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Abstract

We study the effects of pulse heating parameters on the micro bubble behavior of a platinum microheater (100 umx20 pm) immersed
in a methanol pool. The experiment covers the heat fluxes of 10-37 MW/m? and pulse frequencies of 25-500 Hz. The boiling incipience is
initiated at the superheat limit of methanol, corresponding to the homogeneous nucleation. Three types of micro boiling patterns are
identified. The first type is named as the bubble explosion and regrowth, consisting of a violent explosive boiling and shrinking, followed
by a slower bubble regrowth and subsequent shrinking, occurring at lower heat fluxes. The second type, named as the bubble breakup
and attraction, consists of the violent explosive boiling, bubble breakup and emission, bubble attraction and coalescence process, occur-
ring at higher heat fluxes than those of the first type. The third type, named as the bubble size oscillation and large bubble formation,
involves the initial explosive boiling, followed by a short periodic bubble growth and shrinking. Then the bubble continues to increase its

size, until a constant bubble size is reached which is larger than the microheater length.

© 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

Since the commercial application of the ink-jet printer,
microscale bubble dynamics has been received great atten-
tion. The bubble-powered actuators have the distinct
advantages over other types of actuation sources in micro-
scale due to operation in low voltages, easy implementation
by using resistive heaters without mechanical microstruc-
tures [1]. Although the boiling process can be observed in
our daily life and has many applications, control of the
bubble generation and collapse can only be fulfilled in
microscale. The recent developments include the bubble-
powered nozzle-diffuser pumps [2], the bubble-powered
micro-mixer [3], the periodic bubble generation and col-
lapse for DNA actuators [4], etc.
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One of the most important issues of the microscale bub-
ble dynamics is to determine the boiling incipience temper-
ature. According to the classical bubble nucleation theory,
liquid temperature should reach 0.9 7. to trigger the
boiling incipience [5]. Several factors affect the bubble
nucleation temperature at the microheater surface: the
non-condensation gas dissolved in liquid, the heater sur-
face roughness, and the heating rates.

Many studies deal with the micro bubble behavior under
the pulse heating mode. These studies can be categorized
into two groups: the homogeneous nucleation and the het-
erogeneous nucleation. Asai [6] demonstrated that the mea-
sured boiling incipience temperature is consistent with the
homogeneous nucleation theory by the deviation of 5-
15 K with the microheater immersed in methanol liquid.
Glod et al. [7] used a short (1 mm in length) and ultrathin
(10 pm in diameter) platinum wire with the pulse heating to
study the explosive boiling using water as the working
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Nomenclature

f pulse heating frequency, Hz

L microheater length, m or pm

0 joule heat created by the microheater, W

q heat flux on the microheater, W/m? or MW/m?>

Raut, Rawz the left and right gold pad resistance, Q

Rp, the platinum film resistance, Q

R, the selected resistance from the precision resis-
tance box, Q

T. critical temperature of fluid, K

Teyale  cycle period of the pulse heating signal, s or ms

Tp: microheater temperature, °C or K

t time, s or ms

|12 dc voltage applied to the microheater and its
two gold pads, V

Vs dc voltage applied to the precise resistance, V

w microheater width, m or um

X,y x and y coordinates for the bubble attraction
phenomenon, m or um

T pulse duration time of the heating pulse, ms or s

T waiting time of the heating pulse during which
the voltage is zero, ms or s

Ax; uncertainty of the parameter x;

fluid. They found that either the homogeneous or the
heterogeneous nucleation could occur, depending on the
heating rates. When the heating rate exceeds about
60 x 10° K/s, the measured boiling incipience temperature
is 303 °C, consistent well with the homogeneous superheat
limit of water. The heterogeneous micro boiling was per-
formed by Li and Peterson [8], with the platinum heater
size of 100 x 100 um. They found that the explosive boiling
can take place on a smooth heater no matter how slow the
heating speed is, and the dissolved gas plays a significant
role on the boiling incipience and bubble behavior.

The homogeneous nucleation temperature limit was
observed by Chen et al. [9] using a 96 individual microheat-
er array with the size of 270 x 270 um for each. However,
the boiling process can be maintained at a lower superheat
after the explosive boiling, attributed to the necking
embryo during the bubble departure from which the next
generation bubbles grow. The microheater size effect on
the bubble dynamics was performed by Deng et al. [10],
in which the heater size of 10 um is found to be a critical
value.

In this paper, we fabricated a microheater by the size of
100 x 20 um on a 7740 glass wafer. It is found that the
homogeneous nucleation governs the boiling incipience.
The micro boiling can be categorized into three types.
The first type is the repeated explosive boiling followed
by the bubble regrowth, occurring at lower heat fluxes.
The higher heat flux results in a successive of the explosive
boiling, bubble breakup and emission, bubble attraction
and coalescence process. Sufficient high heat fluxes or high
pulse frequencies yield the initial periodic bubble growth
and shrinking, followed by a slow continuous bubble
growth until a subsequent constant bubble size is reached.

2. The microheater test section and experimental facilities

The microheater is shown in Fig. la. The photoresist
was spun on a 7740 Pyrex glass wafer. After patterning
with the technique of photolithography, a titanium layer
of 200 A, a platinum layer of 1500 A and a gold layer of

3000 A were sputtered successively on the wafer. After
another process of photolithography, the technique of
chemical etching was used to remove the gold correspond-
ing to the position of the platinum microheater. The plati-
num heater area is 100 pm in length and 20 pm in width.

The methanol was boiled for more than half hour to
remove any non-condensable gas and then cooled down
to the room temperature. During the experiment, an open
glass beaker contains the methanol liquid. The microheater
wafer is horizontally positioned in the methanol pool. The
vertical distance between the glass wafer plane and the top
liquid surface is about 10 mm. Even though the heat flux at
the microheater surface is high, the total heating power is
significant small, which has not any influence on the liquid
pool temperature. The produced vapor is periodically con-
densed by the surrounding subcooled liquid.

Fig. 1b shows the experimental setup. An EE1641C
function generator was used to generate the rectangular
pulse voltage that was applied to the microheater, which
has the output frequencies from 0.2 Hz to 20 MHz, and
the output voltage amplitude from 0 to 20 V. A precision
resistance box provides a selective, precision external resis-
tance that was connected with the microheater. Because the
resistance is known, the current that is flowing through the
microheater circuit can be obtained by measuring the volt-
age across the resistance. In the present experiment, the
DL750 high speed data acquisition system measures the
liquid pool temperature, and the two dc voltages that were
applied to the microheater and its connected resistance,
with the recording rate of 10 M samples per second.

The Leica MZ16 stereo-microscope was bonded with a
high speed camera. In the present experiment, we use the
high speed recording rate of 20,000 fps. The microheater
length of 100 pm corresponds to 100 pixels in the visualiza-
tion area. Thus the spatial resolution of the optical system
is 1 um per pixel. The maximum uncertainty of the data
acquisition system for the voltage measurement is 1 mV.

During the experiment, both the high speed data acqui-
sition system and the high speed camera are in the waiting
mode. The synchronization hub sends a signal, triggering
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Fig. 1. The microheater and experimental setup.

the high speed data acquisition system to record the data,
and the high speed camera to record the image files, simul-
taneously. The maximum time difference of the initial func-
tion of the two systems after they receive the trigger signal
from the synchronization hub is less than 20 ns.

3. The microheater temperature calibration and data
reduction

The whole microheater consists of the platinum film
resistance of Rp; and the two gold pad resistances of
Ray1 and Ray» (see Fig. la). At the room temperature,
Rp=7.881 Q and Rpy; = Rauwr = 0.878 Q. During the cal-
ibration, the glass wafer is immersed in an oil beaker with
the well controlled temperature. The oil temperature is
measured by a precision thermocouple with the uncertainty
of 0.2 °C and increased by 5 °C for each step. A low dc
voltage is applied to the microheater and its connected
resistance, maximally lowering the temperature increase
of the microheater due to the Joule heating. V; and V,
are measured by the data acquisition system instanta-
neously. Under the known resistances of Rayj, Rau» and
R,, the platinum film resistance can be computed as
Rp = ViR V> — Ray1 — Rawo, corresponding to Tp. The
repeated process yields a linear correlation of Tp =
56.728 Rp — 314.8. The calibrated temperature has the
range from room temperature to 150 °C. Extension of the
correlation to higher temperatures leads to acceptable
accuracy due to its good linear behavior.

During the boiling experiment, the instantaneous mea-
surements of V; and V¥, at any time step yields Rp(t) =
Vi(t)Ry/VA(f) — Raui — Rayo, resulting in the computed
microheater temperature according to the developed linear
correlation in the calibration process. The electric circuit
computation obtains the Joule heating power at the plati-
num surface as

o) = (V;E’)) 2 (Z;Eg Ry~ Rawi - Rm)

(1)

The heat flux on the microheater is computed as ¢(t) =

on/(LW).

4. Uncertainty analysis

The three-dimensional simulations of platinum film and
two gold pads were performed using FLUENT 6.0. The
bottom surfaces of the metal films that are deposited on
the glass substrate are adiabatic, while the surface that is
exposed in the liquid has the convective boundary condi-
tion. The convective heat transfer coefficient between the
exposed surface and the surrounding liquid is cited from
Deng et al. [10]. The internal heat source is determined
by the total voltage applied to the gold pads and the plat-
inum film. It is shown that the temperature is uniform over
the surface area larger than 80% of the whole platinum film
heater. But the platinum film temperatures have a sharp
drop at the junction interface of the platinum film and
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the gold pads. At the given voltage of 20 mV applied to the
whole microheater, the temperature rise of the platinum
film beyond the liquid pool is computed to be 3 °C, due
to the Joule heating effect. This is the maximum error that
is encountered during the calibration process.

Now we estimate the uncertainties during the boiling
experiment. According to Holman [11], if R is a given func-
tion of the independent variables of xi,x,X3,...,X,,
R = R(xy,x5,...,X,), and Axy,Ax,, Axs,...,Ax, are the
uncertainties in these independent variables, the uncer-
tainty of R can be evaluated by

OR > (0R : R :
AR = —Ax ) + | —A) +------ + [ =—Ax,
6x1 6x2 axn
(2)

Giving the uncertainties of AV;=1mV, AV,=1mV,
AR;=0.01 Q, ARAu1 =0.1 Q, ARAy» =0.1 Q, and substi-
tuting Eq (2) by Tpt = 56728( Vle/ V2 — RAul — RAuZ) —
314.8, the maximum uncertainty of the platinum film tem-
perature is 8.08 °C. Similarly, the heat flux at the platinum
film heater surface has the uncertainty of 6.0%.

5. Results and discussion

Three pulse heating parameters govern the bubble
behaviors: the pulse frequency of f, the pulse heating dura-
tion time of 7, the pulse voltage amplitude of V| + 1/, dur-
ing the period of t;. The cycle period is Toyee = 1/f =1 +
75. In the present study, 7,/T¢yce is about 11% for all the
runs.

We fix the pulse frequency, gradually increase V; + V>,
until bubbles can be observed by the optical system. Bubble
behavior is observed to be dependent on f and V;+ V.
Here we present three typical runs representative of three
types of bubble patterns.

5.1. Bubble explosion and regrowth pattern

The first type of bubble pattern, named as the bubble
explosion and regrowth, occurs at lower heat flux that just
triggers the boiling incipience of the microheater. Fig. 2a
shows the temperature response of the platinum film
heater versus time, corresponding to the heat flux of
16-18 MW/m>. A “V” shape curve is observed close to
the end of the duration time of t;, corresponding to the
boiling incipience. The inflection point of the “V” shape
curve is 187 °C (460 K), which is identified as the boiling
incipience by the video image and agrees with the super-
heat limit of 0.97.=461.3 K, strongly indicating the
homogeneous nucleation. The temperature of the platinum
film is sharply decreased by around 20 °C after the boiling
incipience is triggered.

The first image of Fig. 3a shows a bubble, which is not
completely condensed from the previous pulse cycle and
stayed on the microheater center until the “V” shape tem-
perature curve appears for the current cycle. The liquid
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Fig. 2. Micro heater temperature response for three types of bubble
phenomena. (a) f=100Hz, t;=1.130ms, 7, =28.860ms, 71/Tcycte =
11.3%; (b) f=100Hz, 7; =1.139ms, 1, =8.853ms, 71/Tcyete = 11.4%;
(¢) f=500 Hz, 7, = 0.22 ms, 1, = 1.78 ms, 11/Teyce = 11.0%).

thickness between such bubble and the microheater surface
consists of a hotter layer that is heated by the microheater,
and the other colder layer that is not affected by the pulse
heating. Because the bubble is not directly contacted with
the hot liquid sub-layer on the microheater, such bubble
does not influence the nucleation temperature for the cur-
rent pulse cycle. The second image of Fig. 3a at =
12.05 ms shows a large vapor cloud with the diameter of
two times of the microheater length induced by the violent
explosive boiling. Considering the half sphere of the vapor
cloud with its diameter of two times of the microheater
length, the surface area of the vapor cloud that is exposed
in the subcooled liquid is thirty times of the microheater
surface, thus the vapor cloud is instantaneously condensed
and contracted to a smaller bubble at 1= 12.10 ms in
Fig. 3a, even though the microheater is still turned on. It
is noted that only one image shows the explosive boiling
due to the limited recording rate of our optical system.
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The continuous heating at the duration period of the
pulse cycle ensures the bubble regrowth from the con-
tracted bubble (see the images for 12.10 ms < ¢ < 12.35 ms
in Fig. 3a). Note that the microheater is turned off at
t =12.23 ms but the bubble regrowth continues until at
t =12.35ms. The heat stored in the solid substrate and
the liquid sub-layer play an important role in the secondary
bubble growth after the microheater was turned off. The
subsequent bubble shrinking is observed for 12.40 ms <
t<22.00ms in Fig. 3a after the microheater is off. The
bubble regrowth phenomenon was also reported by Glod
et al. [7] and Yin et al. [12].

5.2. Bubble breakup and attraction pattern

Increasing the voltage applied to the microheater yields
the second type of bubble pattern: bubble breakup and
attraction (see the images in Fig. 3b corresponding to the
second heating pulse of Fig. 2b). The heat flux is 30-
36 MW/m? at the duration time of 7; for such run case.
The explosive boiling phenomenon is observed, which is
similar to the first type of bubble pattern. However, due
to much higher heat flux on the microheater, the violent
explosive boiling breaks up the vapor cloud into two pieces
(see the image at t = 10.30 ms in Fig. 3b). The broken pieces

of the bubbles are moving away from the microheater due
to the initial momentum caused by the explosive boiling.

The separated bubbles are observed to be attracted with
each other. This can be seen in the images for 10.65
ms < ¢ <20.20 ms in Fig. 3b. In order to explain the bubble
attraction phenomenon, an attached coordinate was estab-
lished. The x-coordinate is the connection line between
the two bubbles. The y-coordinate is perpendicular to the
center of the line of the two bubbles (see Fig. 3b). Because
the separated bubbles are in the subcooled liquid, heat
released by the condensed bubbles results in higher liquid
temperature in the center region of the two bubbles, but
it is decreased along the y-coordinate. The Marangoni
effect causes liquid moving along the y-coordinate, leaving
space to be occupied by the two bubbles. Thus, the two
bubbles are moving toward each other. The bubble attrac-
tion process finally leads to the coalescence of the two bub-
bles at  =20.20 ms in Fig. 3b.

5.3. Bubble size oscillation and large bubble formation
pattern

The third type of bubble pattern is named as the bubble
size oscillation and large bubble formation, occurring at
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higher heat fluxes than those of the first and second types,
or at higher pulse heating frequencies such as f'= 500 Hz.
When such pulse signal is applied to the microheater, the
bubble dynamics is similar to that of the continuous heat-
ing. The heat flux is in the range of 20-22 MW/m? for the
third type of bubble pattern (see Fig. 2¢ for the tempera-
ture response and Fig. 4 for the bubble behavior). The
bubble nucleation only takes place for the first pulse sig-
nal. Because the whole process needs longer time in the
order of 1 s, the sampling rate of the data acquisition sys-
tem is lower than those for the first and second type of
bubble patterns, limited by the internal memory of the
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data acquisition system. Thus the “V” shape curve of
the ultra-fast temperature response for the first heating
pulse is not captured by the data acquisition system (see
Fig. 2¢).

The process can be divided into three sub-stages. The
video images for 44 ms < ¢t < 57 ms in Fig. 4a show a small
and a large bubble occurring alternatively for a set of
pulses (first stage). The general trend is the increased bub-
ble size versus time, but it is still controlled by the pulse
heating.

There is a critical bubble size above which the bubble
continues to grow for > 57 ms in Fig. 4a (second stage).
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The process is similar to that under the continuous heating
condition with the equivalent heat flux of [J' ¢d¢/(t) + 12).
The continuous bubble growth is due to the exceeded
vapor mass provided by the microheater over the con-
densed vapor mass on the vapor-liquid interface. When
the bubble size is increased to a value at which the con-
densed vapor is balanced by that produced by the micro-
heater, the bubble attains its maximum size which is not
changed versus time. This is the third sub-stage of the
process.

The third type of bubble pattern is a dangerous one
because the microheater temperature will be sharply
increased if the balance between the produced and con-
densed vapor is broken. Under such circumstance, the crit-
ical heat flux condition is reached for the microheater.
Fig. 4b shows the bubble size versus time during the whole
process.

6. Comparison with other studies

We study effects of pulse heating parameters on the
micro bubble behavior at a microheater surface. Three
types of bubble patterns are observed, depending on the
pulse heating parameters. Some of the experimental find-
ings are consistent with those reported previously, but
some of them are not reported in the literatures, to the
authors’ knowledge. These are described as follows.

One important issue is the boiling incipience tempera-
ture, depending on the surface roughness, non-condensable
gas, and heating rates. We identified the boiling incipience
occurring at the superheat limit of liquid, which is consis-
tent with that reported by Asai [6] and Avedisian [13].
The bubble nucleation temperature was found to be higher
than the superheat limit of liquid for the 3 um width heater,
and less than the superheat limit for the 5 pm width heater,
reported by Lee et al. [14]. The temperature drop is identi-
fied to be about 20 °C covering the present data range,
while the temperature was decreased by 8 °C, identified
by Tsai and Lin [15].

Due to the high bubble nucleation temperature, the vio-
lent explosive boiling is observed in the present experiment.
The explosive boiling and subsequent shrinking were also
reported by Glod et al. [7] and Li et al. [8].

With increasing the heat fluxes on the microheater sur-
face, the strong explosive boiling causes the breakup of
the vapor cloud instantaneously after the vapor cloud is
formed. The separated pieces of the vapor cloud move
away from the microheater initially due to their initial
momentum. But these pieces are attracted with each
other due to the Marangoni effect induced by the temper-
ature gradient which is perpendicular to the connection
line between the two bubbles. This phenomenon was
not reported before. Besides, the third type of bubble
pattern (the periodic bubble size oscillation and large
bubble formation), was the new experimental finding,
taking place at sufficient high heat fluxes or pulse heating
frequencies.

7. Conclusions

An experiment was conducted using a platinum micro-
heater by the size of 100 pm in length and 20 um in width.
Methanol is used as the working fluid. The present experi-
ment covers a wide range of pulse heating parameters. It is
found that the micro bubble behavior can be characterized
into three types, depending on the pulse heating parame-
ters. The first type, named as the bubble explosion and
regrowth, consists of a violent explosive boiling and shrink-
ing, followed by a bubble regrowth and contraction pro-
cess, occurring at lower heat flux that is just initiating the
boiling incipience. The second type of bubble pattern,
named as the bubble breakup and attraction, occurs at
higher heat fluxes than those of the first type. The more
violent explosive boiling causes the bubble breakup and
emitted from the microheater due to their initial momen-
tum. The Marangoni effect induces the liquid between the
two bubbles moving away from the center of the line
between the two bubbles, leaving the space for the two
bubbles to be occupied. Thus the separated bubbles are
moving toward each other. The bubble attraction process
is over until the two bubbles are fully merged.

Much higher heat fluxes or pulse heating frequencies
lead to the third type of bubble pattern: the bubble size
oscillation and large bubble formation. The process
involves a periodic bubble size oscillation, followed by a
continuous increase of the bubble size, equivalent to the
continuous heating mode, until a constant maximum bub-
ble size is reached.
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