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Abstract

In this paper, an experiment was performed which is based on a heating surface consisting of microheaters where
the temperature of each heater can be individually controlled by an electronic feedback loop. The power consumed
by the heaters throughout the cycle of individual bubble growth, coalescence, detachment and departure was mea-
sured at high frequencies, thus the heat flux and its variation were obtained. By a careful timing and control of two
individual microheaters, we were able to produce two individual bubbles side-by-side. The coalescence would takes
place when they grow to a certain size that allows them to touch each other. We have recorded two major heat flux
spikes for a typical cycle of boiling with coalescence. The first one corresponds to the nucleation of bubbles; the
second one is for the coalescence of the two bubbles. We found that the heat flux variation is closely related to the
bubble dynamics and bubble-bubble interaction. By comparing with the single bubble results without coalescence, we
also found that the heat transfer is highly enhanced due to the coalescence. © 2002 Published by Elsevier Science

Ltd.

1. Introduction

The boiling curve first introduced by Nukiyama [1]
has been used to describe the different regimes of satu-
rated pool boiling. In the high-flux nucleate boiling re-
gime, the heat transfer is much higher than other
regimes, which explains why the nucleate boiling process
is a highly effective heat transfer mode. But until now,
there are no theories or literature that exactly explains
the underlying heat transfer mechanisms. The suggested
theory is that as temperature of the heater surface in-
creases from the onset of nucleate boiling, more bubbles
are nucleated and coalesced simultaneously on the hea-
ter surface, which further increases the heat flux until the
critical heat flux point (CHF) is reached. It has been
long thought that bubble-bubble coalescence plays an
important, if not dominant, role in the high heat flux
nucleate boiling regime and during the CHF condition
as well. Because of the microscopic nature and compli-
cated flow and heat transfer mechanisms, the research
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on coalescence has not progressed very fast in both ex-
perimental and theoretical fronts. Coalescence of drop-
lets and bubbles on a surface is a highly complicated
process that involves a balance among surface tension,
viscous and inertia forces. This phenomenon is intrin-
sically a fast transient event. Due to the above reasons,
the research of coalescence between bubbles has been
rather limited. Much of the experimental and numerical
work on coalescence in viscous systems is motivated by
the sintering process.

Recently, Haddad and Cheung [2] found that the
coalescence of bubbles is one of the phases in a cyclic
process during nucleate boiling on a downward-facing
hemispherical surface. Bubble coalescence follows the
phase of bubble nucleation and growth but precedes the
large vapor mass ejection phase. A mechanistic model
based on the bubble coalescence in the wall bubble layer
was proposed by Kwon and Chang [3] to predict the
critical heat flux over a wide range of operating condi-
tions for the subcooled and low quality flow boiling.
Comparison between the predictions from their model
and the experimental CHF data shows good agreement
over a wide range of parameters. The model correctly
accounts for the effects of flow variables such as pres-
sure, mass flux and inlet subcooling in addition to
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Nomenclature

q" Heat flux (w/cm?)

Qtotal (w/oy Total heat transfer rate per unit area
supplied to a heater without boiling
(w/cm?)

Qioral vy  Total heat transfer rate per unit area
supplied to a heater with boiling (w/cm?)

qn, Heat transfer rate per unit area from a
heater due to natural convection (w/cm”)

v Heat transfer rate per unit area from a
heater due to conduction to substrate
(w/cm?)

Gl oss Heat transfer rate per unit area from a

heater due to conduction to the
surrounding heaters (w/cm’)

T Heat transfer rate per unit area from a
heater due to radiation to the ambient
(wW/cm’)

oo Heat transfer rate per unit area from a

heater due to boiling (w/cm’)
R Electrical resistance at temperature 7'
V Voltage across the heater
Ry Resistance at ambient temperature 7p
A Heater surface area (cm?)
C Platinum constant coefficient (Q/Q °C)
T Heaters temperature (°C)
Ty Ambient temperature (°C)

geometry parameters. Ohnishi et al. [4] investigated the
mechanism of secondary bubble creation induced by
bubble coalescence in a drop tower experiment. They
also performed a two-dimensional numerical simulation
study. They reported that the simulation results agree
well with the experimental data and indicate that the size
ratio and the non-dimensional surface tension play the
most important role in the phenomena. Bonjour et al. [5]
reported a study of the coalescence phenomenon
(merging of two or more bubbles into a single larger
one) during pool boiling on a duraluminium (AU4G)
vertical heated wall. They investigated various boiling
curves characterizing boiling (with or without coales-
cence) for three artificial nucleation sites which are
spaced at variable distances apart. In their experiment,
the heat flux ranges from 100 to 900 w/cm” and the wall
superheat from 5 to 35 K. They pointed out that the
coalescence of bubbles results in higher heat transfer
coefficients than single-site boiling. They also showed
that coalescence results in a decrease in the bubble fre-
quency. In a numerical study, Yang et al. [6] performed
a numerical study to investigate the characteristics of
bubble growth, detachment and coalescence on vertical,
horizontal, and inclined downward-facing surfaces. The
FlowLab code, which is based on a lattice-Boltzmann
model of two-phase flows, was employed. Macroscopic
properties, such as surface tension and contact angle,
were implemented through the fluid-fluid and fluid—
solid interaction potentials. The model predicted a linear
relationship between the macroscopic properties of
surface tension and contact angle, and microscopic pa-
rameters. Hydrodynamic aspects of bubble coalescence
are investigated by simulating the growth and detach-
ment behavior of multiple bubbles generated on hori-
zontal, vertical, and inclined downward-facing surfaces.
For the case of horizontal surface, three distinctive re-

gimes of bubble coalescence were represented in the
lattice-Boltzmann simulation: lateral coalescence of
bubbles situated on the surface, vertical coalescence of
bubbles detached in a sequence from a site, and lateral
coalescence of bubbles, detached from the surface.
Multiple coalescence was predicted on the vertical sur-
face as the bubble detached from a lower elevation
merges with the bubble forming on a higher site. The
bubble behavior on the inclined downward-facing sur-
face was represented quite similar to that in the nucleate
boiling regime on a downward-facing surface. Frenkel
[7] posed the problem of the merging of two spheres with
a slow fluid motion as the first step towards under-
standing the viscous coalescence mechanisms. For the
coalescence of liquid drops, viscosity plays a dominant
role. The experimental work of Bradley and Stow [8] on
the coalescence of water drops shows that the low vis-
cosity of water makes the motion very rapid and difficult
to observe. On the other hand, by using a very high-
viscosity fluid, the motion can be slowed for better vi-
sualization in the experiment of Brinker and Scherer [9]
and their experimental results agree very well with nu-
merical simulations of the Stokes equations [10]. Eggers
et al. [11] found that when two drops of radius R touch
each other, surface tension drives an initially singular
motion which joins them into a bigger drop with smaller
surface area. This motion is always viscously dominated
at early times. They focus on the early-time behavior of
the radius r, of the small bridge between the two drops.
The flow is driven by a highly curved meniscus of length
2nry, and width A < 7y, around the bridge, from which
they conclude that the leading-order problem is as-
ymptotically equivalent to its two-dimensional counter-
part. Sakashita and Kumada [12] proposed that the
CHF be caused by the dryout of a liquid layer formed
on a heating surface. They also suggested that a liquid
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macrolayer is formed due to the coalescence of bubbles
for most boiling systems, and that the dryout of the
macrolayer is controlled by the hydrodynamic behavior
of coalesced bubbles on the macrolayer. Based on these
considerations, a new CHF model is proposed for sat-
urated pool boiling at higher pressures. In the model,
they suggest that a liquid macrolayer be formed due to
coalescence of the secondary bubbles formed from the
primary bubbles. The detachment of the tertiary bubbles
formed from the secondary bubbles determines the fre-
quency of the liquid macrolayer formation. The CHF
occurs when the macrolayer dries out before the de-
parture of the tertiary bubbles from the heating surface.
One of the formulations of the model gives the well-
known Kutateladze or Zuber correlation for CHF in
saturated pool boiling. The vast majority of experi-
mental work performed to date utilized the heat flux-
controlled heater surface to generate bubbles. Rule and
Kim [13] were the first to utilize microheaters to obtain a
constant temperature surface and produced spatially
and temporally resolved boiling heat transfer results.
Bae et al. [14] used identical microheaters as those by
Rule and Kim [13] to study single bubbles during nu-
cleate boiling. They performed heat transfer measure-
ment and visualization of bubble dynamics. In
particular, it was found that a large amount of heat
transfer was associated with bubble nucleation, shrink-
ing of dry spot before departure, and merging of bub-
bles. In the current work, identical microheaters as those
developed by Rule and Kim [13] were used to study the
coalescence of two individual bubbles. For each exper-
iment, the temperature of the heaters was kept constant
while the time-dependent heat flux and bubble images
were recorded. The objective of this study is to establish
a correlation between the bubble-bubble interaction and
the local heat flux responses at given heater tempera-
tures. To accomplish this experimentally, the heat flux
from the heater surface and the bubble-bubble coales-
cence interaction are obtained simultaneously. This
leads to the following advantages:
1. The time-dependent heat flux variation during the
bubble’s life cycle can be obtained.
2. It is possible to produce bubble-bubble coalescence
in a controlled and repeatable manner and observe
heat flux variation during bubble coalescence.

2. Experimental system
2.1. Heaters array

Shown in Fig. 1 is the heater array used in this ex-
periment (see [13] for details). There are 96 heaters in the
array, each of which is individually controlled by a
feedback electronic circuit shown in Fig. 2. The size of
each individual heater is 270 um x 270 pm.
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Fig. 1. Heaters array.
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Fig. 2. Wheatstone bridge control circuit diagram.

2.2. Heater temperature control

This experiment makes use of the relationship be-
tween platinum’s electrical resistance and temperature.
We know that the resistance of the platinum varies al-
most linearly with its temperature by the following re-
lationship:

(R—Ry)/R = C(T = Tv), (1)

where R is the electrical resistance at temperature 7, R
is the resistance at a reference temperature 7y. C is the
constant coefficient. For platinum, the value of C is
0.002 Q/Q °C.

In this experiment, each heater’s nominal resistance is
750 Q. For a temperature change of 1 °C, the heater’s
resistance would change by 1.5 Q. Each heater has an
electronic loop to regulate and control the voltage across
it. The Wheatstone bridge shown in Fig. 2 is used to
carry out the constant temperature control. Ry is the
platinum heater resistance while R;, R,, R; are normal
metal film resistors whose values are not sensitive to
temperature. R, is the control heater resistance which is
set by the computer. The bridge is said to be balanced
when V,, = 0. This occurs when the ratio between R, and
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Ry, is the same as that between R, and R.. The feedback
loop maintains the heater at a constant temperature by
detecting imbalance and regulating the current through
the bridge in order to bring it back into balance. The
amplifier will increase or decrease the electrical current
to the circuit until the heater reaches the resistance
necessary for the bridge to maintain the balance.
Therefore, the exact value of R. corresponds to the
temperature of the heater R,. Thus, in our experiment,
we need to find a control resistance value R, which
corresponds to the temperature of the heater Ry. This is
accomplished by calibration.

2.3. Heater calibration

To set the heaters at a certain temperature, a rela-
tionship between the control resistance R, and heater
temperature is needed. One method is to calculate the
heater temperature based on the relationship of Eq. (1).
But a more reliable method was to calibrate the control
resistance of R. directly with the heater temperature.
This was performed according to the following proce-
dure. An insulated, circulating constant temperature oil
bath was heated to the desired calibration temperature
within 0.2 °C, and the heater array was sprayed with the
oil onto its surface. The control resistance R. was ini-
tially set at a low value, so the voltage across the heater
was at its minimum value. The control resistance R, was
incremented until the voltage across the bridge ap-
proached zero and the amplifier began to regulate the
heater resistance by applying power to the top of the
bridge circuit (Fig. 2). The other heaters were calibrated
by the same procedure. It is worth mentioning that
different heaters in the heater array may have different
control resistance values R. for a certain temperature,
due to various factors affecting the system, mainly dif-
ferent electrical resistances for different heaters, though
they have their own nominal values. But in calibration,
the control resistance values will incorporate all those
factors.

2.4. Boiling condition

In this experiment, we chose FC-72 to be the boiling
fluid. The reason is that it is dielectric, which makes it
possible for each heater to be individually controlled.
The bulk fluid is at the room condition (1 atm, 25 °C),
where its saturation temperature is 56 °C [15], thus it is
subcooled pool boiling.

2.5. Data acquisition

To investigate the bubbles’ coalescence, we need to
generate single bubbles on different heaters. Since each
of the 96 heaters on the heater array is individually
controlled by the electronic feedback control system, we

can set active one or more of the heaters by powering
them individually so that they reach a certain tempera-
ture while leaving all other heaters unheated. In some
experiments, in reference to Fig. 1, if only two adjacent
heaters are powered, such as #1 and #3, or #1 and #2,
the coalescence of bubbles is not distinguishable. On the
other hand, powering two heaters which are further
apart, such as #1 and #25, two single bubbles will be
generated, but the bubbles’ departure sizes are not large
enough for them to touch and merge before they depart.
Therefore, for coalescence to take place, the active
heaters have to be far enough to allow both bubbles to
be distinguished while close enough for coalescence to
occur. By trial and error, heater pair #1 and #11, and
pair #1 with #12 were found to provide satisfactory
results. First each heater was allowed to remain at a set
temperature for about 15 min to reach steady state.
Then the voltage across each heater during experiments
was acquired at a sampling rate of 40,000 Hz into
computer through data acquisition system, which is
shown in Fig. 3. The data was found to be repeatable
under these conditions. The acquired voltages were
converted to heat flux from the heaters according to the
following basic relationship:

q" = (V?/R)/A. (2)

To investigate the effect of bubble-bubble coales-
cence on boiling heat transfer, we first performed single
bubble boiling. That is, we powered heaters #1, #11 and
#12, respectively, so that the single bubbles nucleate,
grow and depart without coalescence. After the single
bubble boiling, for two heater pairs #1 with #11, and
#11 with #12, we generated individual bubbles on the
two heaters simultaneously and allowed them to co-
alesce. In each of the coalescence experiments, both
heaters are always set at the same temperature, and their
temperature were set from 100 to 140 °C with an in-
crement of 5 °C. The bubbles were nucleated on each
heater at approximately the same time. They grew to a
certain size and coalesced. For both single-bubble and
coalescence cases, we obtained the voltages across the
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heaters. In the meantime, the visualization of bubbles’
behavior by a fast CCD camera was intended to gather
more information.

3. Data reduction
3.1. Qualitative heat transfer analysis

As indicated above, each microheater has a dimen-
sion of 270 um x 270 pm. From an overall point of
view, each heater is just a “point” compared with the
entire heater array. By powering a point heater and
setting it at a temperature sufficient to generate single
bubbles on its surface, the heat transfer is quite different
from that on a large surface due to the edge effect.
Therefore, its boiling behavior is different from that on a
large heater surface.

Referring to Fig. 4, heat transfer from the point
heater is composed of the following:

1. Conduction to the substrate on which the heater is
mounted. This is due to the temperature gradient be-
tween the heater and the ambient through the substrate.

2. Boiling heat transfer on top of the submerged
horizontal heater surface during the boiling experiment
when the boiling chamber is positioned as shown in Fig.
3 and the heaters array is mounted at the bottom of the
chamber. This boiling heat transfer is replaced by the
natural convection between the heater and the air and
FC-72 vapor mixture when the chamber is tilted 90° so
that the heater is oriented vertically and separated from
the liquid for data reduction experiment.

3. Heat conduction to the surrounding heaters. When
all heaters in the heater array are set at a certain con-
stant temperature, the heater array is a constant tem-
perature surface. In this case, there is little heat
conduction to the surrounding heaters. But in the case of
a single heater, since all other heaters are unheated,
there is significant heat conduction between the point
heater and the surrounding heaters.

4. Radiation from the heater surface. Since the tem-
perature range of interest in this experiment is not very
high, this part of the heat transfer is very small com-
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Fig. 4. Single heater schematic.

pared with others. As discussed next, its effect on boiling
heat transfer is completely eliminated.

3.2. Data reduction procedure

To obtain the heat transfer rates due to boiling only,
we conduct the experiments according to the following
procedure:

1. Measure the total power supplied to the heater
during the boiling process at different heater tempera-
tures.

The total heat flux with boiling present is:

q{lolal(w) = q;/ub + qgross + q:/ad + qgoil‘ (3)

2. Tilt the boiling chamber 90°, so that the heater
array is removed from the liquid and exposed to the air
and FC-72 vapor. While separated from the FC-72 lig-
uid, we measure the total heat flux without boiling at
corresponding temperatures.

This total heat flux without boiling present is:

q{lotal (w/o) = q;/u + qgub + q:;/ross + q:':\d (4)

The conduction to the substrate ¢. , in Eqgs. (3) and (4)
should be identical because the heater is set at the same
temperature. Since the conduction to the neighboring
heaters g . are approximately the same, the boiling

heat transfer is obtained by computing the difference
between Egs. (3) and (4) as follows:

Tooit = Trotat (w) ~ rotal (w/o) T Ina- (5)

The natural convection component in Eq. (5) was
calculated using the correlation of Churchill and Chu
[16] for flat, vertical, isothermal heaters.

3.3. Uncertainty analysis

The uncertainties in this experiment include heater
temperature and heat flux measurements.

The uncertainties in temperature arise from the fol-
lowing:

1. The circuit that maintains the heater temperature
exhibits offset voltage drift due to the inherent nature of
operational amplifier (LTC1150) as shown in Fig. 2. It
has an offset voltage of 0.5V and a drift of
0.01 pV/°C. The slew rate is 3 V/us. The temperature
uncertainty due to this drift was estimated to be 0.4 to
0.6 °C[13].

2. Uncertainty arises in controlling the bulk fluid
temperature, which was seen to vary during a 10 h run
by about £0.5 °C.

The uncertainty associated with determination of the
total boiling heat flux comes mainly from the data re-
duction as outlined in Section 3.2, since the heat flux is
directly calculated from the voltages across the heaters.
Based on the assumptions mentioned in Section 3.2, the
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uncertainty estimate for heat flux has been done by using
the method of Kline and McClintock [17], with odds
(20:1), 90% confidence level, which is about £30%.

4. Results and analysis
4.1. Single bubble boiling

Fig. 5 shows the heat flux history of heater #1 when
single bubbles are nucleated on this heater at different
heater surface temperatures. Fig. 6 shows the average
heat flux for a single bubble boiling from heaters #1,
#11 and #12, respectively. Figs. 7(a)—(c) are the typical
bubble ebullition cycle when the bubbles experience
nucleation, growth, detachment and departure. From
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Figs. 5-7, we have the following observations and
analysis:

1. From Fig. 5, where each spike represents the de-
parture of a bubble, we can conclude that the bubble
departure frequency increases with heater temperature.
At a heater temperature of 100 °C, about eight bubbles
departed within 18.8 s, while at 140 °C, 10 bubbles de-
parted within the same period of time. As shown in Fig.
6 the heat transfer is higher at a higher heater temper-
ature which produces more bubbles in the same time
period. Fig. 5 also demonstrates the repeatability of the
experiment.

2. From Fig. 6, we found that the average heat flux
increases as the heater temperature is increased. This is
consistent with the results obtained by the previous in-
vestigators for large heater surfaces. For large heater
surfaces, the resulting increase in heat flux with in-
creasing heater temperature has been explained due to
the increase of nucleation sites, and coalescence among
the more and more bubbles on the heater surfaces.
However, in addition to the more microscopic active
nucleation sites on one single heater, this heat flux in-
crease for microheater in this experiment can possibly be
due to larger conduction to the vapor in the bubble, and
the higher evaporation rate in the microlayer.

3. From Fig. 7, we note that the heat flux is closely
associated with the bubble life cycle during the ebullition
process. [A] corresponds to the largest spike which takes
place during the bubble departure. When the preceding
bubble departs, the heater is rewetted by the cooler bulk
fluid. The establishment of the microlayer for the suc-
ceeding new bubble on the heater surface and the tur-
bulent convection induced by this vapor-liquid
exchange lead to this large heat flux spike. [B] represents
the moment when the succeeding bubble starts to grow
after the vapor-liquid exchange. As the new bubble
grows, the contact line which is the three-phase division
expands outward. The bubble growth results in a larger
dry area on the heater surface, thus the heat flux is de-
creasing. The low heat flux period indicated by [D], [C]
and [E] corresponds to the slow growth stage of a
bubble. As the size reaches a certain level, the buoyancy
force starts to become more important than the forces
which hold the bubble to the surface, but it is still not
large enough to lift the bubble from the heater surface,
causing the bubble to neck. During the necking process,
the contact line starts to shrink, then the dryout area is
starting to decrease, thus we have observed that the heat
flux is starting to increase slightly with some oscillation
of a small amplitude. Finally, the buoyancy force is large
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enough to detach the bubble from the heater surface,
and then another bubble ebullition cycle begins.

4. Based on the heat flux history, the bubble life cycle
can be categorized into the following periods: nucle-
ation, growth, detachment, and departure. This de-
tachment force results in a bottle-neck connecting the
new bubble embryo with the to-be-departing bubble as
Fig. 8 shows. The detachment also leaves room for the
new bubble to grow. During the detachment process, the
bubble disjoining force with the substrate surface be-
comes small so that the net force imbalance on the de-
taching bubble makes it vibrate substantially, thus
causing the heat flux to fluctuate.

5. We observed that the bubble departing size in-
creases as the heater temperature increases. The buoy-
ancy force, besides the inertia force of the bubble, is
primarily responsible for the bubble departure. The in-
terfacial surface tension along the contact line invariably
acts to hold the bubble in place on the heater surface.
Since surface tension increases with temperature, for
departure to occur at higher heater temperatures, a
larger bubble size is required to overcome the adhesive
force. Also, at higher temperatures, the thermal
boundary layer of the liquid phase next to the heater is
thicker, which allows the bubble to grow larger.

6. As the heater temperature increases, the maximum
heat flux during bubble departure decreases and the
minimum heat flux increases, which occurs in the low-
heat flux bubble growth regime. The decrease of the
maximum heat flux is thought to be due to the larger
bubble departing size, which results in a larger bubble
embryo left on the substrate surface creating a larger dry
area on the heater surface. Heat transfer is very low on
the dry surface. For the low-heat flux growth regime,
most of the heater area is covered with vapor, the con-
duction to the vapor inside the bubble is dominant,
which is proportional to the heater surface temperature.

Fig. 8. Bubble ebullition process (from Dieter Nordmann und
Franz Mayinger, Temperatur, Druck und Warmetransport in
der Umgebung kondensierender Blasen, VDI-Forschungsheft
605, 1981).

In summary, we observed one heat flux spike during
a single bubble boiling cycle, the heat flux is closely as-
sociated with the dry area on the heater surface. The
average and minimum heat fluxes increase as the heater
temperature increases, though the maximum heat flux
decreases as the temperature increases.

4.2. Dual bubble boiling with coalescence

We used two heater configurations for the coales-
cence study. Heater #1 was paired with #11 for the
first case and it was then paired with #12 for the sec-
ond. For each pair of heaters, single bubbles were
generated on each heater and then synchronized such
that coalescence would take place from the two bubbles
generated by the heater pair. Fig. 9 shows the heat flux
variations with time registered by each heater during
the coalescence. Fig. 10 shows one typical ebullition
cycles for each heater in the two configurations. To-
gether with visualization results, we observed that one
ebullition cycle with coalescence spans from [A] to [F],
where [A]-[C] is the single bubble period before co-
alescence. [D] is associated with the bubbles coales-
cence moment. After this point, the newly coalesced
bubble grows till the departing point [F]. After this,
another cycle starts. The details of this process are as
follows:

[A]: This point corresponds to the nucleation of the
new bubble. Similar to the single bubble boiling pre-
sented above, we observed a heat flux spike after the
bubble departure.

[BL.[C]: This portion corresponds to the low-heat flux
growth period. The mechanism is the same as the single
bubble boiling at the same stage discussed before.

[D]: This point corresponds to the moment when the
two bubbles coalesce. The coalescence also produced a
major heat flux spike. When the two bubbles grow to a
certain size where their boundaries contact each other,
the two bubbles then merge and form a new bubble. It is
due to the interfacial surface tension and the Marangoni
convection that make the newly coalesced bubble stay
on top of the two heaters. Because the power sources are
from two single heaters, the new coalesced bubble forms
an oval shape with its major axis in the direction of two
heaters. The heaters are rewetted with liquid again and
part of heaters is in the microlayer region, thus resulting
in the heat flux spike. To make clearer the coalescence
process, we take a look at the heater arrangement in Fig.
11. Just before the coalescence as shown in Fig. 11(a),
the individual bubbles are sitting on their respective
heaters. The dry area indicated by the contact line covers
most of the heater area. Only a small portion of the
heater area is wetted with liquid in the microlayer re-
gion. After the coalescence, as Fig. 11(b) shows, a large
portion of the heaters is rewetted with liquid again,
which results in a high evaporation rate, thus heat flux
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maintains at a higher level which is indicated as region
[E] in Fig. 10.

[E]: This is the low-heat flux growth period for co-
alesced bubble. Compared to the heat flux before co-
alescence for bubble growth, the heat flux is now higher.
We also noticed from Fig. 10 that there is substantial
heat flux fluctuation after coalescence. The instability of
liquid film beneath the coalesced bubble, the formation
of microbubbles and the large volume of the merged
bubble are all possible causes for the heat flux fluctua-
tion.

[F]: This corresponds to the moment when the co-
alesced bubble departs from the heater surface and the
start of a new cycle.

From the foregoing analysis and a comparison with
the case without coalescence, it is clear that during the
boiling cycle the bubble departure and new bubble nu-
cleation result in one major heat flux spike, whereas for
the case with coalescence, it is obvious that there are two
major spikes during an ebullition cycle. The first is due
to the bubble departure and the second is due to the
coalescence of the bubbles. After the coalescence, the
heat flux maintains at a higher level than that before
the coalescence.
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For each heater pair, the heaters were set at the same
temperature during a particular coalescence experiment.
For the entire study, the temperatures of the heaters
were varied from 100 to 140 °C. Figs. 12 and 13 show
the average heat flux for a heater during an ebullition
cycle at different heater temperatures. Fig. 12 is for
heater pair #1 with #11, and Fig. 13 is for #1 with #12.
These results were obtained by dividing the total power
dissipation by the two heaters total area. We have the
following observations:

1. In general, the average heat flux increases with
heater temperature as expected. Also the entire curve
resembles the macroscopic pool boiling curve introduced
by Nukiyama [1] where the heat flux would decrease
after reaching a local maximum (critical heat flux in
regular pool boiling). After reaching a local minimum
(Leidenfrost point in regular pool boiling), the heat flux
would resume a positive slope.

2. It is noted that for heater pair #1 with #12, the
region between local maximum and local minimum in
heat fluxes is not as distinctive as pair #1 with #11. It
also occurs at different temperatures. We speculate
that because the separation distance between #1 and
#12 is shorter than that between #1 with #11, there is
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Fig. 9. (a) The heat flux variation for #1, when coalesce with #11 at 110 °C. (b) The heat flux variation for #11, when coalesce with #1
at 110 °C. (c) The heat flux variation for #1, when coalesce with #12 at 100 °C. (d) The heat flux variation for #12, when coalesce with

#1 at 100 °C.
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more dry area for pair #1 and #12. On the other hand,
different heater areas for #1 and #12 might have con-
tributed to the difference. Heater #2 (0.0748 mm?) has a
larger area than # 1 (0.07316 mm?), while #1 and #11
(0.0732 mm?) are much closer in surface areas.

4.3. Heat transfer enhancement due to coalescence

The main objective of the current study is to inves-
tigate the effect of coalescence on boiling heat transfer.
To quantitatively compare the heat transfer between
the single bubble case and that with coalescence, we use
the same method to obtain the average heat flux for the
single bubble boiling at the same boiling conditions. Fig.
14 shows the heat transfer enhancement for heater pair

100 One ebullition cycle for #1, coalesce with #11

Heat flux (w/cm2)

@) 0.2 0 02 04 06 08 1 12 14 16 1.8 2
Time (s)

One ebullition cycle for #1, coalesce with #12
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Heat flux (w/cm 2)

Heat flux (w/cm ?)

#1 with #11, in which Fig. 14(a) is the absolute heat flux
increase and Fig. 14(b) is the percent increase. Fig. 15 is
for the heater pair #1 with #12. For pair #1 with #11,
the heat transfer enhancement changes substantially
with the heater temperature, while for pair #1 with #12,
the heat transfer enhancement is relatively insensitive to
the heater temperature. Apparently the enhancement
curves carry some similarity to those boiling curves with
coalescence in Figs. 12 and 13.

4.4. Bubble departure frequency
Fig. 16 is plotted to compare the bubble departure

frequencies for the coalescence case with that without
coalescence. It illustrates the heat flux variation during a
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Fig. 10. One typical ebullition bubble cycle for two configurations, (a) and (b) for heater #1 with #11, (c) and (d) for heater #1 with

#12.
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Fig. 11. The heaters dry area before and after coalescence.
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Fig. 12. The boiling heat flux for heater #1 and #11 at different temperatures as they are set different temperatures to generate bubbles
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Fig. 13. The boiling heat flux for heater #1 and #12 at different temperatures as they are set different temperatures to generate bubbles

and coalesce.
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Fig. 14. The heat flux increase due to coalescence (#1 with #11).
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Fig. 15. The heat flux increase due to coalescence (#1 with #12).
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Fig. 17. Visualization of bubble coalescence process (images taken from the bottom of heaters).
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10-second period, which also indicates the bubble life
cycles for the single bubble case and the bubble-bubble
coalescence case. It is clear that when two bubbles co-
alesce, the departure frequency increases as a result of
enhanced heat transfer.

4.5. Visualization of bubble coalescence

Fig. 17 provides a photographic visualization of the
coalescence process from beneath the microheaters.
The bubble growth process is also shown in the pho-
tographs. It is clear that the two bubbles are quite
identical which results in a symmetric coalescence
process.

5. Summary and conclusions

Comparing the heat transfer characteristics during
coalescence with those for the single bubble case, we
offer the following summary and conclusions:

1. There are two major heat flux spikes for the case with
coalescence as compared to only one single major
spike for the non-coalescence case. Through a quan-
titative analysis, coalescence results in a substantial
heat transfer enhancement.

2. The bubble departure frequency increases due to co-
alescence of bubbles as compared with the single bub-
ble case at the same boiling condition.

3. The boiling heat transfer is closely associated with the
bubble’s contact line movement and dry area on the
heater surface.

4. The heat transfer rate during bubble growth after
coalescence is larger than that before coales-
cence.

5. Degree of heat transfer enhancement depends on the
configuration and temperature of the two heaters.
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