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Abstract

In this investigation, boiling incipience and bubble dynamics on a microheater with a geometry of 100 um x 100 pm
fabricated with MEMS technology are evaluated using a high-speed digital camera. For the purpose of comparison
with conventional boiling heat transfer, boiling incipience and bubble dynamics are also studied on a carefully selected
microheater with a fabricated defect (i.e., a microcavity on the heater surface). Of industrial interest are the effects of
dissolved gases on boiling incipience and bubble dynamics, which are also discussed in detail. The possible nucleation
temperature (or incipience temperature) is analyzed and discussed from the perspective of the measured bulk temper-
ature of the microheater and a 3D heat conduction numerical model. The time-resolved bubble dynamics (i.e., the bub-
ble size evolution, interface velocity and interface acceleration) are all presented along with high-speed digital images.
Based upon this investigation, it is clear that explosive boiling can take place on a smooth surface no matter how slow
the heating rate, and dissolved gases have a significant influence on the incipience temperature and bubble behavior.
Furthermore, this study illustrates that the classical kinetics of boiling can explain the explosive boiling occurring on
a smooth surface in principle and can provide a useful guide for the design of microscale heat transfer and/or MEMS
devices. Although unexpected, due to the gravitational effects, Marangoni flow on the vapor-liquid interface induced by
the temperature gradient was also observed.
© 2005 Elsevier Ltd. All rights reserved.
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1. Introduction

Due to continued developments in the microelectro-
nics industry during the last decade there has been a
growing interest in liquid-vapor phase-change heat
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transfer at the microscale. This increased interest is in
part driven by increases in the packaging density of com-
ponents, which results in significantly higher heat fluxes.
As the air cooling limit is reached, liquid cooling, with or
without phase change, is the first alternative. Two ranges
of heat flux can be loosely identified relative to the mag-
nitude of this heat dissipation: the high-flux range, with
cooling heat flux requirements on the order of 10°—
103> W/em?, and the ultra-high heat flux range, with
heat fluxes above 10° W/cm? [1]. The high-flux range is
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Nomenclature

Cp specific heat of platinum
er electrical Resistivity

1 current

0 inner heat resource; power
r bubble radius

I3 bubble interface velocity

7 bubble interface acceleration
o initial radius of bubble

R resistance

t time

T temperature

TCR thermal coefficient of resistivity
AV voltage drop

Greek symbols

o natural convection heat transfer coefficient
€ emissivity

A thermal conductivity

o density of platinum

Subscripts

Au gold

PR precision resistors

Pt platinum

presently encountered in high-performance supercom-
puters, advanced military avionics and similar high
performance devices and systems. The ultra-high heat
flux range is typically encountered in fusion reactors,
high-efficiency (continuous-wave) short-pulse lasers
and X-ray synchrotrons, etc. Liquid cooling can be em-
ployed with or without boiling as a potential approach
to solving the problems associated with these devices,
and has been the subject of numerous studies in recent
years. A second reason for the growing interest in li-
quid-vapor phase-change heat transfer at the micro-
scale, is that bubble actuation at the microscale under
pulsed heating has been used successfully in thermal
ink jet printers. A number of other novel applications
utilizing microscale bubble actuation are currently being
explored, e.g., bubble actuated pumps [2], bubble-actu-
ated micro-mixers [3] and bio-sensors [4].

It is well known that boiling requires that the temper-
ature of the heated device exceed the saturation temper-
ature of the pure liquid. The liquid adjacent to the device
surface must first be superheated by a few degrees above
the saturation temperature in order to form the first
bubble. One of the key concerns in the implementation
of phase-change cooling schemes using dielectric cool-
ants is the uncertainty surrounding the initiation of
nucleate boiling. In these applications, boiling incipience
often occurs at temperatures much higher than expected.
This excess superheat may be dissipated quickly by vig-
orous boiling, but may also result in damage to the de-
vice due to thermal shock [1]. Unsteady-state phase
change under pulsed heating is much more closely re-
lated to bubble nucleation and a clear understanding
of the nucleation temperature and bubble behavior is
important in the future development of MEMS
technology.

The optimal boiling incipience temperature for differ-
ent situations is still unknown because so little is known

and there is so much variation in the data reported in the
published literature, especially when the influence of
micro-cavities and dissolved gases are factored into the
determination of the incipience and/or nucleation tem-
peratures. Classical theory has already revealed some
of the mechanisms involved in the boiling process.

Hsu [5] has proposed a criterion for bubble survival
in pool boiling and successfully demonstrated that this
criterion can predict, quite accurately, the boiling incip-
ience temperature and the corresponding heat flux.
However, this theory is suitable only for cavities ranging
in size from 10 to 1000 pm. A classical kinetics of boiling
approach can be used to explain the physics behind
homogeneous and heterogeneous nucleation occurring
in pool boiling, but the experimental data are often far
below the values predicted by the kinetics of boiling.
For example, Cole [6] has analyzed and summarized in
detail the physical mechanisms for bubble nucleation
at very small length scales, which yields a homogeneous
nucleation temperature of approximately 180 K above
the saturation temperature for water at atmospheric
pressure. Until recently, only rapid transient nucleate
boiling under pulsed heating [7-12] has demonstrated
that homogenous or heterogeneous nucleation plays a
defining role in the boiling process and little evidence ex-
ists that the temperature of boiling incipience will ap-
proach the value predicted by the kinetics of boiling.
Even so, there still exists a significant difference among
these experimental data [7-12]. It is important to under-
stand that the kinetics of boiling can help to explain not
only the transient boiling process, but also the boiling
modes at the microscale, e.g., the quasi steady-state boil-
ing processes observed at the microscale. Unfortunately,
there is little evidence to validate the accuracy of the
kinetics for quasi steady-state conditions.

Recently, a series of experiments was conducted
to examine and understand nucleate boiling on a
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microscale heater in which the heater temperature was
maintained at a constant value [13-15]. Chen et al. [14]
found that when the superheat approached the homoge-
neous nucleation temperature, the vapor immediately
expanded and was distributed over an area well beyond
the heater surface area, but when the superheat of the
heater was less than the homogeneous nucleation tem-
perature, the bubble formation was always initiated with
nucleation of small bubbles and their coalescence.
Unfortunately, even though a high-speed camera was
used, information on the initial stage of bubble
formation was not presented and thus it is very hard
to determine if this microscale boiling has a definitive
connection to the kinetics of boiling.

The bubble dynamics of a boiling system from nucle-
ation in the liquid to the detachment from the heated
surface is not clearly understood. The Rayleigh—Plesset
equation can be used to describe the bubble growth in
general, however, the initial nonequilibrium vapor pres-
sure is not clearly understood. Currently, there exists a
number of models [16-19], some of which yield reason-
able agreement with the experimental data, if some
important assumptions are made, e.g., the assumption
of the inner bubble thermodynamic parameters (temper-
ature or pressure). General agreement exists that bubble
growth includes two stages: the dynamic stage and the
heat transfer stage. However, how to identify or distin-
guish between these two stages is unclear due to the
questions surrounding the nonequilibrium vapor pres-
sure [20].

In the current investigation, a microscale platinum
heater with a very smooth surface (average roughness
of 50 A) was fabricated on a Pyrex wafer. The lowest
nucleation temperature in water, with or without dis-
solved gas, was identified by carefully controlling the
power input. Quasi steady-state and transient boiling
under pulsed heating were explored and both bubble
nucleation and bubble growth were observed using a
high-speed digital camera. For the first time, explosive
boiling phenomena were observed over the entire range,
including quasi steady-state boiling, and the boiling
incipience temperature was analyzed. Comparisons of
the bubble behavior in a microcavity, with the time-
resolved bubble dynamics associated with explosive
boiling on a smooth surface indicated that the resulting
phenomena were much different from conventional bub-
ble dynamics. These unique bubble nucleation and
growth phenomena are reported here for the first time
and reveal considerable insight into the boiling mecha-
nism occurring in MEMS applications.

2. Experimental system

The microheater used in the current experimental
investigation is shown in Fig. 1(a). The microheater
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(1500A Pt+ 2004 Tiw)

Electrical Pad
(3000A Au + 200A TiW)
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Fig. 1. The fabricated microheater: (a) Photo of the micro-
heater and the electrical pad and (b) surface roughness of the
microheater.

was created using microfabrication technology and a
lift-off metallization technique. A 200 A TiW film (for
adhesion) and 1500 A platinum film were sputtered on
a Pyrex wafer coated with a photoresist, after patterning
with photolithography. Following a lift-off process in
acetone, the process was repeated for a gold pad with
a thickness of 3000 A of Au and 200 A of TiW. The
length and width of the gold pad were 10 mm and
2 mm, respectively. The width and length of the plati-
num heater were both 100 um. It should be noted that
there was an overlap of the gold pad, of 10 pm on both
sides, used for the necessary connections, so that the ac-
tual width of the heater was 80 um. The surface rough-
ness of the microheater was measured using a scanning
profilometer and is given in Fig. 1(b). The average
roughness of the microheater surface is approximately
50 A (5 nm). This roughness is in the range of the critical
bubble size for homogeneous bubble nucleation, thus,
avoiding the influence of cavity size on bubble
nucleation.
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Fig. 2. The calibration of the microheater specimen.

The results of the calibration of the temperature and
the resistance of the microheater are shown in Fig. 2.
The dark squares shown are the calibration results
achieved by placing the microheater in a thermal bath
and/or on a hot plate and isolating it with a cover on
top of the microheater, in order to suppress the temper-
ature oscillations. Two microscale T-type thermocouples
were attached to the Pyrex wafer very close to the micro-
heater to record the temperature variation using a digital
thermometer (Omega HH23 microprocessor thermome-
ter). After several heating and cooling cycles in the ther-
mal bath, the response of the microheater resistance with
the temperature variation was transferred to a digital
data acquisition system (HP 3478A Multimeter) and re-
corded. A linear fit was applied to the calibration data,
resulting in a gradient of 0.00379 Q/°C as shown in
Fig. 2. It should be noted here that this resistance cali-
bration considers all of the resistances of the micro-
heater, i.e., the TiW, gold pad and the electrical wire
soldered to the gold pad for circuit connections. For
ambient conditions, the total resistance of the gold pad
and electrical wires was approximately 1.0788 Q as mea-
sured by a digital multimeter at room temperature.

The experimental test facility is illustrated in
Fig. 3(a), and includes a heating unit, a control unit, a
data acquisition system and the experimental test sec-
tion. The heating unit was a DC power supply and an
electronic circuit through which the pulse magnitude
or the total voltage input could be adjusted. The data
acquisition unit included a digital oscilloscope (Tek-
tronix TD2014) with a sampling rate of 1.0 GS/s or
higher, which was used to record the voltage drop on
different resistance elements. A microscope (500X,
Olympus BXFMF) and a digital high-speed camera
(Redlake MotionScope PCI 2000S) with a maximum
recording rate of 2000 fps was used to record bubble for-
mation and behavior. The control unit consisted of the

required control and trigger generators. The voltage
pulse was used as the prime trigger for the pulsed heat-
ing and the quasi steady-state process, respectively. The
imaging card connected to a CCD camera and the digi-
tal oscilloscope were triggered at the same time. In this
way, all of the data acquisition equipment was synchro-
nized. The test section included a Pyrex Petri dish which
served as a water vessel and a die-sized Pyrex wafer with
the microheater fabricated on the surface. The main
resistance elements in the circuit were the precision resis-
tors (PR) and the microheater specimen. These resis-
tance elements were subjected to a continuous electric
power directly from DC power supply or a periodic elec-
tric pulse from a waveform generator and an amplifier
circuit (which was integrated on the control board).
The precision resistors were used for current measure-
ment, I(£) = AVpr(#)/Rpr and the configuration of the
voltage drop measurement on these resistance elements
is shown in Fig. 3(b). The tips of the measuring probe
connected to the digital oscilloscope were attached very
close to the pin of the resistors and the microheater, in
order to avoid the introduction of errors due to the con-
necting wires.

As shown in Fig. 4, which illustrates the calibration
of the precision resistors, during a 140 ms electric pulse,
the resistance of the precision resistors does not change.
From the manufacture data sheets, the temperature
coefficient (TCR) of these devices was =420 ppm/°C
and if compared to the TCR of standard platinum
(3850 ppm/°C), the variation of the resistance during
electrical heating was negligible.

Because the properties of water are well known and
can easily be found in the literature (e.g., air solubility
in water), this experimental investigation utilized pure,
deionized water as the working fluid. The bulk fluid tem-
perature was approximately 25 °C for un-degassed water
and 40 °C for degassed water in order to avoid evapora-
tion of the liquid and blurring of the objective lens of the
microscope (The ambient pressure was 1 atm and, there-
fore, there was a subcooling of about 75 and 60 °C
respectively.) The liquid was maintained at 5 mm above
the microheater to avoid the influence of the surface on
the bubble behavior, as in pool boiling. For quasi
steady-state boiling, a slow, but steadily increasing rate
of 0.1 V/s of overall voltage input was applied to the
circuit. After initial bubble formation, the total voltage
input was held constant to explore the bubble behavior.
For the transient boiling study, a series of voltage pulses
with 120 ms duration were conducted with increases of
0.1 V in amplitude. In order to determine the effects of
dissolved gas on boiling incipience and bubble dyna-
mics, two different cases were evaluated: one with gas
dissolved in twice-distilled water, and the other with
twice-distilled water from which the dissolved gas was
removed by boiling the water for more than 30 min in
the Pyrex Petri dish.
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Fig. 3. The experimental setup and the resistance measurement circuit: (a) Experimental setup and (b) resistance measurement circuit.

The primary sources of uncertainty in the present
experiments as presented in the following sections, are
the ambient noise and the residual thermal stress of
the microheater, due to the microfabrication. These
two unknown factors had a negative influence on the
accuracy of the measurements, but their impact on the
magnitude of the measured values was determined to
not be significant. The difference between the two ther-
mocouples attached to the microheater specimen used
for calibration was less than 0.1 °C and the value as

measured by a digital multimeter was unchanged to four
significant digits during calibration. Other resistance ele-
ments were all measured with a digital multimeter to the
same level of accuracy. During the experiments, the
uncertainty of the temperature measurement was deter-
mined by repeating experiments to be less than +6%
(or £5°C for a measured value of 85 °C, +10 °C for a
measured value of 180 °C). If the nonuniformity of the
temperature distribution as revealed by a detailed 3D
numerical simulation is taken into consideration, the
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Fig. 4. Calibration of precision resistors.

overall uncertainty for the measured boiling incipience
temperature will be less than £15% (or £10 °C for a
measured value of 85°C and £25°C for a measured
value of 180 °C).

3. Data reduction

The temperature of the heater was determined from
the relationship between the temperature and the
resistance of the microheater. The resistance of the
microheater varied almost linearly as the ambient tem-
perature changed. With the calibration results shown
in Fig. 2 and the curve fit, the resistance of the micro-
heater, Ryeaier, could be related to the temperature as

Rheater(Theater) = RO . f(Rheater(t))
= RO(I + 0- Theater‘bulk) (1)

Here, the extrapolated value of the resistance, Ry, at
0 °C was 1.6361 Q and the thermal coefficient of resistiv-
ity for the heater was 0 = 0.002316 Q/°C.

In order to calculate the temperature of the micro-
heater, the resistance variation with time was first deter-
mined. With the measured voltage drop of the precision
resistors, AVpr(f), and the resistance of the shunt-
wound precision resistors, Rpr = 2.5 Q, the current var-
iation in the circuit was defined as

1) = 20 @)

Rpr
Then, with the measured voltage drop of the micro-
heater, AVjcater(?), and the current calculated from
Eq. (2), the variation of the resistance of the microheater
could be represented as

AV eater (¢
Rhealer(l) - ;(—;)()

Finally, substituting the results from Egs. (2) and (3)
into Eq. (1), the temperature of the microheater could
be obtained as

3)

Bew St~ o (4)
0- Ry

In Eq. (4), Rpr , Ry and 0 are all known and AVpg(7)

and AVpeae(f) are obtained experimentally.

Power dissipation in the heater was also of interest in
this investigation, not only for industrial applications,
but also for the numerical simulation of the heat transfer
in the microheater. Here, the power dissipation in the
microheater can be determined as

Qhealer(t) = Iz(t) : Rheater(t) (5)

However, Eq. (5) gives the total power dissipation in the
microheater specimen, which includes two electrical
wires soldered on the gold pads, the two gold pads them-
selves, and the platinum heater. In order to correctly cal-
culate the power dissipated in the platinum heater alone,
the following correction was applied

Theater (t) =

Rp

)
Rheater

QPt(t) = thatcr(t) (6)
where Rp; = Rpeater— Reonnection- 1t 18 important to note
here that the resistance of the gold pads did not change
significantly, since the resistance of the gold pads is
small, the power density in the gold pad is very low,
and the temperature of the gold pad was held relatively
constant as indicated by a detailed 3D heat conduction
analysis. Hence, if the connection resistance variation
with temperature is neglected, Reonnection = 2 X Rwire T
2X Raoy=2%0.1941 +2x0.3453 =1.0788 Q, and the
power consumed in the platinum heater can be deter-
mined. Similarly, the power consumed in the gold pad
can also be calculated.

4. Experimental results and discussion

As discussed in the introductory section, the primary
focus of the current investigation was to achieve the low-
est nucleation temperature on a smooth platinum micro-
heater, in water with or without dissolved gases, by
controlling the power input (actually the overall voltage
input). Here, the violent explosive boiling that results
under more intense pulsed heating or higher power input
is not discussed in detail, as the focus is on the boiling
incipience on the microheater. This phenomenon is sim-
ilar to that observed for low power heating, except that
more small nucleate bubbles are generated and the final
stable bubble diameter under higher power heating is
much larger than what is typically generated under low
power heating as observed in experiments. Additional
related information can be found in [21,22].

In the following, the visualization of the bubble
nucleation and bubble growth is first examined for
quasi steady-state and pulsed heating, respectively.
Then, the temperature variation and power dissipation



4322 J. Li, G.P. Peterson | International Journal of Heat and Mass Transfer 48 (2005) 4316-4332

corresponding to the boiling phenomena are deter-
mined, illustrated and discussed. Finally, the bubble
dynamics as resolved from the high-speed recording of
the bubble growth is analyzed.

4.1. Visualization of microscale bubble nucleation and
incipience temperature

4.1.1. Quasi steady-state boiling

In order to evaluate the difference between conven-
tional boiling and boiling on a smooth surface, a sample
with a small amount of residual defects from the metal
sputtering process was selected. This test article had sev-
eral cavities, approximately 5 pm in diameter. The bub-
ble cavitation and growth process for this test article are
shown in Fig. 5. It is obvious here that the bubble grows
from the cavity and increases in size steadily and contin-
uously because of the heated layer of liquid, which be-
comes thicker with time, due to the heat transfer from
the microheater to the liquid. Thus, according to Hsu’s
model, the heat and mass transfer from the liquid to
the vapor phase promotes bubble growth. This mecha-
nism is also the driving mechanism in conventional
boiling.

Fig. 6 illustrates bubble nucleation and growth on the
smooth surface in the presence of dissolved gases. Here
it can be seen that at the initial moment of bubble nucle-
ation (0.004 s), a dramatic increase in the rate of bubble
growth is observed, which is totally different from the
bubble cavitation occurring in a cavity. This unique phe-
nomenon provides definitive proof of the heterogeneous
nucleation theory and explosive boiling, even under very
slow heating rates.

Fig. 7 illustrates bubble nucleation and growth on a
smooth surface immersed in water in which the dissolved
gas has been removed by boiling for more than 30 min.

Micro-cavity

0.06s 0.096s

0.128s

0.504s 0.928s 1.848s

Fig. 5. Boiling incipience and bubble dynamics in water with
gas dissolved for the quasi-steady state process from a
microcavity with a diameter of 5 um.

Os 0.004s 0.008s 0.064s
0.14s 0.372s 0.416s 0.828s
1.708s 2 5765 '

4.62s

Fig. 6. Boiling incipience and bubble dynamics in water with
gas dissolved for the quasi-steady state process on a smooth
surface under 0.088 W power inputted.

0.008s 0.012s

0.176s 0.28s

0.884s

0.512s 0.64s

2.032s 4.724s

Fig. 7. Boiling incipience and bubble dynamics in degassed
water for the quasi-steady state process on a smooth surface
under 0.127 W power inputted.

Comparison of the phenomena in degassed water with
those of the gas-dissolved water reveals the following:
(1) the overall voltage input (or power input) for bubble
generation in degassed water was much higher than that
in gas-dissolved water; (2) the bubble size was smaller
than the gas bubble due to the surface tension difference
and the difference in the thermodynamic properties of
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the gas and vapor; and (3) several small bubbles adjacent
to a large bubble were nucleated spontaneously in the
degassed water, as shown in Fig. 7 (0.004 s-0.012 s),
due to the much higher surface temperature of the
microheater. It is hypothesized here that the single large
bubble observed in the experiments, shown in Figs. 6
and 7, results from the merging of many small bubbles
generated in the central area of the heater in accordance
with published experimental results and the kinetics of
boiling, which yields large nucleation rates for a given
superheat [6,7].

It should be noted that a common phenomenon ob-
served during bubble evolution in both gas-dissolved
and degassed water was that following the first stage
of growth, the bubbles began to shrink slightly, and then
grew steadily and approached an extremum that varied
in accordance with the different voltage inputs.

The measured and computed temperature variations
corresponding to Figs. 5-7 are shown in Fig. 8 with
the power consumed in the microheater specimen indi-
cated. As illustrated for boiling from a microcavity with
an equivalent diameter of 5 um, the boiling incipience
temperature with gas dissolved in water was approxi-
mately 85°C (Curve 3). This indicates approximately
15 °C of subcooling and agrees well with the theoretical
analysis performed previously utilizing classical bubble
survival theory [23]. This result demonstrates the accu-
racy of the present measurements and correlates quite
well with the classical theoretical analysis for boiling
incipience from a cavity. For bubble nucleation from a
smooth surface, the temperature variations after boiling
are also illustrated in Fig. 8, where Curve 1 is for de-
gassed water and Curve 2 is for gas-dissolved water.
For the gas-dissolved water, the measured incipience
temperature was approximately 135°C, and for de-
gassed water this value approached 180 °C. Using the

240

220
1 Boiling Incipience on Smooth Surface

200 ': Degas/Quasi-Steady-State (0.127W)
180 ] - AApm bAoA --—
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12041
100

0] - AN

Boiling Incipience on Micro-Cavity

O Ty YT ATY, AL N L) (XN,
..... '.J""h':".'-i-“ _-.1’4,.: .‘I‘. T‘T-"“ g“.‘..,r ‘.h..,g [ -“.."|'“|LL."!"+"-"1 demnan

Temperature (°C)

60 Gas/Quasi-Steady-State (0.069W)
-0.05 0.00 0.05 0.10 0.15 0.20
Time (s)

Fig. 8. Temperature variation after boiling incipience for quasi-
steady state process (the data in the parenthesis is the power
consumed on the microheater article).

3D steady-state heat conduction model described in de-
tail in the Appendix, the temperature distribution in the
microheater and on the surface can be resolved.

The numerical results obtained for the temperature
distribution on the heater surface are shown in Figs. 9
and 10 for gas-dissolved water and for degassed water
respectively. It can be seen here that for these two cases,
the highest temperature in the central area of the heater
was higher than the average bulk temperatures of the
heater: 154 °C compared to 135°C for gas-dissolved
water and 205 °C compared to 180 °C for degassed
water. Nevertheless, the observed explosive boiling is
initiated in the central area of the heater and the bubble
assumes an elliptical shape, which agrees well with the
numerical results of the temperature distribution on
the heater surface.

The predicted values for bubble nucleation are
230 °C for saturated gas-dissolved water and 265 °C
for pure water from the theoretical analysis [23]. The
possible reasons for the difference between the measured
and predicted values are: (i) any unexpected impurities
can decrease the incipience temperature and (ii) any
unpredictable sub-micron defects on the heating surface
can decrease the incipience temperature.

4.1.2. Pulsed heating boiling

Fig. 11 illustrates bubble nucleation and growth on
the smooth surface with gas-dissolved water under a
120 ms pulse heating. Here it can be seen that, much like
the quasi steady-state boiling case, a very large rate of
bubble growth was obtained at the initial moment of
bubble nucleation (0.004 s). Since considerable research
has already been performed in the range of micro to mil-
lisecond pulses [3,4,7-12], a large pulse duration of
120 ms was utilized in the current study (this was also
helpful due to the limited capture speed of the CCD
camera) and for comparison with quasi steady-state
phenomena.

Fig. 12 illustrates bubble nucleation and growth on a
smooth surface with degassed water under a 120 ms
pulse heating. Comparison of the resulting phenomena
in degassed water with those occurring in the gas-
dissolved water indicates the following: (1) the voltage
amplitude of the pulse (or power input) for bubble
generation in degassed water was much higher than that
for the gas-dissolved water and (2) the speed of bubble
collapse in the degassed water was faster due to the dif-
ference in surface tension and the difference in the ther-
modynamic properties of the gas and vapor. For both
situations, the bubble collapses suddenly after the end
of the pulse (This phenomenon was also observed by
Deng et al. even for 1.6 ms pulsed heating [4]) due to
the transient cooling of the ambient subcooled water
(or mainly due to the transient cooling from the lower
temperature gold pads with much higher thermal
conductivity).
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Fig. 9. Numerical simulation of the temperature distribution on the top surface of the microheater and gold pad for 0.085 W total
power input-the averaged bulk temperature of microheater is 135 °C and the highest temperature on the platinum surface is 154 °C:
(a) temperature distribution on the top surface of gold pad (the square indicates one fourth of the platinum microheater) and
(b) temperature distribution on the top surface of the platinum microheater.

The measured temperature variations corresponding
to Figs. 11 and 12 are shown in Figs. 13 and 14. It
should be noted here that because there was no current
in the circuit before and after the electrical pulse, there is
no measurement of the temperature before or after the
pulse. In Figs. 13(a) and 14(a), Curve 1 illustrates the
measured temperature variations during 120 ms of
pulsed heating. Curve 2 represents the numerical results
of the bulk temperature of the platinum heater using a
3D unsteady-state heat conduction model with the mea-
sured power input, as shown in Figs. 13(b) and 14(b).
The approach to calculating the power dissipated in
the platinum heater and gold pads has been described
previously. The detailed numerical model is also pre-
sented in the Appendix. The arrows in Figs. 13(a) and
14(a) identify the moment of boiling incipience as
determined by the CCD camera. There are several rea-
sons for the differences between Curve 1 and Curve 2

in Fig. 13(a) and 14(a). The principal one, however is
that the measurement circuit utilized is not capable of
measuring the voltage variation correctly at both edges
of the pulse, due to the absence of current in the circuit.
This needs to be improved in order to trace the variation
of resistance at the edges of the pulse. Additionally,
there remains some residual thermal stress from the
microfabrication process, which is restored during the
pulsed heating. Finally, the ambient noise is not negli-
gible and this and several other minor and unexpected
factors cannot be incorporated into the numerical
simulation.

Under the pulsed heating applied in this investiga-
tion, the measured incipience temperature for the gas-
dissolved water was approximately 150 °C, as shown in
Fig. 13(a); for the degassed water, the measured incipi-
ence temperature was approximately 190 °C, as shown
in Fig. 14(a).
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Fig. 10. Numerical simulation of the temperature distribution on the top surface of the microheater and gold pad for 0.117 W total
power input-the averaged bulk temperature of microheater is 180 °C and the highest temperature on the platinum surface is 205 °C:
(a) temperature distribution on the top surface of gold pad (the square indicates one fourth of the platinum microheater) and
(b) temperature distribution on the top surface of the platinum microheater.

4.2. Bubble dynamics

Bubble dynamics examines the variation in bubble
size with respect to time, the bubble interface velocity
and the bubble interface acceleration. In the current
investigation, bubble size evolution with time was re-
solved using the input from the high-speed camera.
The equivalent radius of the bubble was measured by
the camera software following calibration and correc-
tion for directional variations.

In order to accurately calculate the growth rate of a
bubble, the following initial values are defined from
the theory of kinetics,

20
P.(Tw) = Pom]” @)
Fo =0, (8)

ro =

where rg is the initial size of the bubble and 7, is the
initial interface velocity of the bubble. The above defi-

nitions can be found in references that examine meta-
stable liquids and homogeneous nucleation (e.g.,
Kagan [24]). If the highest temperature on the platinum
surface, as determined from the numerical simulation, is
used to determine the initial vapor pressure inside the
bubble, ry will be a very small value, about ten nano-
meters. Thus, ry can be neglected and assumed to be zero
ro = 0 for convenience.

Calculation of the bubble interface velocity and
acceleration is accomplished as follows:

rin-At) —r((n—1) - M)

(- AL) =
7(n - At) Ar
for the interface velocity 9)
. i(n-At) —i((n—1) - At)
CAY) =
F(n - At) Ar
for the interface acceleration (10)

Here n=1,2,... and Ar=0.004s. Using Egs. (9) and
(10), the interface velocity, 7(¢), and acceleration of the
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Fig. 11. Boiling incipience and bubble dynamics in water with
gas dissolved for the pulsed-heating process on a smooth
surface under 0.142 W power inputted.
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Fig. 12. Boiling incipience and bubble dynamics in degassed
water for the pulsed-heating process on a smooth surface under
0.181 W power inputted.
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Fig. 13. Temperature and power variation of transient process
with gas dissolved in water during pulsed heating: (a) temper-
ature variation under pulsed heating (120 ms pulse) and (b)
calculated power variation on the specimen (averaged value is
0.142 W).

bubble, #(¢), can be determined. Because of the time in-
volved in analyzing and resolving every frame of the
CCD movie, only the most typical and meaningful pic-
tures were selected for use in the calculations.

4.3. Quasi steady-state

In Fig. 15, the bubble evolution with time, as illus-
trated in Figs. 5-7 is shown, are shown for a bubble ini-
tiating from a microcavity, a bubble from a smooth
surface in water with gas dissolved, and a bubble from
a smooth surface in degassed water, respectively.
Fig. 15 clearly indicates, very clearly illustrates that the
boiling from a microcavity is primarily controlled by
the heat transfer, and that the variation of the bubble
size was smooth and steady. However, for boiling from
the smooth surface, there existed an obvious stage con-
trolled by nonequilibrium pressure between the gas
phase and the ambient phase. For the bubble from
gas-dissolved water on a smooth surface, this dynami-
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Fig. 15. Comparison #1 of bubble dynamics for quasi-steady
state process as shown in Figs. 5-7—Bubble growth and
collapse.

cally controlled stage lasted for 0.5 s, while for the bub-
ble from degassed water, this stage lasted for 1.0 s. After
this dynamically controlled stage, the bubble growth
was similar to conventional boiling from a cavity. The
reason for the different behavior for the current cases
is that the input power for boiling on a smooth surface
is much higher than for boiling from a cavity and the
heated liquid layer is much thicker than when there is
a lower power input.

The difference between the bubble from gas-dissolved
water on a smooth surface and the bubble from degassed
water on a smooth surface is that the extremum of the
vapor bubble size is smaller than for the gas bubble,
even if the input power for the vapor bubble generation
is higher than that for gas bubble generation. The reason
for this difference is that the surface tension with gas
dissolved water was reduced slightly and the nonconden-
sible gases behaved much differently from the vapor
under similar heating conditions i.e., each of these
follows the thermodynamic equation of state for the par-
ticular case.

The interface velocities and accelerations from
Fig. 15 as computed using Eqs. (9) and (10) are shown
in Fig. 16 for three different situations for the quasi stea-
dy-state heating process. Fig. 16 reveals that the bubble
dynamics associated with explosive boiling is much dif-
ferent from conventional boiling from a cavity. The ini-
tial acceleration of the explosive boiling is much higher
than for bubbles from cavities. The initial acceleration
for the explosive boiling is on the order of 10 m/s> if
the data are extrapolated as ¢t — 0. Once more, because
of the influence of the noncondensible dissolved gas, the
initial velocity and acceleration of a gas bubble were
higher than for a vapor bubble.

4.3.1. Pulsed heating

Fig. 17 illustrates the bubble evolution under pulsed
heating with respect to time as depicted in Figs. 11
and 12 for bubbles emanating on a smooth surface from
gas-dissolved water and degassed water, respectively.
From a comparison of Figs. 17(a) and 15, the difference
between the quasi steady-state and pulsed heating is
obvious. There exists a sudden intermediate shrinking
of bubble size which takes place near the end of the
pulse, but it is different from the shrinking phenomena
observed in quasi steady-state heating. In quasi steady-
state heating, the intermediate shrinking phenomenon
reflects the dynamic control stage of bubble growth,
mainly due to the variation of pressure inside the bub-
ble. In the pulsed heating case, this intermediate shrink-
ing results from the combination of the cooling of the
subcooled water around the bubble (which is different
from the quasi steady-state heating) and the variation
of the pressure inside the bubble. Fig. 17(b) is a semi-
log and semi-normal replotting of Fig. 17(a). Here it is
clear that the end of the pulse has a significant influence
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Fig. 16. Comparison #2 of bubble dynamics for quasi-steady
state process as shown in Figs. 5-7—Interface velocity and
acceleration: (a) interface velocity of nucleated bubble and (b)
interface acceleration of nucleated bubble.

on the bubble shrinking phenomenon and that this
sudden decrease in bubble size is much larger for a bub-
ble in degassed water than for a bubble in gas-dissolved
water, due to the effects of the noncondensible gas,
which delays the bubble size reduction.

The computed interface velocities and accelerations
obtained from Fig. 17 using Egs. (9) and (10) are shown
in Fig. 18 for gas-dissolved water and degassed water
under pulsed heating. In Fig. 18, the initial acceleration
of the explosive boiling is on the order of 100 m/s? if we
extrapolate the curve to ¢ — 0 for this 120 ms pulsed
heating. Because, in this study, the duration of the heat-
ing pulse was comparatively large and because the mea-
sured gradients of the temperature variations of the
platinum heater during the pulsed heating, as shown in
Figs. 13(a) and 14(a), were not large, the measured inter-
face velocity and accelerations were not much higher

50
—O— Pulsed Heating/Gas
—#— Pulsed Heating/Degas

g 40 ~
=
S 304
o
T
o
o 204
Qo
<
@

10 4

04

rerET LTk frrlr L,

-0.500 05 10 1.5 2.0 25 3.0 3.5 40 45 50
(a) Time (s)

50 -

; —O— Pulsed Heating/Gas

- —#— Pulsed Heating/Degas
E 40- U/OMQ
~ -
(] =
= a
E 30 -
[14
o i
0 i
8 0] ugne
@ |

10 4

0 e :

0.01 0.1 1

(b) Time (s)

Fig. 17. Comparison #1 of bubble dynamics for pulsed heating
process as shown in Figs. 11 and 12—Bubble growth and
collapse: (a) normal coordinate and (b) semi-log coordinate.

than the measured values for quasi steady-state, as illus-
trated by comparing Figs. 16 and 18. In some previous
experimental studies (e.g., in references [8,9]), a mea-
sured velocity on the order of 10 m/s and an acceleration
on the order of 10" m/s*> were obtained using a heating
pulse on the order of microseconds. By comparison, here
it is clear that transient heating will substantially in-
crease the violence of the explosive boiling.

4.4. Marangoni flow

During this study the authors encountered an inter-
esting phenomenon. For quasi steady-state heating in
a degassed liquid, slight reductions in the input power
after the bubble had reached its extremum, resulted in
decreases in the bubble size, and if the bubble size (or
the vapor-liquid interface contact line on the heater sur-
face) had not reached a point that extended beyond the
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heater surface (refer to Fig. 19), the Marangoni phenom-
enon was induced by the temperature gradient between
the heater and the ambient subcooled water and could
be observed on the interface. When this occurred, it ap-
peared that some kind of unstable fluid flow was initi-
ated at the vapor-liquid interface, which took the form
of tiny clusters (or drops) moving randomly. This phe-
nomenon is different from the observation reported by
Kim et al. [13] and no previous reports of experimental
studies in which this interface instability induced by
the Marangoni flow have been observed, have been
reported.

5. Conclusions

The current study utilized microfabrication tech-
niques to obtain quantitative results for explosive boil-

Fig. 19. Marangoni flow at the bubble interface induced by the
surface tension gradient because of the temperature gradient in
the heated microlayer of water.

ing occurring on smooth surfaces, i.e., heterogeneous
nucleation, as a function of the nucleation or boiling
incipience temperature. The behavior and dynamics of
the bubble along with the influence of the noncondensi-
ble dissolved gas on the incipience temperature and bub-
ble dynamics are reported and discussed. The results
indicate that for a smooth surface, i.e., a roughness
equal to the critical bubble size and homogeneous nucle-
ation, explosive boiling is the dominant boiling mode no
matter how slowly the heating rate. This observation
alone represents substantial evidence and support for
the classical kinetics of boiling. In addition, the boiling
incipience and bubble behavior from a smooth surface
were observed to be much different than for the boiling
taking place on a rough surface, even when the size of
the nucleation cavity is in the range of microns, which
represents the more conventional boiling phenomena,
which can be explained by Hsu’s proposed theory of
bubble survival.

Bubble growth from a smooth surface was found to
have a dynamic stage, the duration of which depends
on the transient process i.e., the heating rate and pulse
duration, the properties of the liquid i.e., degassed or
gas dissolved, and the degree of subcooling present. Fur-
ther, the noncondensible dissolved gas was found to
have a significant effect on the boiling incipience and
bubble behavior, resulting in a decrease in the nucleation
temperature, but an increase in the degree of violence
associated with the explosive boiling, and may signifi-
cantly postpone bubble collapse during transient heat-
ing. This later effect is of value in MEMS and other
industrial applications.
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Based upon the experimental evidence presented
here, it is clear that kinetic theory can be used to explain
boiling incipience in principle and can serve as a guide
for the design of the microscale heat transfer devices
used in MEMS applications.
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Appendix A

The numerical model used in this investigation is pre-
sented here in detail. Because of the axisymmetric con-
figuration of the platinum heater, the numerical
domains consist of only one fourth of the heater and
one half of the gold pad on one side, as shown in
Fig. 20. For the quasi steady-state heating process, a
coupled 3D steady-state heat conduction model was
used, which resulted in a governing equation of the form

o (, 0T\ 8 ([, T\ ([ oT\ -

i denotes platinum and gold respectively. This equation
is subject to the following thermal boundary conditions
(refer to Fig. 20):
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x1=0 and x, =0, —1[6— =0, (A.2a)
X
x; =50 pm and x, = 1000 um,
— )viaa—T =T — To) + &oT, (A.2Db)
X
oT
n=0, —in —ayp‘ =0, (A.2¢)
y=50pum, and y,=0 ifx, and
T Tau
z, € connection area, _)»ptg = —Jau OTa , and
dy Qy
v, =0 if x, and 2z, € connection area,
T
— )vAu% = O((T - T()) + SAuO'T47 (A2d)
y
¥, =10,000 pm, Ta, = T, (A.2e)
,oT
z1=0 and 2z, =0, —/L,-g =0, (A.2f)
z1 =017 um and 2z, = 0.32 pm,
T
— V,-aa— = o(T — Ty) + &oT?, (A.2g)
yA

where Egs. (A.2b) and (A.2g) yield the third boundary
condition. Eqgs. (A.2a), (A.2c) and (A.2f) assume adia-
batic boundary conditions, because of the symmetric
configuration of the platinum heater and the very low
conductivity of the substrate glass. Eq. (A.2d) assumes
a constant heat flux at the connection between the plat-
inum heater and the gold pad. The properties of the
materials considered here are shown in Table 1. It
should be noted here that in Eq. (A.1) O can be calcu-

Water Z2
/ A 7Zq {
Gold Pad
—
e W‘
fre— |
. >3, e
X1 %

Glass Substrate

Fig. 20. Numerical domain (gray area) of 3D heat conduction in microheater specimen (not in scale).

Table 1
Properties of materials in interest

€ er (Qm) TCR (ppm/°C) /. (W/m °C) Cp (J/kg °C) p (kg/m®)
Platinum 0.03 1.06x 1077 3850 71.4 133 21460
Gold 0.02 221x1078 4000 310.0 128 19280
Water - - - 0.6 4188 980
Pyrex glass - - - 1.4 740 2190
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lated from Egs. (5) and (6) and divided by the volume of
platinum or gold pad respectively.

In the boundary conditions given in Eqgs. (A.2b) and
(A.2g), the natural convection heat transfer coefficient is
adopted from the well-accepted correlation [25] for fluid
natural convection on a horizontal heated surface

Nu = 0.54Ra}* 10’ < Rap <2 x 10" and
Pr > 0.5 for a liquid (A.3)

Here Ray is the Raleigh number Ra; = Gry - Pr and Gr
is the Grashof Number,

_B-AT-g- (L)’

2
v

Gry (A.4)
L is the characteristic length of the square plate, =1/
T, g =9.8 and AT = T—T,. In the expressions given for
the boundary conditions, Egs. (A.2b) and (A.2g), ¢ is the
emissivity of a gray body and here, for the platinum sur-
face ¢ =~ 0.03 and for gold ¢ = 0.02 for a large range of
temperature [26], and ¢ is the Stefan—Boltzmann con-
stant ¢ = 5.669 x 10~* W/m* K*.

The transient heat conduction can be simulated using
a 3D unsteady-state heat conduction model which yields
the following governing equation:

c, L _0(,0r\ 2o/ o
Plr s T \Max ) T\ Moy
o /. 0T\ .
+5 (;,l- 5) +0,1) (A.5)

with the same boundary conditions used in Egs. (A.2a)-
(A.2g) and subjected to the following initial conditions:

7(0,x) = Ty (A.6)
0,(t) = O, - [h(1) = h(t — 1)), (A7)

where Q represents the power intensity of the pulse and
tp is the time duration of the pulse. Note that the quan-
tity A(¢) in Eq. (A.7) is the unit-step function defined by

0 f t<0
h(r) = { or (A8)
1 for t>=0

For steady-state conduction, Eq. (A.1), a line-by-
line interaction and a tri-diagonal matrix algorithm
(TDMA) method with a Thomas algorithm and succes-
sive under-relaxation iterative methods were used to
obtain the 3D temperature distribution, 7{(x,y,z). The
convergence criterion was chosen as »_ > > | T(i,j,k)—
To(i,j, k) |< 107> and the total grid number N was
10,625 (i(x1) X j(y1) X k(z1)25%25%x 17) for domain 1,
the platinum heater, and 160,000 (i(x;) X j(y2) X k(z2)
100 x 50 x 32) for domain 2, the gold pad. The above
criterion for the mean square root error (MSRE) of

| T(1.7,K) = To i, ,k) [ 222V IR T

N
was utilized.

<1x107°

For unsteady-state conduction, a semi-implicit meth-
od along the z-direction with the Thomas algorithm was
used to solve the time-resolved temperature 7(¢,x,y,z).
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