Chinese Journal of Chemical Engineering, 16(2) 178—183 (2008)

Single Bubble Behavior in Direct Current Electric Field”

PENG Yao (% #), CHEN Feng (/% &), SONG Yaozu (K #41)** and CHEN Min (% &)
School of Aerospace, Tsinghua University, Beijing 100084, China

Abstract The investigation on bubble behavior in electric field helps to analyze the mechanism of electric en-
hancement of boiling heat transfer. Experiments were performed to investigate the bubble deformation in direct
current (DC) electric field with bubbles attached to the orifice. The air bubbles were slowly generated in the trans-
former oil pool at different orifices, so that the effect of flow on bubble shape was eliminated. The results showed
that the bubbles were elongated and the departure volume decreased when the electric field was intensified. The
major and minor axes, aspect ratio and departure volume increased with increasing the orifice diameter. Both the
electric field and orifice size have great influence on bubble behavior. The bubble deformation was also simulated
to compare with the experimental results. The numerical and experimental data qualitatively agree with each other.

Keywords
1 INTRODUCTION

The electrohydrodynamic (EHD) technique is
referred to the one that enhances the heat transfer ca-
pacity by using the electric field. This technique has
potential use in chemical industry, energy industry efc.
because of the great enhancement capability. The early
research mainly focused on the experimental meas-
urements of macroparameters, such as the heat trans-
fer coefficient, 4, and the heat flux, g. The application
of EHD technique on boiling heat transfer was also
widely studied due to the remarkable enhancement
effects [1-3].

However, the coupled electric, flow and tem-
perature fields complicate the research on boiling heat
transfer. Consequently, the bubbles were injected from
orifices to insulate the temperature field in many in-
vestigations [4-7]. Some experimental results have
been obtained [8-14]. Bubble shape elongates along
the electric field direction and the bubble departure
volume decreases when the strong electric field is ap-
plied. Some parameters, including electric field inten-
sity, electric field nonuniformity, microgravity condi-
tion etc., affecting the bubble behavior under the elec-
tric field, have also been considered. For example
Cipriani et al. [11] showed that bubbles were pressed
against the plate, driven to the liquid or pushed to
slide along the plate surface due to different electrode
configurations. The electric field nonuniformity also
affected the bubble deformation, which increased with
enhancing electric field nonuniformity [4]. Experi-
ments performed in microgravity showed that the
bubble departure volume decreased in the electric
field, and bubble departure became easier [6]. Herman
and Iacona [12] simulated the bubble contours in mi-
crogravity and the results agreed with the experimen-
tal data in low strength electric field.

Except for the extensive experimental research,
Herman and lacona [12] and Cheng and Chaddock [13,
14] also accomplished theoretical calculations of bub-
ble elongation in the presence of electric fields. How-
ever, both the above-mentioned calculations were
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based on the hypothesis of spherical bubbles. Thus the
deviation between Herman’s calculation and his own
experimental results increased as applied electric
fields strengthened. The calculation corresponding to
actual experiment is absent to date.

This article described the bubble deformation in
direct current (DC) electric fields. The bubbles were
generated as the air was heated to expand at different
orifices. This method for slowly generating bubbles
also eliminates the air flow effect on bubble shape.
Besides, the influence of orifice size was also dis-
cussed. The results showed that both electric field and
orifice size had great effects on bubble behavior in
electric fields. The numerical results were compared
with the experimental data.

2 EXPERIMENTAL SETUP

The experimental setup included a test cell, a re-
cording system and a high voltage supply, as shown in
Fig. 1. The test cell was made of resin for its electric
insulation, with the size of 11.2 cm (length)x14.5 cm
(height)x2.0 cm (thickness). The upper brass mesh
electrode was connected with a positive high voltage
supply (Glassman ER50R06-DM?22), and the spacing
between 0.5 mm-diameter brass wires was 3 mm. The
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Figure 1 Schematic of the experimental setup (not drawn
in proportion)
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lower brass plate electrode was grounded as the nega-
tive electrode. The voltage distribution between the
upper and lower electrode was shown in Fig. 2, indi-
cating that the electrode configuration helped to build
a quasi linear electric field near the lower electrode
where the bubbles were generated, even when a bub-
ble was present. The electrode distance, L, was 8§ mm.
The computational results showed that the electric
field intensity, E, near the lower electrode was ap-
proximately calculated as U/L, where U is the applied
voltage. Three orifices of different diameters (0.5 mm,
1.0 mm and 1.5 mm) were drilled in the brass plate,
with the vertical outlets. Three brass tubes were hori-
zontally connected with the orifices and plugged to
create an air chamber. The electric heaters were
equipped underneath the tubes. In these experiments,
the air in the chamber was heated by the electric
heater and the air bubble was pinched from the orifice,
then the bubble slowly grew until it completely de-
parted from the orifice at 5 min intervals. The air in
the tube was enough to generate a few bubbles of the
same size, among which a typical bubble growth cycle
was captured and recorded for further analysis. The
front and back of the test cell were made of glass for
visual observation.
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Figure 2 Simulated voltage distributions in the half cell

A high speed camera was used to record the bub-
ble growth from the orifice. The frame rate was 2000
frames per second. And the resolution was 320%258
pixels. A LED matrix was located behind the test cell
to illuminate the bubble. Due to different focal lengths,
the length represented by one pixel is different, as
shown in Table 1.

Table 1 Length (mm) represented by a pixel for
different orifices

Length represented by a pixelx10 */mm
0.5 7.6
1.0 9.8
1.5 10.7

Orifice diameter/mm

Before the bubble departure, the bubble images
captured by the high speed camera were almost still
due to the long growth time; when the departure took
place, the acceleration of the bubble top was observed
in the images, which was used as the criteria to detect
the bubble departure as shown in Fig. 2.

Three experimental runs were performed for each
orifice with different electric field strengths, and in
each run 3 bubbles were generated and measured. The
bubble edge measurement was subject to error of
about 1 pixel. Since the bubble minor axis length is
the distance between the left and right edges of the
bubble, the error in this measurement is about 2 pixels.
The major axis length is the distance between orifice
center and bubble top. The location of the orifice cen-
ter is fixed. The measurement error of the bubble top
is 1 pixel, and an inaccuracy in determining the bubble
acceleration, which is estimated to be 2 pixels. There-
fore, the error in the major axis length is about 3 pix-
els. The measurement of the distance between the mi-
nor axis and the bubble top requires locating the ver-
tical position of the minor axis with error of 1 pixel,
thus the measurement error is about 4 pixels.

The working fluids in the experiments were the
air and the transformer oil with their properties listed
in Table 2. The experiments were performed at ambient
temperature and atmospheric pressure. The heated air
resulted in small variation in electrical permittivities,
which was not accounted for in this article.

Table 2 Properties of working fluids

. . Density p/  Relative electric ~ Surface tension
Working fluid kgm ° permittivity &, o/N'm !

air 1.2 1.0 -
transformer oil 849 2.1 0.044

3 THEORETICAL MODEL

According to the hydrostatic principle on the
bubble surface, the bubble contour satisfies the fol-
lowing Laplace equation [13, 14]:

B 7L G 1
[1+(dx/dy)2]1'5 x| 1+ (dx/dy)’ |

where x and y are the dimensionless coordinates de-
fined as x=X/R, y=Y/R, as shown in Fig. 3. (X,
Y) are the coordinates of the bubble interface and R is
the curvature radius at the bubble top. £ =ApgR* /o,
is the bubble scale factor, where Ap is the density dif-
ference between liquid and gas, and ¢ is the surface
tension.

In the original model, the balance of surface ten-
sion and buoyancy determines the bubble departure;
however, the bubble necking (see Fig. 4) was ob-
served before the departure took place in the experi-
ments, which was then used as departure criteria in the
simulation. The bubble aspect ratio at departure was
defined in Eq. (2):
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The definitions of major axis length, », and minor axis
length, a, are shown in Fig. 3.

Figure 3 Definitions for the bubble major axis length b,
minor axis length a, neck diameter d, and the distance z
from minor axis to the bubble tip

Based on the analysis of Landau et al. [15],
Cheng and Chaddock [14] considered the variation of
free energy of the bubble and obtained the differential
equation of the bubble aspect ratio when applying the
external electric field:
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where ¢ is the permittivity in free space,
&, = 8.854x10 2 F-m I ¢ and &g 1s permittivities for
liquid and gas, respectively; E is the electric field
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without the bubble presence; H and e are the interme-
diate variables. Based on the assumption that the bub-
ble became ellipsoid in the electric field, the major
axis length b, and minor axis a. in electric ficld were
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where b, and ag are the axis length without the electric
field.

Equation (1) calculates the bubble contour coor-
dinates attached to a wall without electric field. Egs.
(3)-(6) calculate o in electric field. The lengths of a
and b in the electric field are determined by Eq. (7).
Therefore, the bubble aspect ratio, major axis length
and minor axis length in electric field were simulated
in the present investigation.

4 EXPERIMENTAL RESULTS AND ANALYSIS

All the parameters analyzed in this section were
from bubbles at departure. The bubble aspect ratio a,
major axis length » and minor axis length a were ex-
perimentally and numerically investigated to analyze
the electric field effect on bubble behavior, while the
departure volume V were only experimentally studied
because of the model deficiency.

4.1 Bubble images at departure

The bubble began to accelerate upwards and fi-
nally detached from the orifice after all the forces on
bubble reached a balance. The acceleration was de-
fined as the departure mark, rather than the separation
from the orifice. The experimental results were shown
in Fig. 4.

The results in Fig. 4 qualitatively agree with the
results by Cho et al. [4], Di Marco et al. [6] and Her-
man and lacona [12], which shows distinct elongation
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Figure 4 Bubbles images at departure with various electric fields
orifice diameter: (a) 0.5 mm; (b) 1.0 mm; (c¢) 1.5 mm
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on bubble shape along the electric field direction. The
weak electric field lower than 1.0 kV-mm ' has little
effect on bubble shape; however, the higher field in-
tensity causes much greater deformation. In Fig. 4, the
bubble asymmetry in the largest electric field is due to
bubble oscillation.

The upper half of the bubbles on all three orifices
is similar to the sphere when no electric field is pre-
sent, but it transforms to ellipsoid in the electric field.
The lower half of the bubbles differs among orifices.
The experimental images show that the bubble neck
diameter, d, does not change with the electric fields.
The ratio of the minor axis length to the bubble neck
diameter (see Fig. 3 for definition) decreases with the
orifice diameter. The bubbles become more columnar
on larger orifice under stronger DC electric field.

The orifice size also influences the bubble shape
and size, as shown in Fig. 5. The bubble major and
minor axis lengths increase with increasing orifice
diameter and so do the departure volumes. At higher
electric field, bubble major axes are elongated and
minor axes are compressed in the electric fields for the
0.5 mm and 1.0 mm orifices, while bubbles for the 1.5
mm orifice not only deform but also become asym-
metrical [Fig. 5 (d)], indicating more remarkable elec-
tric field effect for larger bubbles.
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Figure 5 Bubble contours for three orifices under differ-
ent electric field intensities (Indications of axes are the same
with that in Fig. 2)

4.2 Bubble aspect ratio at departure

The results in Fig. 6 show that both the experi-
mental and numerical bubble aspect ratios increase
with the electric field. In the same electric field, the
aspect ratio also increases with the orifice diameter,
indicating a more spherical bubble for smaller orifices.
The bubble therefore becomes nearly spherical if in-
jected from a much smaller orifice, as shown in the
investigations of Cho et al. [5] and Cosentino et al.
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Figure 6 Variations of bubble aspect ratios with different
electric fields

0 0.5 mm (exp.); — 0.5 mm (numerical);
A 1.0 mm (exp.); — — — 1.0 mm (numerical);
O 1.5 mm (exp.); ---- 1.5 mm (numerical)

[16]. Fig. 6 also shows that the aspect ratio difference
between orifices enlarges with increasing electric field.

The experimental results are greater than the nu-
merical data for all three orifices, and their differences
enlarge with the increasing electric field. Eq. (3)
shows that the bubble aspect ratio in electric field is
calculated by using the uniform electric field intensity,
E, when no bubble is present. However, the electric
field becomes nonuniform around the bubble interface
due to the different electrical permittivities of liquid
and gas [17]. Cho et al. [4] showed that the nonuni-
formity had large influence on the bubble behavior, as
the field nonuniformity increased the bubble deforma-
tion. Therefore, Eq. (3) underestimates the effect of
field nonuniformity.

Figures 7 and 8 show the major and minor axis
lengths in electric field, respectively. The numerical
results in Fig. 7 are smaller than the experimental data
for all three orifices; however, the numerical minor
axis lengths exceed the experimental data for 0.5 mm
and 1.0 mm orifices, but for 1.5 mm orifice are
smaller than the experimental ones in weaker field and
larger in stronger field. The difference between nu-
merical and experimental minor axis lengths becomes
greater as increasing the electric field, indicating the
underestimation of electric effect on bubble deforma-
tion in the model.
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Fi%ure 7 Major axis lengths for various electric fields
O

.5 mm (exp.); — 0.5 mm (numerical);
A 1.0 mm (exp.); — — — 1.0 mm (numerical);
O 1.5 mm (exp.); ----1.5 mm (numerical)

The experimental results satisfy generally the
following equation:

b,=a’b,, a,=a’q, (8)
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Figure 8 Minor axis lengths for various electric fields
0 0.5 mm (exp.); — 0.5 mm (numerical);

A 1.0 mm (exp.); — — — 1.0 mm (numerical);

O 1.5 mm (exp.); ---- 1.5 mm (numerical)

In the present numerical simulation, y was 2/3 based
on the constant volume assumption. However, y in
experiments was calculated by using exponential
curve fitting. The results were shown in Table 3.

Table 3 y for different orifices

Orifice diameter/mm

14

0.5 0.32
1.0 0.36
1.5 0.42

Table 3 shows that y in all cases are smaller than
0.5, indicating that the electric compressing effect on
the bubble side is greater than the pulling effect on the
bubble top. The electric field effect on the bubble is
exerted by the electric stress on the bubble interface
[18]. The calculated results by Chen et al. [17] showed
that the electric compressing stress on the bubble side
was greater than the stress on the top, which pulled the
bubble upwards. Besides, the acting area of the com-
pressing stress was also larger than the pulling stress.
These two factors lead to the greater compressing effect.

Equations (4)—(6) show that ¢ and H are the
funct10n of a only; therefore o is only determined by
¢E*r/o from Eq. (3). ¢E” r/a is the electrical Weber
number We, which indicates the influences of the
electric field intensity and the fluid properties on the
bubble deformation. The correlation between a and
We in the present experiments was plotted in Fig. 9.
The bubble aspect ratios for three orifices linearly in-
crease as the electrical Weber number increases, as
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Figure 9 Bubble aspect ratios vary with different electrical
Weber numbers
00.5mm; 01.0 mm; A 1.5 mm; - - - fitting curve

14

shown in Fig. 9. The bubble aspect ratio is only de-
termined by the equivalent radius, r, at a given electric
field intensity, since the fluid properties are constant.
The bubble for larger orifice has greater equivalent
radius, which leads to larger electrical Weber number
and hence greater deformation.

4.3 Bubble departure volume

Herman and Iacona [12], Cosentino et al. [16] and
Chen et al. [17] showed that the bubble departure
volume decreased in the electric field, while Cho et al.
[4] presented that the DC electric field has little effect
on the bubble departure volume. In the present inves-
tigation, the bubble volume is the sum of the volumes
of the upper and lower halves. The upper half resem-
bles a half ellipsoid, so the volume is assumed to be
na’z/6, while the lower half s1m11ar to a frustum of a
cone, with the volume of 7i(b - z)(a’ + ad +d*)/12..

The results in Fig. 10 show that the bubble de-
parture volumes decrease moderately but progres-
sively with the increasing electric field. The surface
tension and buoyancy balance at bubble departure
without electric field. However, in electric field, the
surface tension increases, because its direction be-
comes more vertical (Fig. 4), while the bubble elonga-
tion and the decreased departure volume bring about
the reduced buoyancy. The resultant force of the elec-
tric force, therefore, has the same direction as the
buoyancy and served as the additional buoyancy, so as
to facilitate the bubble departure, which has been
studied in details by Chen [19].
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Figure 10 Bubble departure volumes for various
electric fields
00.5mm; 01.0mm; A1.5mm

The model used in the simulation assumed that
the bubble departure volume remained constant in the
electric field. However, the experimental results show
that this assumption is justified only when the electric
field intensity is weak. As the field intensity increases,
the electric field has more influence on the bubble
departure volume, which contradicts to the model as-
sumption. Therefore, the model was not used in the
departure volume prediction.

5 CONCLUSIONS

Experiments were performed to investigate bub-
ble behaviors in DC electric fields. The bubbles were
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generated as the air was heated to expand from three
orifices underneath a transformer oil pool. The ex-
perimental results show that the minor axis length and
departure volume decrease, but the major axis length
and aspect ratio increase with the increasing electric
field. The electrical Weber number was shown to have
linear correlation with the bubble aspect ratio.

The orifice size has significant effect on bubble
size and formation. The ratio of the bubble neck di-
ameter to the minor axis increases with the increasing
orifice diameter, resulting in a more columnar bubble
for larger orifice. The bubble major and minor axis
lengths, aspect ratio and bubble departure volume are
also augmented as the orifice diameter increases. Be-
cause the bubble aspect ratio linearly increases with
the electrical Weber number, the greater equivalent
radius leads to larger bubble deformation at given
electric field.

NOMENCLATURE

bubble minor axis length, mm
bubble major axis length, mm
bubble neck diameter, m
electric field intensity, V:m
intermediate variable, function of a

intermediate variable, function of a

electrode distance, m

applied voltage, V

bubble departure volume, mm®

distance from the minor axis to the bubble tip, m
bubble aspect ratio, dimensionless

electrical permittivity, F-m !

electrical permittivity in free space, Frm '
density, kg'm *

Ap  density difference between liquid and gas, kg'm
surface tension, N'm '

Subscripts

1

SN g oY SR

Sz

3

e refers to values with the electric field

g gas

! liquid

0 refers to values without the electric field
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