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Abstract

Bubble dynamics in saturated pool boiling of R-123 with and without an applied electric field have been investigated
using a novel, flat, transparent heated surface. This method allows viewing and measurement of bubble dynamics from
the entire heater surface without interference from the fluid or other bubbles. The data have been used to quantify the
effect of an electric field on the latent heat contribution to the total heat flux and to demonstrate the effectiveness of this
experimental technique. For a given heat flux, the application of the electric field reduces the surface temperature,
thereby suppressing boiling and reducing the latent heat contribution. © 2001 Elsevier Science Ltd. All rights reserved.

1. Introduction

This investigation presents a novel technique for
studying boiling bubble dynamics from flat rectangular
surfaces. A transparent heater was used instead of a thin
rectangular strip (see [1]), which allowed for easy
imaging of the entire surface when the camera was
placed beneath the surface. This imaging location also
removed the effect of the fluid and/or interfering bubbles
from the camera’s field of view. Therefore, a direct
measurement of detailed bubble dynamics over the en-
tire surface and the corresponding contribution of var-
ious mechanisms to the total heat flux can be easily
determined. Experiments have been performed with and
without an applied electric field near the heated surface
to demonstrate the effectiveness of the experimental
technique and quantify the enhancement of boiling heat
transfer on a flat surface with the application of a high
voltage, low current, electric field. Application of an
electric field to systems using dielectric coolants, e.g., R-
123, is known to enhance heat transfer. This effect is
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commonly referred to as electrohydrodynamic (EHD)
enhancement. The resulting increase in the heat transfer
coefficient can reduce the size of a heat exchanger for a
given load, and/or decrease the necessary temperature
difference, thereby increasing thermal efficiency. In
micro-gravity applications, the EHD force can be used
to replace gravity, thereby allowing for effective use of
pool boiling heat transfer.

2. Experimental apparatus

Saturated pool boiling of R-123 from an electrically
heated flat surface was investigated. A schematic dia-
gram of the experimental apparatus is shown in Fig. 1. A
transparent flat heater made from indium tin oxide
(ITO) was chosen to facilitate imaging of the boiling
dynamics from beneath the heated surface. ITO is a thin
film transparent electronic conductor that is simul-
taneously transparent to visible radiation and electri-
cally conducting [2]. In contrast, metal films have
difficulty simultaneously being both transparent and
conductive. ITO, a semiconducting film, is made of in-
dium oxide doped with 5-10 mol% of tin. Commercial
grade ITO has a resistivity of approximately
2 x 107* Q cm. Another property of ITO is that its
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Nomenclature

F(D) frequency distribution function defined
such that F(D)dD is the number of bub-
bles per nucleation site leaving the heated
surface per unit time with diameter be-
tween D and D+ dD (s7! m™!)

(F) average bubble departure frequency
(s

) average heat removal per bubble
)

(N) average number of nucleation sites per
area (cm~2)

q’ latent heat flux (W/cm?)

1 Pressure Transducer

2) Vent and Fill Valve

3) Pressure Goge

4> Spark Plug

S) Brass Rod

6> Cooling Coils

7) Pyrex Cylinder

8) Connecting Rod

9 High Voltage Electrode

10> Heater Power Wire

1> To Low Voltage Power Supply

12) IT0 Heater

13) Glass Disk

14> Thermocouple

15) From Low Voltage Power Supply

16) Heater Power Return

17> Copper Contact Spring

18) HP 6264B DC Power Supply, 0-20V,
0-20A

19) HP 3468A Multimeter

205 HP 3497A Data Acquisition/Control
Unit

Meosures Heater Current
s
+ 19
Itineter
18

- | Power Supply
HP 3497A
20

X Measures Heoter Voltage

Fig. 1. Experimental test facility.

resistance change with temperature is linear. Therefore,
by recording the resistance of the heater during experi-
ments, the average surface temperature of the heater can
be determined. To apply a uniform current density to
the heater, i.e., to obtain a uniform heat flux over the
entire surface, copper was plated to the edge of the ITO
surface (see Fig. 2(a); refer to [3] for details about copper
plating).

The final geometry for the heater was a 45 mm cir-
cular glass disk with a 0.30 um layer of ITO. The actual
heated portion of this circular disk was approximately a
15 mm long by 15 mm wide square, which resulted in a
total resistance of approximately 7 Q. To ensure that
only this square region provided active nucleation sites,

the ITO was removed from the surrounding glass. The
ITO heaters used in the experiment ranged in size from
2.55 to 4.13 cm?. A multimeter (HP3468A) was used to
measure the current supplied to the surface (Fig. 1),
while an external bus data acquisition system (HP3497A
data acquisition/control unit) was used to measure the
voltage drop across the surface. Based on the manu-
facturer’s calibration, the multimeter was accurate to
0.14% of the reading for currents <1 A and 1% of the
reading for currents >1 A. Also based on the manu-
facturer’s calibration, the data acquisition system was
accurate to 0.002% of the voltage reading. Even though
the resistance of indium tin oxide changed linearly with
temperature, the change was small. As a result, accurate
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Fig. 2. (a) ITO heater. (b) Typical images from experiment at 5 W /cm®.

surface temperature measurement requires highly accu-
rate measurement of the resistance. Nevertheless, un-
certainty in the surface temperature measurement may
be significant, because the contact resistance between the
electrode and copper spring contacts may change with
applied power and mask the resistance change of the
ITO. A 0-30 kV high voltage power supply supplied
voltage to the electrode through the spark plug and
brass rod (see Fig. 1). The ITO heater and the high
voltage electrode were both submerged in the pool of
liquid R-123, which was at saturation conditions. A
complete description of the remainder of the exper-
imental apparatus may be found in [4].

Bubble dynamics over the heated surface were im-
aged using a high speed digital camera (Dalsa CA-D1-
128D) operated at 770 frames/s. Experiments were
conducted at different power inputs (i.e., heat flux val-
ues) with and without an applied electric field. 100 im-
ages at approximately 100 locations along the surface
were taken, i.e., a total of approximately 10,000 images
were obtained for each of the 22 experiments conducted.
These images were individually viewed to determine the
average number of active nucleation sites, the bubble
departure diameters, and the bubble departure fre-
quencies. A more detailed description of the exper-
imental procedure can be found in [3]. By imaging from
underneath the heated surface, the effects of bubble in-
teraction, interfering bubbles, and the liquid are elim-
inated. The camera can focus directly on the nucleation
site and observe the bubble waiting period and the
bubble growth period. This ability offers an advantage

over traditional techniques, which measure the bubble
dynamics from the side or above.

The three dominant sources of error in the exper-
imental apparatus were the measured bubble diameter,
the surface temperature, and the measured bubble de-
parture frequency. To minimize the measured bubble
diameter error, the largest magnification factor was
used. Accurate surface temperatures were not achieved
because of the varying contact resistance, which masked
the resistance change of the ITO. The bubble departure
frequency was fixed by the camera speed, which was at
its maximum setting.

3. Experimental results

Bubble dynamics at five different heat flux values,
viz., 5.0, 6.5, 8.0, 9.5, and 11.0 W/cm’, with and
without an applied electric potential up to 20 kV were
examined. Fig. 2(b) shows typical bubble pictures re-
corded from below the ITO surface. In Fig. 2(b), a
bubble is just beginning to grow near the center of the
first picture; it continually grows and remains in focus,
i.e., attached, as time progresses through the subse-
quent four frames.

The high speed video images were used to determine
the effect of the applied electric field on the latent heat
contribution to the total heat flux following the model of
Paul and Abdel-Khalik [5]. The model subdivides the
total heat flux for nucleate pool boiling into three parts:
(1) latent heat transfer, (2) enhanced convection and
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(3) natural convection. The latent heat transfer compo-
nent corresponds to the energy removed from the heated
surface due to phase change, while enhanced convection
corresponds to the energy removed by forced convection
resulting from fluid motion near the nucleation sites as
the bubbles depart. Finally, the natural convection
contribution corresponds to the energy removed from
the surface regions unaffected by bubble dynamics.

The average surface heat flux was calculated from the
measured heater current and voltage. The estimated
average error in the heat flux was 2.2%; the major
contributor to this bias error was the uncertainty in the
measured heater area. The error propagation analysis
was based on the method presented in [6]. The satura-
tion temperature calculated from the measured system
pressure matched the directly measured pool tempera-
ture, thus verifying saturation conditions inside the
cylinder.

Each of the 22 sets of data consisted of approxi-
mately 10,000 images with 100 images at approximately
100 different positions, 1.87 mm wide by 2.59 mm tall in
area, over the surface. At each of these 100 locations
over the surface, all the nucleation sites were counted.
The nucleation sites were identified by viewing all 100
images at each location in a movie format. The esti-
mated error in the average number of nucleation sites
per unit area, (N), was 5.0%; the largest source of pre-
cision error was the uncertainty in counting the number
of active nucleation sites.

Owing to the large number of images for each ex-
periment, a random sample of position locations was
used to estimate the average bubble departure diameter.
Therefore, approximately 14-83 random positions were
chosen out of the total number of positions. At each of
these random locations, the bubble departure diameters
and the bubble departure frequencies were measured. To
verify the validity of the random sample, bubble de-
parture diameters and bubble departure frequencies
were measured at each position in one experiment.
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Afterward, 20 locations were randomly chosen. The
average bubble departure diameter and the average
bubble departure frequency were compared between the
complete analysis and the random sample. Based on
statistical analysis, there was no statistically significant
difference between the complete analysis and the random
sample.

For each of the random locations, the bubble de-
parture was identified by viewing a movie of the entire
100-image sequence. The corresponding bubble depar-
ture diameters were measured using a magnified printed
image of the identified frame. Based on the measurement
and magnification factor errors, the estimated bias error
in the bubble diameter measurement was 0.04 mm. For a
given heat flux, all the bubble data at the random lo-
cations were analyzed statistically. Figs. 3(a) and (b)
show typical bubble departure diameter distributions.
The dashed line is a normal distribution, while the solid
line is the asymptotic expansion of the normal frequency
function. While there was a slight skewness and kurtosis
with most of the bubble departure diameter data, a
normal distribution assumption introduced negligible
error in the final analysis, and was, therefore, adopted.
Fig. 3(a) shows results for a total heat flux of
511 W/ cm’ with no electric field, while Fig. 3(b) shows
results for 5.02 W /cm” with an applied electric potential
of 20 kV. The application of the electric field clearly
resulted in a reduction in the average bubble departure
diameter.

The average bubble departure frequency, (F), was
determined from the experimental data, by counting the
number of frames between consecutive bubble depar-
tures. The bubble period was calculated by dividing the
number of frames by the frame rate (770 frames/s). At
least 50 bubble departures were counted to obtain a
statistically significant sample. The estimated bias error
in the bubble departure period was 0.0013 s, which
corresponded to the time between two consecutive
frames.
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Fig. 3. (a) Bubble departure diameter distribution (no electric field). (b) Bubble departure diameter distribution (with electric field).
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Table 1

Latent heat flux data
Total heat flux (W/cm?) S.11 5.02 7.85 7.88 11.33 11.06
Electrode voltage (kV) 0 20 0 20 0 20
Number of random samples 15 14 72 83 15 20
Number of bubbles measured 167 140 599 615 476 197
Number of nucleation sites 240 163 522 337 918 433
Heat transfer area (cm?) 4.13 4.13 4.13 4.13 4.13 4.13
(N) (cm™2) 58.1 39.5 126.4 81.6 222.3 104.8
(D) (mm) 0.456 0.374 0.523 0.434 0.383 0.393
op (mm) 0.117 0.078 0.127 0.102 0.074 0.083
Bubble departure period (s) 0.00471 0.00514 0.00391 0.00559 0.00423 0.00424
(F) (s7H) 212.3 194.6 255.8 178.9 236.4 235.8
o, (kg/ m’) 8.37 8.35 8.28 10.18 9.97 10.23
hey (kJ/kg) 167 167 167 165 165 165
) Q) 8.31 x 1073 4.33 x 1073 1.22 x 107¢ 8.38 x 1073 5.36 x 1073 6.07 x 1073
Latent heat flux, ¢” (W/cmz) 1.0 0.3 4.0 1.2 2.8 1.5

The heat flux due to latent heat transport, ¢”, was
calculated using the following equation:

q" = (N)J)(F), (1)

where (J) is the average heat removal per bubble (see
[4]). Error propagation analysis showed that the esti-
mated error in the value of (J) was 28.7%, with the
largest contributor being the bias error in bubble de-
parture diameter. As a result, the estimated error in the
calculated latent heat flux contribution, ¢”, was 39%.
Table 1 shows a comparison of the bubble statistics and
latent heat contribution to the total heat flux between
experiments at three different powers with and without
an electric field. Table 2 shows the uncertainty data for
the measured parameters. Application of an electric field
resulted in fewer active nucleation sites and smaller
bubble departure diameters; therefore, for a given heat
flux, the latent heat contribution to the total heat flux
with an applied electric field was smaller than without an
electric field. As noted in [4], at a given heat flux, the
suppression of boiling with an applied electric field is
due to enhanced natural convection. The electric field
causes mixing of the boundary layer preventing suf-
ficient superheat to develop on the surface to support
boiling. Therefore, an applied electric field increases the

Table 2
Latent heat flux measured data uncertainty
Uncertainty
Heater voltage 0.0002 (%)

Heater current 1 (%)
Heater width 0.025 (cm)
Heater length 0.025 (cm)
Number of nucleation sites 5 (%)
Measured bubble diameter 0.5 (mm)
Measured bubble period 0.0013 (s)

heat transfer coefficient, reduces the surface tempera-
ture, and delays the onset of boiling. According to
Bergles [7], there are 14 enhancement techniques that are
used to enhance pool boiling. The application of an
electric field provides comparable results as these other
techniques and can be used in conjunction with other
enhancement techniques to produce a compound en-
hancement.

4. Conclusion

The purpose of this investigation was to demon-
strate the use of a transparent ITO heater in studying
bubble dynamics on flat heated surfaces and to
quantify the effect of an electric field on bubble dy-
namics in saturated nucleate pool boiling. High speed
video images were obtained for saturated pool boiling
from a flat ITO surface immersed in R-123, with and
without an applied uniform electric field. The use of
a transparent heater allowed direct observation and
recording of the bubble dynamics from underneath
the heated surface. The bubble statistics including
number of nucleation sites, bubble departure diame-
ter, and bubble departure frequency were measured.
For a given heat flux, application of an electric field
reduces the surface temperature, thereby suppressing
boiling and reducing the latent heat contribution to
the total heat flux.
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