International Journal of

HEAT ..« MASS
TRANSFER

PERGAMON International Journal of Heat and Mass Transfer 43 (2000) 281-296

www.elsevier.com/locate/ijhmt

Pressure and power generation during explosive
vaporization on a thin-film microheater

Z. Zhao, S. Glod, D. Poulikakos*

Institute of Energy Technology, Laboratory of Thermodynamics in Emerging Technologies, Swiss Federal Institute of Technology,
ETH Center, Zurich 8092, Switzerland

Received 19 August 1998; received in revised form 9 March 1999

Abstract

When a liquid is superheated above its boiling point to temperatures near or at the homogeneous nucleation limit,
the energy released could create a so-called explosive vaporization, if a significant fraction of this energy is
manifested in the form of vapor expansion. In this study, a thin-film microheater (100 pm x 110 pm) was placed on
the underside of a water layer. The surface temperature of the heater was rapidly (6 ps) raised electrically, well
above the boiling point of water. As a result, rapid vaporization took place. Due to its rapid growth, the vapor
volume performs mechanical work on its surrounding and emits acoustic pressure waves. By measuring the acoustic
emission from an expanding volume, the dynamic growth of the vapor microlayer is reconstructed where a linear
expansion velocity up to 17 m/s was reached. Using the Rayleigh—Plesset equation, an absolute pressure inside the
vapor volume of 7 bar was calculated from the data of the acoustic pressure measurement. The amount of
extractable mechanical energy produced from the explosive expansion of a vapor microlayer on a thin-film
microheater surface, its rate of production, and the energy conversion efficiency was also quantified in this
work. © 1999 Elsevier Science Ltd. All rights reserved.

1. Introduction scopic explosive vaporization considered herein is

generated by rapid heating of a liquid with micro-

A vapor explosion is a physical event in which the
volume of vapor phase expands at a maximum rate in
a volatile liquid. Rapid introduction of energy into the
volatile liquid is necessary to initiate and sustain the
vapor volume growth at the high rate; in doing so, the
liquid vaporizes at high pressures and expands, per-
forming work on its surroundings. In contrast to large
scale vapor explosions of the kind that can be encoun-
tered in nuclear powerplant accidents [1], the micro-
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heaters, is controllable electronically and can be used as
a highly localized energy source in a host of emerging
technologies involving thermal micromechanical sys-
tems. A case in point is the commercial success of ther-
mal ink-jet (TIJ) printers. The key to the thermal ink-
jet technology is the action of exploding micro
bubbles, which propel tiny ink droplets through the
openings of an ink cartridge.

Despite current commercial success of the TIJ tech-
nology, our knowledge of the explosive vaporization
process at the microscopic level on a heated surface is
limited. The energy released when a liquid nucleates at
high intensity could create a so-called vapor explosion
if a significant fraction of the heating energy appears
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Nomenclature

A interface surface area

¢ speed of sound in the liquid

E, acoustic energy

hyy heat of vaporization

k thermal conductivity

M molecular weight

De initial bubble pressure

12 transient pressure wave in the liquid

Do ambient liquid pressure

Ds bubble pressure at large time

Dy vapor pressure within the bubble

(0] thermal energy

Qf1eater  heat flux from microheater

Ginax theoretical upper limit of heat flux

R bubble radius

R. electric resistance of thin-film microheater

t time

T* liquid superheat limit

te delay time between start of heating pulse
and first pressure peak

T liquid temperature

duration of voltage pulse
liquid saturation temperature
vapor temperature

volume

electric pulse voltage

initial volume of vapor layer
mechanical work

distance from heater to sensor

I NN T AST

Greek symbols

o thermal diffusivity

n efficiency

Na acoustic conversion efficiency

I liquid viscosity

12 liquid density

Dy vapor density

G liquid surface tension

T dummy integration variable

Q number of pre-existing nuclei per unit

area

in form of rapid vapor expansion. Microscopic vapor
explosions have been generated by heating liquids
rapidly with microheaters [2—5] and high energy laser
beams [6-9].

The kinetic energy from rapidly expanding micro-
bubbles can, in principle, be utilized to drive microme-
chanical systems. Successful extraction of the work
from the high-pressure pulses generated by the micro-
scopic vapor explosions could revolutionize the design
and application of thermal micromachines in situations
where significant levels of force are required.

Previous investigations of vapor bubble generation
and growth on thin-film micro heaters are largely
focused on the incipience conditions of the microscopic
boiling explosion [10-12] and the liquid motion
induced by the rapid oscillation of growth and collapse
of vapor micro layers [11,13]. In an effort to develop
bubble-jet printers, a series of studies were carried out
by Asai et al. and Asai [5,10,13—15]. They concluded
that the bubble generation mechanism in the bubble
jet recording process is due to the spontaneous nu-
cleation of ink vapor followed by instantaneous film
boiling and eventual cavitation bubble collapse, which
is realized by short heating pulses with an extremely
high heating rate of approximately 3 x 10% K/s~! [3].
A theoretical treatment was proposed and later refined
by Asai [13—15] to predict the bubble behavior after
the occurrence of homogeneous nucleation. In Asai’s

model, the bubble pressure, p,, was represented by an
impulsive function:

pv = (pg — ps) exp[—(t/10)'*] + ps (1)

where p, is the initial bubble pressure, p the bubble
pressure at large time, ¢ the time after the onset of
homogeneous nucleation, and 7, is a time constant.
The initial bubble pressure, p,, and the time constant,
tp, have to be chosen for different ink compositions
and heater geometry so that the calculated drop vel-
ocity agrees with the experiments.

Existing numerical simulations of the bubble growth
and collapse cycle and bubble oscillation-induced liquid
flow begin with the formation of a vapor sheet over
the surface of thin-film microheaters [10,11,13,16,17].
The expansion of the vapor film sets the liquid in
motion. During the expansion, the pressure within the
vapor film was assumed to follow either the ideal gas
law [10,11,16] or an impulsive function such as Eq. (1)
[16,17]. Because of the lack of experimental data on
pressure transients within an exploding microbubble,
the value of the initial pressure is usually ascribed to
be the saturated vapor pressure at the temperature of
boiling incipience. It was speculated that the spon-
taneous nucleation temperature of microheaters in
thermal ink jet printers is in the range from 270 to
300°C [10,12,13]. The corresponding saturated vapor
pressure varies from 55 to 86 bar. This large variation
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in ascribed bubble initial pressure can substantially
alter the predicted bubble dynamics during the growth
and collapse cycles, raising doubts about the simulated
behavior for both bubble and liquid. Furthermore, no
experimental confirmation of either Asai’s model, Eq.
(1), or the ideal gas model for the pressure variation of
an exploding microbubble has yet been attempted.

The fluid dynamics and thermodynamics of micro-
scopic vapor explosion are indeed complicated during
both the initiation, propagation and collapse stages.
Inconsistent findings and conclusions have been
reported in the literature for the mechanism of in-
itiation of microscopic vapor explosion [5,11,16,18-20].
Inconsistency exists among experimental measurements
of the maximum fluid temperatures reached before
explosive vaporization on microheaters. Existing the-
ories and models do not predict the development of
the thermodynamic parameters, such as temperature
and pressure, during microscopic vapor explosion. A
generally accepted theory has yet to be devised to pre-
dict the mechanisms that govern micro-scale vapor ex-
plosion. Neither the total energy nor the theoretical
limits of the amount of useful work generated by the
microscopic vapor explosions are sufficiently explored.
The present work attempts to provide quantitative
measurements of the pressure transients generated
from an exploding microbubble and to quantify the
amount of mechanical work released (transferred) into
the surrounding liquid from this phenomenon.

2. Experiment
2.1. Thin-film microheater
According to Skripov [21], the liquid heating rate

has to be high enough for explosive boiling to occur
on a heat-releasing surface. To obtain a high heating

thin film microheaters

thidi film conductors

il simacture

rate, the thermal mass of a heater should be as small
as possible. This can be conveniently achieved with
microscopic thin-film heaters of sub-micron thickness
deposited on a substrate with low thermal conduc-
tivity. For the present study, thin-film microheaters
from a commercial thermal ink jet printhead (HP
51604A Ink Cartridge, Hewlett-Packard) were used to
perform the experiments.

The resistor chip in a new thermal ink jet printhead
is removed to expose the thin-film microheaters (Fig
1(a)). The microheater (resistor) structure is fabricated
on a glass substrate (fused silica) using standard IC
processing techniques [22]. To prevent diffusion of
impurities from the glass into the resistor and conduc-
tor films, a dielectric material such as sputtered silicon
dioxide is deposited first on the glass substrate. The
material of the resistor film is tantalum—aluminum. It
is covered with corrosion-resistant passivation and pro-
tective layers. The conductor film is deposited by mag-
netron sputtering of aluminum doped with copper. To
improve the electrical contact reliability and the electri-
cal conductance, the conductor path is further coated
with nickel and gold layers. The dimension of the re-
sistor films were measured with an optical microscope
(Olympus BX60). The microheater length along the
electrical conduction path is 110 pm and the width is
100 pm, (Fig. 1(b)). The electric resistance of the con-
ductors leading to the array of microheaters on the
T1J chip is 5.6 £ 0.1 Q. The variation is principally due
to the difference in the length of conductive path. The
electrical resistance over a resistor circuit measured
between the connection pads of the conductors on the
TIJ chip is 66.2 +3.9 Q. The difference between the
above two measurements yields 60.6 +4.0 Q for the
value of the microheater electric resistance, R..

The thermal energy, @, produced in a thin-film
microheater during the application of a square electri-
cal voltage pulse, V., on the heater can be calculated

{b) dimension

Fig. 1. Thin-film microheater from a TIJ chip.
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Fig. 2. Schematic of pressure transient measurement.
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where ¢, is the duration of the voltage pulse. For a
typical pulse of 25 V and 6 us in the experiment, the
total heat generation on the microheater is about 62 pJ
and the power flux is of the order of 1 GW/m? on the
microheater surface.

2.2. Experimental setup

The apparatus for the measurement of the acoustic
pressure wave generated from a thin-film microheater
is shown schematically in Fig. 2. A square voltage
pulse with a preset duration is generated by a wave
generator (LW420 Arbitrary Waveform Generator,
LeCroy SA, Geneva, Switzerland). The voltage of the
square pulse is amplified through the power amplifier
into a dc voltage pulse with preset pulse amplitude.
The dc voltage pulse is then applied to the thin-film
microheater and recorded by the storage oscilloscope
(LC334A, 500 MHz Digital Storage Oscilloscope,
LeCroy SA, Geneva, Switzerland). The acoustic press-
ure wave emitted from the microheater surface is
measured by a pressure transducer (Kistler quartz
pressure sensor for high frequency 603B, Kistler
Instrumente AG, Winterthur, Switzerland) mounted on
a precision slide and facing the surface of the thin-film
microheater. The pressure transducer generates an elec-
trostatic charge signal corresponding to the received
pressure signal. This signal is transformed into a vol-
tage signal, amplified by the charge amplifier (Type
5007 Charge Amplifier, Kistler Instrumente AG,
Winterthur, Switzerland) and recorded by the oscillo-
scope. The recorded data is transferred from the os-
cilloscope to a personal computer for analysis. In an
experiment, both the microheater and the pressure
transducer are immersed in water that is open to the

atmospheric pressure. The dimensions of the container
are 130 x 70 x 30 mm and the water is filled in to a
height of 25 mm.

The choice of the pressure sensor is based on its
ability to resolve the details of the acoustic pressure
wave and to record the peak pressure values. Pressure
sensors with response frequency from 2 MHz [23] to
10 MHz [24] were used in two previous investigations
to study the explosive boiling on microheaters. Based
on the time scale of the two characteristic pressure
peaks reported in these two studies, the fundamental
frequency of the acoustic pressure waves emitted from
the explosive boiling on a microheater is estimated to
be in the range from 100 to 200 kHz. The pressure
transducer used in the present study has a natural fre-
quency of 400 kHz and was calibrated for pressure
range up to 200 bar by the manufacturer. The trans-
ducer diaphragm has a diameter of 5.55 mm. This
model of pressure transducer was reported to be able
to record the acoustic pressure waves produced from
the explosive boiling of a butane droplet at its super-
heat limit temperature by different groups [25,26].

A similar setup is used to visualize the explosive
vaporization. The heater pad is put under a micro-
scope (Olympus BX60) with 50 times magnification
and is covered with a water film of approximately
400 pm. A CCD camera (Pulnix TM795) mounted on
the microscope records the boiling process. A Xenon
flash lamp (Hamamatsu L4634), synchronized with the
heating pulse signal, is controlled by a delay unit that
allows the CCD camera to capture individual bubble
images at various stages of the boiling process. The
images are discussed in the following section and
mapped to the corresponding point on the pressure
trace of acoustic measurement.

3. Results

3.1. Acoustic pressure waves produced by the
microscopic explosive boiling

Bubbles are a source of acoustic emission. When a
bubble entrained in a liquid undergoes expansion or
contraction, acoustic pressure waves are radiated from
the bubble surface [27]. This pressure is called acoustic
pressure. The pressure produced within the vapor
micro layer during microscopic vapor explosion pro-
vides the ‘driving force’ for the motion of the bulk
liquid. The pressure transient propagates from the
vapor region into the surrounding liquid through the
interface between vapor and liquid. The intensity of
the acoustic pressure waves represents the intensity of
the microscopic vapor explosion on the microheater
surface. Therefore, the dynamic interaction between
the exploding vapor micro layer and the surrounding
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Fig. 3. Acoustic pressure wave produced by a square voltage heating pulse. Heating pulse. Voltage=25 V, duration=06 ps, trans-

ducer to microheater distance x = 1 mm.

liquid can be characterized by measuring the acoustic
pressure wave in the liquid during the process of
sequential growth and collapse of the vapor region.

Fig. 3 shows a typical acoustic pressure graph pro-
duced by the explosive boiling of water on a thin-film
microheater measured at transducer to microheater dis-
tance x = 1 mm. The heating is provided by a 25 V
and 6 ps square voltage pulse, which is also shown in
Fig. 3. Because of the short heating pulse duration, the
acoustic pressure wave produced from one heating
pulse is not affected by a previous pulse for heating
pulse frequency up to 80 Hz [28] at x = 1 mm. At
heater to sensor distance x = 10 mm, the acoustic
signal is not affected for heating pulse frequencies up
to 500 Hz. The frequency of the heating pulses to the
microheater is 5 Hz in the present experiment. The
recorded oscillogram covers the first 50 ps after the
arrival of a heating pulse in the measurements.

As shown in Fig. 3, the acoustic pressure waveform
from the explosive vaporization on the microheater is
characterized by two positive pressure pulses with each
of them immediately followed by a negative pressure
pulse. The first positive pressure pulse corresponds to
the generation and expansion of a vapor microlayer on
the microheater, which launches a compression wave
into the surrounding liquid. The second positive press-
ure pulse is generated after the implosion of the con-
tracting vapor layer and is the result of regrowth
(rebounding) of the vapor bubble. The symbol ‘A’ in-
dicates the location on the acoustic waveform where
the explosive vaporization begins, the symbol ‘C’ rep-
resents the location of the first pressure peak. The

letters A—H on the acoustic trace correspond to the
stages when the images of (A)—(H) in Fig. 4 were
taken. As shown in Fig. 4(C) the bubble is still grow-
ing at this moment. The symbol ‘D’ in Fig. 3 corre-
sponds to the point where the vapor microlayer
reaches a maximum volume as a result of the explosive
vaporization. The theoretical method to locate the in-
itiation point ‘A’ and the point when the maximum
vapor volume is reached will be discussed in the next
section.

The waveform of the acoustic pressure in Fig. 3 is
consistent with the acoustic pressure trace reported by
Meyer [24] for the explosive boiling of water on a
microheater. The positive and negative values of the
acoustic pressure wave correspond to the acceleration
(d*V/dt? > 0) and deceleration (d*V/d¢? < 0), respect-
ively, of the vapor volume growth (Fig. 3). After the
initiation of the explosive vaporization at ‘A’, the
acoustic pressure increases sharply (region ‘B’) until
the peak of the first positive pressure pulse, ‘C’, where
the acceleration rate of the vapor volume growth
reaches a maximum. These are the initial stages of
vapor microbubble rapid generation and growth.
Detailed pictures of the bubbles during these states are
shown in Fig. 4(A)—(C).

Fig. 4(A) shows that vapor pockets are formed at
‘preferential’ sites on the microheater surface. In ad-
dition, the gray scale (brightness) on the heater surface
is no longer as uniform as the gray scale before the ap-
plication of the heating pulse. Due to the optical limi-
tation of the microscope, we are not able to determine
from the visualization images whether a very thin layer
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Fig. 4. Progressive stages of explosive vaporization on a thin-film microheater. (A) Incipience. (B) Formation of single bubble. (C)
Bubble still growing, starts decelerating. (D) Maximum bubble volume. (E) Bubble shrinks and breaks up. (F) Beginning of bubble
regrowth. (G) Maximum bubble volume for regrowth. (H) Bubble dissipates into small bubbles.

(on the order of sub micrometer) of vapor was formed
on the heater surface. The vapor pocket sites increase
rapidly and connect with each other into a thin layer
of vapor blanket over the microheater surface, Fig.
4(B). An explosive expansion of the vapor layer im-
mediately follows and accelerates with a roughening
bubble interface, Fig. 4(C).

It should be noted here that due to the resolution
limit of the optical imaging system, surface objects
smaller than 2 pum on the thin-film microheater cannot
be clearly identified. Nevertheless, the obtained mi-
croscopy images captured the features of the explosive
vaporization process on microheater surface that are
very different from the traditional pool boiling process
during the early stages of the vapor generation and
growth. With the continuing expansion of the vapor
volume after the end of the heating pulse, the acoustic
pressure rapidly decreases to values below ambient
pressure and reaches the peak of the first negative
pulse (Fig. 3) where the deceleration rate of vapor
expansion is at its maximum. The expansion of the
bubble slows down and eventually reaches a maximum
volume, as indicated by ‘D’ in Fig. 3, before it starts
to shrink and collapse on the microheater surface at
‘E’. The corresponding images of the bubble are visual-
ized in Fig. 4(D) and (E). The collapsing bubble breaks
up into smaller bubbles on the heater surface as the
surrounding liquid accelerates towards the vapor layer
(sz/dt2 < 0) and crushes the bubble. The smaller
bubbles regrow immediately after the break up, Fig.
4(F), and coalesced into a single bubble of comparable
size as the initial bubble before break up, Fig. 4(G).
The ‘rebound’ bubble breaks up again on the micro-

heater surface, Fig. 4(H). The rebound of the smaller
bubbles after ‘F’ causes rapid vapor expansion in the
region, which emits a second compression wave that
has a slightly higher peak value than the first positive
peak at ‘C’ (Fig. 3). Based on the assumption of invis-
cid and incompressible fluid, Rayleigh considered the
collapse of a spherical bubble in an infinite fluid and
developed the now well-known implosion mechanism
of cavitation whereby extremely high pressures are
generated during the last moment of bubble collapse
[29].

It has been shown since the experiments by Pavlov
et al. [30,31] and Skripov et al. [2,32] that microscopic
vapor explosion can be initiated and contained locally
on a microheater by pulsatory heating at very high
rate. The measured boiling incipience temperature is
usually at or close to the kinetic limit of homogeneous
nucleation [2,30-34]. According to Skripov [21], for
transient processes with a fast input of heat into the
system or upon an abrupt drop in the external press-
ure, superheating of the liquid continues in spite of the
action of heterogeneous vaporization sites. Under
these conditions the purity of the system does not play
the governing role. When there is a shortage of pre-
existing nuclei the explosive nucleation mechanism
within the microheater thermal influence zone can op-
erate as the heat-runoff regulator that prevents further
temperature increase. Therefore a threshold value of
heating rate should exist for a given liquid and heating
surface above which microscopic vapor explosion can
be realized. The criterion given by Skripov for the
spontaneous nucleation to dominate is
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i—? > nQo(T* — Ty) 3)

where d77/dt is the rate of temperature rise, Q the num-
ber of pre-existing nuclei per unit area on the heating
surface, o the liquid thermal diffusivity, 7" the super-
heat limit of the liquid, and Ts the saturation liquid
temperature. The condition to realize the spontaneous
nucleation on the heating surface was reported to be
dTy/dr > 6 x 10° K/s~! for water heated by a platinum
wire under the atmospheric pressure and at a Q value
of 10° cm™2 [21]. Direct measurement of the liquid
temperature rise rate is difficult [35], which makes the
application of the criterion of Eq. (3) in experiments
intractable. Since the liquid heating rate is primarily
determined by the applied heating voltage in the
present experiment, the effect of heating rate on the
explosive boiling process can be probed by comparing
the acoustic pressure emissions from the exploding
microscale vapor layers for different amplitude of
heating pulses with fixed duration.

Fig. 5 shows the acoustic waves generated from
heating pulses at three different voltages. The heating
pulse duration was 6 ps as indicated by the shaded
area in Fig. 5. It is immediately clear that with the re-
duction of the heating pulse voltage from 37 V in Fig.
5(a) to 25 V in (b) and 19 V in (c) the amplitude of
the acoustic pressure is reduced for both the first and
the second positive acoustic pulses. The amplitude of
the higher frequency oscillations following these two
pulses is also reduced with the decrease of the heating
pulse voltage. Other than the reduction of oscillation
amplitudes and a slight decrease in the time delay
between the peak of the two positive pulses, the shapes
of the acoustic traces are quite similar in Fig. 5(a) and
(b). In Fig. 5(c), the amplitude of acoustic oscillation
at higher frequencies is very small between the peaks
of the two positive pulses such that the pressure trace
appears ‘smooth’ in this section of the curve. The lack
of higher frequency oscillations between the two posi-
tive pulses of the acoustic pressure trace in Fig. 5(c)
suggests that the vapor layer dynamics on the micro-
heater at the 19 V heating pulse is different than that
under the higher heating rates in Figs. 5(a) and (b), in
the range where the explosive growth approaches the
maximum volume and the entire phase of subsequent
volume collapse.

A liquid has to be superheated in order to boil
explosively. The ability to superheat a liquid far
beyond its thermodynamic equilibrium temperature of
vaporization is dependant upon the liquid heating rate
on a heat-releasing surface. According to Skripov’s cri-
terion, Eq. (3), a threshold heating rate value should
exist for a given liquid and heating surface above
which explosive boiling can be realized. For water and
the thin-film microheater heated by a 6 ps square
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Fig. 5. Acoustic waveform generated at different voltages of
heating pulse. Heating pulse duration=6 ps, transducer to
microheater distance x = 2 mm.

shape voltage pulse in the present experiment, the
minimum heating pulse voltage is 18.6 V below which
no acoustic emission was detected [36]. The heating
rate effect on the amplitude of acoustic emission is
plotted in Fig. 6(a). The heating rate effect on the
delay time, 7., between the start of the heating pulse
and the peak of the first positive acoustic pulse, ‘C’, is
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pulse voltages. Heating pulse duration =06 ps, transducer to microheater distance x = 2 mm.

plotted in Fig. 6(b). It is very interesting to note that
the amplitude of the first positive pulse, ‘C’, remains
nearly constant over a large range of applied voltage
from 20 V to 31 V (Fig. 6(a)), while the delay time
between the start of voltage application and the arrival
of the first positive peak of the acoustic pressure
decreases monotonically with the increase of heating
pulse voltage (Fig. 6(b)). The amplitude of the first
positive pulse, ‘C’, increases again with the increase of
heating pulse voltage above 31 V (Fig. 6(a)).

The initially insensitive response of acoustic emission
from the vapor volume explosive growth with the
increase of energy input (Fig. 6(a)) can be advan-
tageous in stabilizing the operation conditions for
micro electromechanical systems, such as the thermal
ink jet printer that draws the driving force from the
exploding vapor microlayer.

In the present paper, we focus on the pressure inside
the bubble and the available mechanical work gener-
ated from the explosive vaporization process. It is
necessary to quantify these parameters in order to re-
alize the engineering of mechanical microdevices. A
detailed study on the initiation processes of the micro-
scopic vapor explosion will be the subject of a sub-
sequent investigation.

3.2. The Schrage heat flux condition for vapor explosion

The theoretical upper limit of heat flux, ¢na.x, that
can conceivably be achieved in a vaporization or con-
densation process was given by Schrage [37,38]

172
RT, ) 7 @)

qr:;ax = PJM(W

where p, is the vapor density, 7, the temperature of
vapor, hy, the heat of vaporization or condensation, M
the molecular weight, and R = 8.314 J/(mole K) is the
universal gas constant. The above equation is derived
for a planar interface between vapor and liquid, from
the kinetic theory of gases assuming that all the mol-
ecules pass through the interface in one direction and
no molecules return to the interface. For water at at-
mospheric pressure, a value of gmax=223 MW/m? is
predicted from the above equation for the maximum
heat flux through a vapor/liquid interface.

Under constant heat flux condition, the transient
temperature distribution on the surface of a semi-infi-
nite wall is [39]

Heater

2qis (oct/n)l/2
e

Tw = (5)
Since the microheater thickness is on the order of 1 um,
the temperature variation across the thickness of the
thin-film is very small. If we assume that the tempera-
ture of the glass substrate in contact with the thin-film
microheater is the same as the water temperature in
contact with the microheater, it is estimated from the
above equation that approximately 45% of the total
heat flux generated from thin-film microheater will go
into water. At a heating pulse voltage of 37 V, the
heat flux into the water layer is about gfjeater =945
MW/m? which is more than four times higher than the
theoretical upper limit of interface heat flux. As
demonstrated in Fig. 7, which illustrates a small por-
tion of the near heater region at the beginning of the
nucleation process, if the applied heat flux, ¢fjeater> 18
equal or greater than the theoretical upper limit of
interface heat flux,
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the liquid temperature in contact with the heat-releas-
ing surface will continue to rise until the explosive
vaporization occurs. This is because the heat transfer
rate through vaporization at pre-existing nucleation
sites will not be high enough to remove the heat flux
imposed by the microheater. According to Eq. (6), the
minimum voltage applied to the thin-film microheater
that can generate explosive vaporization is approxi-
mately 18 V. It should be noted that Eq. (6) represents
a sufficient condition to generate an explosive vapor-
ization if the heating duration is long enough for
vapor explosion to develop. The heat flux to generate
explosive vaporization could be lower. However, if the
development time is sufficiently shorter than required
for the explosive growth of vapor phase (i.e. very short
heating pulse), explosive vaporization may not develop
even when Eq. (6) is satisfied.

3.3. Bubble dynamics and conversion of extractable
mechanical energy

Due to the complexity in the interactions between
vapor phase and its surrounding liquid, a universal re-
lation describing the vapor phase growth in a liquid
and the dynamic response of the surrounding liquid
has yet to be established. This dynamic interaction is
further complicated when it occurs near or on a solid
wall. Our current understanding has been based on
highly idealized conditions such as for a single oscillat-
ing gas volume with perfectly smooth surface under-
going expansion or contraction in an unbounded
liquid [21,40,41]. Under these idealized conditions, the
acoustic pressure wave in the liquid, p;, emitted by the
growing vapor volume, V, at a distance of r from the
source in the liquid is given by [42]

2 ,
1) = po = P VU—r/S) ™

dnr dr

where py is the ambient liquid pressure surrounding
the source, ¢ the time, p; the liquid density, and ¢ the
speed of sound in the liquid. In addition to the above-
mentioned assumptions, application of Eq. (7) requires
that the wavelength, 4, of the acoustic pressure wave
and the distance r must be large compared to the
characteristic length, R, of the vapor volume (4 and
r>R) such that the bubble behaves as a compact
sound source. For a given distance in a liquid, the
pressure is therefore proportional to the acceleration
with which the vapor phase grows. The vapor volume
growth velocity as well as the volume itself can be
obtained by integrating Eq. (7),

AV —r/o) dar |’

T PGS ®
and

V(t—r/c)= J; w dr, )

where p,(r,t)=p(r,t)—po is the measured acoustic
pressure. If a further assumption of a perfectly spheri-
cal bubble is made for the shape of the vapor layer
generated on a thin-film microheater surface, the
bubble radius, R, can be calculated from

13
R() = (%’)) . (10)

It is unlikely that the vapor layer on the microheater
surface will be in spherical shape with a perfectly
smooth bubble wall. Nevertheless, the bubble radius as
defined by Eq. (8) represents the length scale of the
vapor volume during the explosive vapor growth.
Under the above assumptions, the movement of the
idealized bubble wall is related to the vapor pressure
within the bubble, p,, by the classical Rayleigh—Plesset
equation [43],

pv(t) — Do dr

=pR T 50 t2a TR @Y

&R 3 (dR)2 4 dR 20
where g is the liquid viscosity and ¢ the liquid surface
tension.

The incipience point, ‘A’, of explosive vaporization
on the measured acoustic waveform of pressure in Fig.
3 can be located from the theory of inertially con-
trolled bubble growth. After the nucleation of vapor
bubbles on a heat-releasing surface, the initial stage of
vapor volume growth is limited by the surface tension
force. With the growth and, most likely, coalescence of
vapor bubbles, the pressure threshold needed to over-



290 Z. Zhao et al. | Int. J. Heat Mass Transfer 43 (2000) 281-296

come the surface tension will be reduced rapidly and
explosive vaporization will occur on the surface. It is
assumed that the explosive vapor volume growth is
limited only by the surrounding liquid inertia, in which
the vapor volume increases at a maximum rate with
time

V(1) = Vot (12)

where ¥V is the initial volume of vapor layer at the
beginning of the inertially controlled vapor growth.
This relation defines the process of explosive vaporiz-
ation. Substituting the above equation into the
equation for acoustic pressure, Eq. (7), yields

3Vop, ‘
2nr

pa(r,0) = (13)

The acoustic pressure emitted from microscopic vapor
explosion is a linear function of time immediately after
the incipience of vapor explosion. Eq. (13) is used in
Fig. 3 to locate the incipience of explosive vaporization
by curve fitting the growth part of the first positive
acoustic pulse. The linear fit is chosen for the curve
section between 5 and 95% of the pressure at the peak
‘C’. The intersection point, ‘A’, between the line fit
and the zero acoustic pressure p,(t)=0 is defined as
the incipience point of explosive vaporization in this
paper. The maximum variation of the incipient time of
explosive vaporization, fa, is 0.1 ps between curve fit-
ting in the full range of pressure rise to ‘C’ and in the
range of 10-90% of the pressure at ‘C’ for all the ex-
periment runs.

As a bubble expands or contracts in a liquid, mech-
anical work is transferred between the bubble and the
surrounding liquid. The kinetic energy transferred
from the expanding vapor microlayer on a thin-film
heater surface can be used, in principle, to drive elec-
tromechanical microdevices such as micro actuators
and pumps. Information about the useful work con-
verted from the thermal energy on the surface of a
microheater is critical for these applications. The
mechanical work, E,(¢), done by a vapor volume on
the surrounding liquid is

40

t
Em(t) = Jpv dV= J Pv—— dz, (14)
D ar

where the pressure within a bubble is calculated from
Eq. (11) and the volume velocity dV/dt from Eq. (8).
Part of the mechanical work is used to overcome the
ambient pressure and to increase the vapor/liquid
interface surface area. Hence, it is not available as use-
ful energy. The useful mechanical work, W(t¢) that can
be extracted from the explosive vapor expansion is
given by

LA LA " dA()
W)= | py——=dt — dt — | o—=dt
@ LP de Lpo de LJ de

15)

where A(z) is the interface surface area. If the vapor
layer surface area can be approximated by the surface
area of a spherical bubble with the same volume, the
extractable mechanical work can be calculated from

! 327 \'3 |dW()
W(z)zjo[pv—po—cr(mt)) i|dzdt @. (16)

The corresponding power is the integrand in the above
integration,

aw(n) 321\ [dV()
- —[pv—po—a(mt)) }dz W, (7

The total acoustic energy radiated by an omnidirec-
tional acoustic source on a surface, E,, can be
obtained by integrating the acoustic power over the
time [44]

2 2
E = %Jpz da, (18)
1

The sound speed, ¢, of 1481 m/s in water at 20°C is
used in the above calculations.

Fig. 8 shows the vapor microlayer dynamics recon-
structed from the measured acoustic pressure waves in
Fig. 5 based on the above theory. The vapor incipience
points defined in the previous section and the vapor
volume maximums reached are denoted with arrows in
Fig. 8 for each of the three different tests. At a given
duration of voltage heating pulse (6 ps), the maximum
volume of the vapor microlayer increases with the
increase of the heating pulse voltage up to
3.15 x 107'? m? for the 37 V heating pulse (Fig. 8(a)).
The maximum volume expansion velocity increases
with the increase of applied heating pulse voltage (Fig.
8(b)). The incipience time of the explosive vaporization
decreases with the increase of the heating pulse
voltage. After expanding to the maximum volume, the
vapor microlayer shrinks and will eventually contract
to a minimum volume just before bubble rebound or
break-up. It is well known that a collapsing vapor
bubble may disintegrate into clouds of smaller bubbles
near the end of bubble collapse due to the develop-
ment of Rayleigh—Taylor instability [43,45,46]. Bubble
disintegration at the end of the bubble collapse was
observed in our visualization study, Fig. 4(E) and (F).
As a result, the compact sound source assumption
made in Eq. (7) is not satisfied during the later stages
of vapor volume contraction prior to the bubble
regrowth. The results presented in Figs. 8—11 cover the
time period from the beginning of joule heating at
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Fig. 8. Vapor microlayer growth dynamics. (a) vapor volume and (b) volume velocity. Symbols ‘A’s’ and ‘D’s’ refer to the points
of explosive vaporization incipience and vapor volume at maximum, respectively. The subscripts represent the corresponding heat-

ing pulse voltage. Heating pulse duration=6 ps.

least up to the maximum vapor volume (symbol ‘D’ in
Fig. 8). The present experiment is primarily concerned
with the explosive growing phase of the vapor micro-
layer and the associated energy transfer process. It will
be of interest to measure the minimum size of vapor
volume before bubble disintegration occurs. However,
the current acoustic measurement cannot resolve the
onset of bubble disintegration. Therefore, the mini-
mum vapor volume just before bubble disintegration
on the microheater surface cannot be accurately pin-

pointed in the present experiment. Visual observations
show that the bubble disintegrates at most 2 ps before
the beginning of bubble regrowth (symbol ‘F’ in Fig.
3, frame (F) in Fig. 4), which corresponds to a time of
17 us after the beginning of the heating pulse.
According to these observations the results in Fig. 8
and the subsequent figures cover the time period up to
16 ps after the start of the heating pulse.

The growth of the bubble radius (i.e. vapor micro-
layer characteristic length), bubble wall velocity and
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on a thin film microheater. (a) Bubble radius, (b) bubble wall
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conditions. Heating pulse duration =26 ps.
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Fig. 10. Vapor microlayer excess pressure at different heating
conditions. Heating pulse duration=6 ps.

acceleration are plotted in Fig. 9. It is immediately
clear from Fig. 9(a) that the maximum linear dimen-
sion of the vapor bubbles were of the same order as
the microheater (~100 um). The lifetime of the expand-
ing vapor microlayers is about 15 ps. With the increase
of applied pulse voltage, the maximum expansion vel-
ocity increases, Fig. 9(b). The peak of the bubble
expansion velocity reached approximately 17 m/s in
the 37 V and 6 ps pulse heating experiment. The
bubble wall velocity at the start of the explosive
volume growth, indicated by ‘A’, also increases with
the increase of the heating pulse voltage. The bubble
wall acceleration is related to the acoustic emission
and vapor volume velocity through Eq. (7),

dzR_( 1 )'/3 N P
d2 "~ \36n V23| op Pa

2 (dr’
(@] 0
Fig. 9(c) shows the effect of the heating pulse magni-
tude on the peak acceleration of the bubble wall,
which is not in phase with the bubble velocity. Note
that the time scale of Fig. 9(c) is different than that of
Fig. 9(a) and (b).

With the spherical bubble assumption, the bubble
excess pressure, py—p,, calculated from the Rayleigh—
Plesset Eq. (11), is shown in Fig. 10. The maximum
excess pressure during the explosive vaporization pro-
cess increases with the increase of heating pulse
voltage. At 37 V, an excess pressure of 6 bars was
reached after the initiation of explosive vapor growth.
Since the ambient pressure was constant throughout
the experiments, the results of Fig. 10 indicate that the
pressure within the bubble reaches its maximum after
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Fig. 11. Energy conversion. (a) Mechanical energy conversion
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efficiency under different heating conditions. Heating pulse
duration=6 ps.

a time delay from the beginning of the explosive
vaporization. The increase of vapor pressure within the
vapor phase could only come from either conductive
heating of the vapor in contact directly with the micro-
heater surface or rapid vaporization at the vapor/liquid
interface. Since the growth rate of thermal diffusion
length is proportional to the square root of the diffu-
sion time (l”z), which is slower than the bubble
growth rate during explosive growth (z), the increase
of pressure inside the bubble after the incipience of the
explosive vaporization is a direct consequence of
increased vaporization rate at the vapor/liquid inter-
face. Although the exact mechanism that accelerates
the vapor production following the onset of vapor ex-
plosion 1is still an open question, recent progress in
explosive vaporization research has provided strong
evidence that the development of instabilities at the
vapor/liquid interface, the Landau instability in par-
ticular, is responsible for the interface surface roughen-
ing or even for the tearing of the interface at high
evaporation rates [45,47-49]. The consequence is a
rapid increase of interface area for vaporization that
leads to a ‘jump’ in vaporization rate [47].

In addition to the pressure production, the conver-
sion rate of the supplied electrical energy into the
extractable mechanical energy is also important to the
application of rapid microbubble generation for micro-
mechanical devices and machines. This information is
reported in Fig. 11 according to Eq. (17) together with
the amount of extractable mechanical energy calcu-
lated from Eq. (16), and the efficiency, n=W/Q.

As shown in Fig. 11(a), the maximum extractable
power was 0.01 W for the 19 V heating pulse con-
dition; it was increased by an order of magnitude, to
more than 0.1 W, for the same duration of heating
pulse when the voltage was increased to 25 V, which
corresponds to the operating condition of the TIJ
printer. The peak extractable power was further
doubled to more than 0.2 W for the 37 V heating
pulse. Obviously, the 19 V heating pulse operating
conditions are not appropriate for applications such as
thermal ink jet printers, micropumps, and micro-
actuators where the system performance relies on the
kinetic energy converted from the input electrical
power. Fig. 11(b) shows the corresponding amount of
mechanical energy released from the rapid expansion
of vapor microlayer for these three heating conditions.
It is obvious that substantially higher mechanical
energy is produced at higher electrical energy input per
pulse. The peak of the extractable mechanical energy is
near 0.3 pJ for the 37 V heating pulse. It is also
obvious that the mechanical energy is very small prior
to the onset of explosive vaporization.

The acoustic conversion efficiency, 1, = E,/Q, is cal-
culated using the acoustic energy, E,, given by Eq.
(18). Park et al. [50] calculated the acoustic conversion



294 Z. Zhao et al. | Int. J. Heat Mass Transfer 43 (2000) 281-296

in the rapid vaporization of water, on a surface heated
by a pulsed laser. The obtained acoustic signal due to
the growth of the vapor phase in water is characterized
by a single positive pulse. They reported an acoustic
conversion efficiency of 0.0015%. To compare with the
laser induced acoustic emission in water, the acoustic
conversion efficiency is plotted in Fig. 12 for the first
positive pulse (p, > 0) of the acoustic waves in Fig. 5.
The acoustic conversion efficiency is only 0.0006% for
the 19 V heating pulse case; it increases to more than
0.0033% when the heating pulse voltage is increased.

The current acoustic pressure transient measure-
ments have uncertainties due to the quartz pressure
transducer resonance at its natural frequency and the
charge amplifier linearity error. In the pressure range
of the present experiment the uncertainty due to linear-
ity error is about 0.2%. The error caused by the trans-
ducer resonance is less than 5% at 1/3 of its natural
frequency and increases with the increase of signal fre-
quency. From the pressure signals in Fig. 5, the fre-
quency of the acoustic pressure pulses is in the range
of 120-145 kHz. The error increases to less than 10%
when the signal frequency is 200 kHz. In the above
analysis, integration of Eq. (7) starts from the time
t=r/c. Electronic circuit noise signals, as can be seen
at t = 0 in Figs. 3 and 5, will add uncertainties to the
vapor volume calculation. Due to the short heating
pulse duration, dynamic impedance in the power
amplifier and the resistance heating delivery circuits
causes uncertainties in the energy input into the micro-
heater.

The distance between the pressure transducer and
the microheater is measured by moving the transducer
away from the microheater surface after an initial con-
tact between the TIJ chip and the transducer where the
distance x = 0 is assigned. We estimated that the gap
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Fig. 12. Acoustic conversion efficiency. Heating pulse dur-
ation==6 ps.

between the microheater surface and the transducer
surface at ‘contact’ can be up to 0.1 mm due to the
transducer surface roughness. The precision slide has a
measurement accuracy of +0.05 mm. For a measured
heater-to-sensor-distance of 2 mm, the relative error is
5%.

It is important to mount the transducer so that the
detection surface is normal to the pressure wave travel-
ing direction. A small deviation from the normal angle
of incidence could cause a relatively large reduction in
the pressure amplitude and in addition a change in the
pulse shape [50]. In the present experiment, the trans-
ducer was mounted in the direction resulting in a
maximum signal at a given distance from the heater
surface. However, experiments performed in a recent
study [28] show that for the present setup, deviations
of up to 13° from the normal angle of incidence did
not lead to a change in pressure amplitude, due to the
characteristics of the acoustic sensor. Temperature
variation in the range from 20°C to 25°C between ex-
periments also introduces an uncertainty in the
measurement of acoustic pressure waves. The water
temperature affects density, the travel time of the
sound from the source to the sensor, and the amount
of heat input to initiate the explosive vaporization pro-
cess.

Using the quadrature sum of the independent uncer-
tainties [51], the total error of acoustic pressure
measurements due to the transducer resonance, the
charge amplifier linearity error, and the distance
measurement error is 7%. Due to the cumulative
nature of vapor volume and velocity calculation which
require the integration of acoustic signals, the circuit
electronic noise signal will add positive or negative
values to the volume calculation, especially at the start
and the end of the heating pulse. Integration from the
beginning of the acoustic pressure data collection until
the arrival of the heating pulse yields an average of
noise induced error in volume measurements at the
beginning of heating. The maximum value of these
errors for all the volume measurements is + 5 x 1074

3
m-.

4. Summary

To produce a pressure pulse, thin-film microheaters
are operated at heat flux levels several times higher
than the theoretical upper limit predicted by Schrage
[37]. The acoustic pressure production due to rapid
pulse heating of a liquid with a thin-film microheater
deposited on a glass substrate is accompanied by a
vapor explosion and subsequent implosion. A mini-
mum energy input rate exists for a given duration of
heating time below which no explosive vaporization
can be realized. The acoustic pressure emission
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increases linearly with time shortly after the onset of
explosive vaporization. Increasing the rate of energy
input to about 15% over the minimum energy input
rate needed for explosive vaporization at a given pulse
duration will increase the peak value of acoustic press-
ure production by 500%. Further increase of energy
input rate over a range of applied voltage from 20 V
to 31 V did not increase the acoustic pressure pro-
duction. However, the delay time, tg, between the peak
of the generated acoustic pulse and the beginning of
heating pulse application decreases monotonically with
the increase of heating pulse voltage.

The dynamics of the vapor phase are reconstructed
in this paper using either the volume of vapor or a
characteristic length (bubble radius) from the data of
acoustic pressure measurement. It is clear that the
vapor volume is largely generated after the onset of
explosive vapor growth. The vapor volume generated
from the microscopic vapor explosion has a typical lin-
ear dimension on the order of 100 um, which is about
the same as the microheater linear dimension. The
maximum expansion velocity of a vapor layer on the
microheater surface was 17 m/s in the present exper-
iment. The pressure within the vapor volume was cal-
culated from the Rayleigh—Plesset equation using the
vapor volume obtained from the acoustic measure-
ment.

The extractable mechanical energy for explosively
expanding vapor microlayer was also calculated. The
amount of extractable mechanical energy was approxi-
mately 0.3 pJ for the 37 V heating pulse. The corre-
sponding extractable mechanical power was more than
0.2 W. The conversion efficiency from electrical energy
into extractable mechanical energy was 0.23% at 25 V
heating pulse. The acoustic conversion efficiency was
approximately twice that of laser pulse heating induced
rapid vaporization of water.
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