribution. For a per-
fect dielectric material, the electric field equation (Paknemat
et al. 2012) can be written as:

E=-Vy (10)

V- (80eVY) =0 (11)

where E is the electric field, i is the electric potential, and
&o 1s the vacuum permittivity.

After calculating the electric field, the electric force F,
can be solved by the following formula.

F,=—8%0p2 (8—’ - 1) 5($)Vep (12)
2 &g

Boundary Conditions

For the computational model (Fig. 1b), the following bound-
ary conditions for solving the fluid flow equations and
electric field equations are used.

x=0:u=v=w=0, y =0;

x=Ly:u=v=w=0,¢ =0;

0
y=0:u=v=w=0,—w=0;
dy
0
y:Ly:u=v=w=0,—w=0;
dy
0 0
zanndx<0.5(Lx—l):—u:—V:0’
0z 9z
0
w=02Y _o
0z
u v
z=0andx >05(L, +1): — =— =0,
dz 0z
0
w:O,—wzo;
0z

0.5(Ly —1) <x <0.5(Ly +1)and
2505 :u=v=w=0, ¥ = yo;
Z:Lz:u:v:WZ()’lp:O; (13)
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Fig. 2 Adaptive mesh refinement system

Adaptive Mesh

In the investigations of EHD flows, the three-dimensional
numerical simulations need larger grid resolution and cost
more computing time. In order to solve these problems, the
adaptive mesh refinement (AMR) techniques are developed
for the fluid flow equations and electric field equations.
Figure 2 shows the adaptive mesh refinement system. The
octree method is used to refine and coarsen the grids, and the
grid resolution around the two-phase interfaces is largest.
Farther away from the interfaces, the grid resolution is
smaller, which can greatly decrease the number of grids and
reduce the computing time. In the present study, the grid
resolution R/A =16 around the bubble is adopted due to
the fact that Wang et al. (2015) assigned that 15 cells to
the radius R of a bubble rising in electric fields can obtain
accurate results.

Results and Discussions

This section presents the numerical results of the effects of
electric field intensity, permittivity, bubble initial position

square tube in microgravity. To describe bubble behaviors,
the following dimensionless parameters are adopted.

VR3 R? ceoE2R
Re =" g,Bo:'olg ,Bo,= 0% ,)»p=&,
1y o o Pg
&
dp= L =L (14)
Mg €g

where the Reynolds (Re) number is the ratio of inertial force
to viscous force, the gravitational Bond (Bo) number the rel-
ative magnitude of gravity and interface tension force, and
the electric Bond (Bo,) number the ratio of electric force
to interface tension force. The electric field Eq is calcu-
lated by the electric potential 1 of the outside wall of the
small square tube, Eo = o/(L;-0.5]). The A,, Ay, and
Ae are the ratios of density, viscosity, and relative permit-
tivity, respectively. In the following simulation, A, and A,
are set to be 100. In sections “Results and Discussions”,
“Bubble Detachment and Rising in Different Gravity Condi
tions (Bo, =0)”, and “Bubble Detachment and Rising in
Microgravity and Nonuniform Electric Fields (1)-(2)”, the
initial centroid of the bubble is (0.05 m, 0.05 m, 0.014 m).

Bubble Detachment and Rising in Different Gravity
Conditions (Bo, =0)

The effect of gravity on bubble dynamics in the absence of
electric field is shown in Fig. 3. Figure 3a shows the bub-
ble detachment and rising under terrestrial gravity condition
(g = go =9.81 1r1/s2), and the flow conditions are Re=40,
Bo=2. Initially, the spherical bubble attaches to the outside
wall of the small square tube, and then the bubble rapidly
departs from the tube outside wall due to the influence of
larger buoyancy. Subsequently, the bubble rises in the liquid
and gradually takes an oblate spheroid. Keeping the two-
phase fluid physical properties unchanged, bubble behaviors

on bubble departing from the outside wall of a horizontal =~ under microgravity conditions (g = 0.1go, 0.01gg) are
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Fig. 3 Bubble detachment and rising in different gravity conditions
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Fig. 4 Position of bubble centre versus time for different gravity
conditions

shown in Fig. 3b and c, respectively. From Fig. 3a—c, it can
be found that the decrease in gravity leads to the signifi-
cant decrease in the effect of the buoyancy, and thus the
bubble has smaller detachment and rising velocities. The
bubble deformations in microgravity conditions are unob-
vious and approximately keep spherical shape. Figure 4
shows the position of the bubble centre changing with time
for different gravity conditions. It can be seen in Fig. 4
that at g = 0.01gg, the bubble stays near the tube wall
for a very long time, which would make nucleate boil-
ing develop into film boiling against heat transfer. In order
to enhance heat transfer of nucleate boiling in micrograv-
ity conditions, an effective method for accelerating bubble
detachment and rising is needed. In the following investiga-
tions, we try imposing nonuniform electric fields to control
bubble deformation and motion in microgravity.

Fig. 5 Distributions of electric =
streamlines and electric field
intensity in the xz plane

Bubble Detachment and Rising in Microgravity
and Nonuniform Electric Fields

(1) Influence of electric intensity

In the present study, the nonuniform electric fields are estab-
lished by two horizontal electrodes (as shown in Fig. 1),
and the distributions of electric streamlines and electric
field intensity (|E| = \/E? + E? + E2) in the xz plane are
shown in Fig. 5. It can be seen that the electric field inten-
sity in regions near the outside wall of the small square
tube is higher than that in other regions, and the farther
away from the small square tube, the smaller electric field
intensity. It is anticipated that the nonuniformity of the
electric field distribution would greatly affect the bubble
deformation and motion. Figure 6a presents that the bubble
detachment and rising processes in microgravity condition
(g = 0.01gp =0.0981 m/s?) under the influence of a
nonuniform electric field (Eg =859.5 kV/m), and the flow
conditions are Re=4, Bo=0.02, Bo, =1, A, =3. It can be
found that when a nonuniform electric field is imposed on
the flow field, the bubble is stretched along the direction of
Z axis at the initial stage. When bubble departing from the
tube wall, the bottom of the bubble rapidly shrinks due to the
effect of surface tension force and electric force, and then
the bubble gradually rises. Figure 6b shows the the position
of the bubble centre changing with time. It can be seen that
the rising velocity of the bubble in the nonuniform electric
field is larger than that in the absence of electric field. This
case can be explained by the distributions of electric force
on the bubble. Figure 7a shows the schematic diagram of
the distribution of the electric force acted on the bubble, and
the electric force calculated by Eq. 12 has the same direc-
tion with surface tension force due to the fact that the ratio
of liquid permittivity to gas permittivity is greater than 1.
Figure 7b presents that the electric field intensity around the
bubble for different time in Fig. 6. The electric field inten-
sity near the bottom of the bubble is higher than that near
the top of the bubble, and therefore there is a larger electric

W2
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W
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force on the bottom of the bubble. The vertical component
of the total electric force acted on the bubble is positive,
which drives bubbles away from the region of the stronger
electric field.

Figure 8 shows the evolution of the bubble shape for
other electric Bond numbers (corresponding electric field
Eo =1488.6, 1921.8, 2717.8 kV/m) under the conditions of
Re=4, Bo=0.02, A, =3, g = 0.01go. With the increase in
the electric field intensity, the bubble deformation at the ini-
tial stage is more obvious. When the bubble departing from
the wall, the larger electric field leads to the fact that the bot-
tom of the bubble has larger shrink velocity caused stronger
liquid jet in the wake of the bubble. And, the stronger liq-
uid jet leads to the oscillatory deformation and break-up of
the bubble under the effect of electric force, surface ten-
sion force, inertial force, and viscous force, see Fig. 8b—c.
Figure 9a shows the position of bubble centre changing with
time for different electric Bond number, and it can be seen
that the increase in electric field intensity results in larger

|E] V/m
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1.80E+06
0.08s 1.60E+06
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0.24s
(@) (b)

Fig. 7 Distributions of electric force and electric field intensity. a
schematic diagram of the distribution of the electric force acted on the
bubble; b distributions of electric field intensity around the bubble for
different time in Fig. 6
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bubble detachment and rising velocity due to the increase
in the vertical component of the total electric force acted on
the bubble. The vertical component of the total electric force
can be calculated by the following formula.

N
Froralz = ) _(Fs )i (15)

i=0

where F;:q1_; 1s the vertical component of the total electric
force, N the number of cells contain phase interface, Fj_,
the vertical component of electric force in a cell. The Fyyq7_,
versus the position of bubble centre for different electric
Bond number are plotted in Fig. 9b. Initially, the Fjyq7_;
decreases first and then increases with the increase of the
position of bubble centre due to the deformation of the bub-
ble. After bubble detachment, the bubble rising results in the
increase in the distance between the bubble and the small
square tube, and this case leads to the decrease in F;yrq7_;. At
the same position, the larger electric field results in a larger
driving force acted on the bubble.

(2) Influence of permittivity

Besides the electric field intensity, the ratio (A.) of liquid
permittivity to gas permittivity is another important factor
affecting the distribution and magnitude of electric force.
The effect of L. on bubble detachment and rising is investi-
gated by changing liquid permittivity. Figure 10 shows the
evolution of the bubble shape for different A, with the con-
ditions of Re=4, Bo=0.02, Ey =859.5 kV/m, g = 0.01g.
At the same electric field intensity, the larger A, leads to
a larger bubble deformation, and the oscillatory deforma-
tion and break-up of the rising bubble also are found in
Fig. 10b—c. Figure 11a shows the position of bubble centre
changing with time for different A., and it can also be seen
that the bubble detachment and rising velocity increases
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with the increase in A, which results in larger driving force
acted on the bubble. The evolution of the vertical component
(Fiotal_z) of the total electric force in Fig. 11b are simi-
lar with that in Fig. 9, which is the reason that the effects
of L. on bubble dynamics are similar with electric field

intensity.

(3) Influence of bubble initial position

In the above investigations, electric fields around the
bubble are symmetric about the planes of x =0.05 m and
y =0.05 m, which results in a symmetric bubble deforma-
tion. The rising trajectory of the bubble is a straight line
due to the fact that the total electric force has no horizon-
tal component. In this section, we study the influence of the
asymmetric distribution of the nonuniform electric field on
bubble deformation and motion by changing the bubble ini-
tial position. Figure 12 shows the evolution of the bubble
shape and distributions of the electric field intensity around
the bubble under the conditions of Re=4, Bo=0.02, Bo, =3,

Position of bubble centre z/m

Ae =3, g = 0.01gp with the bubble initial position (0.044
m, 0.05 m, 0.014 m). Initially, the bottom left part of the
bubble has an asymmetric deformation due to the fact that
the electric field in the edge of the small square tube is the
strongest, see Figs. 4 and 12b. The larger electric force at
the bottom of the bubble drives the bubble departing from
the tube wall. After bubble detachment, the rising trajectory
of the bubble is a curve. From Fig. 10c, it can be seen that
electric field intensity at the bottom and right of the bubble
is stronger than that at the top and left of the bubble, which
leads to the horizontal and vertical motions of the bubble.
From the big square tube closer, the bubble has more obvi-
ous horizontal motion due to the larger horizontal gradient
of electric field, see Fig. 4.

Figure 13 shows the evolution of bubble shape for other
electric Bond number. Compared with Figs. 12 and 13, it
can be seen that larger electric field intensity leads to more
obvious deformation and break-up of the bubble. And, the
increase in the electric field intensity can also result in larger

Fig. 12 Evolution of the bubble
shape and distributions of
electric field intensity around
the bubble under the conditions
of Re=4, Bo=0.02, Bo, =3,

re =3, g = 0.01go with the
bubble initial position (0.044 m,
0.05 m, 0.014 m)
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Fig. 13 Evolution of the bubble 0.05 0.05
shape for different electric Bond 018 0.18s
number under the conditions of O 1es 0125
Re=4, Bo=0.02, 1, =3, 0.04 012s 0.04 | i
g = 0.01gp with the bubble ' 008 s
initial position (0.044 m, 0.05
,0.014 0.03 F 003 F o
m m) = 0.08 s = o
R 004 O B 004s .
0.02 , 0.02 °
0.00s 0.00 s
001 F 001 F
(a) Bo,=5 e (b) Bo=10 tube
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rising velocity and horizontal moving velocity of the bubble
due to the larger horizontal and vertical driving force. In
Fig. 13b, it can be found that the moving velocity of the
small bubble is smaller than that of the big bubble, which
indicates that the driving force acting on the big bubble is
larger.

Conclusions

This paper presents a three-dimensional VOSET method
for the numerical simulation of bubble dynamics in micro-
gravity under the influence of nonuniform electric fields,
in combination with the specially developed adaptive mesh
refinement (AMR) techniques. The VOF advection equa-
tion, electric field equations, and fluid flow equations
are solved on the adaptive octree grid system which can
enhance the calculation accuracy and save the computer
resources. Then, the effect of gravity, electric field inten-
sity, fluid permittivity, and bubble initial position on bub-
ble detachment and rising are investigated. The conclu-
sions from the numerical results can be summarized as
follows:

1. In terrestrial gravity condition, the bubble can rapidly
depart from the tube wall and rise in the liquid due to
the influence of buoyancy. However, the buoyancy for
microgravity conditions is weak or lacking, which goes
against bubble detachment and rising.

Nonuniform electric fields can supply an additional
driving force as a replacement of the buoyancy to accel-
erate the bubble detachment and rising. The electric
force would drive bubbles away from the region of
stronger electric field. When increasing electric field
intensity or the ratio of fluid permittivity to gas per-
mittivity, the bubble has a larger deformation and
detachment/rising velocities.

When the nonuniform electric field around the bubble
is asymmetric, the rising velocity of the bubble has a
horizontal component, thus the rising trajectory of the
bubble is not a straight line. And, the asymmetric distri-
bution of the electric force leads to the irregular bubble
deformation.
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