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Microboiling is commonly used in thermal inkjet atomizers (TIJ) and microelectromechanical (MEM)
devices. The TIJ and MEM devices performance is closely related to the dynamics of the bubble used to
operate them; therefore, it is important to determine the conditions of input energy and power leading
to specific bubble dynamics. The objective in this work is the characterization, in a confined space, of the
bubble dynamics on a range of input conditions of energy and power and what is the effect of the input
conditions on the bubble extractable mechanical efficiency. Mechanical efficiency is defined by the ratio
of the integral of the mechanical work (work done by the bubble expansion due to the elevated internal
pressure relative to atmospheric pressure minus the increase in bubble surface energy) to the total
energy input to the microheater. Bubbles are generated with energies of 7-17 pJ under high heating rates
and short pulses in deionized water. Resulting nucleation temperature measurements are consistent with
homogeneous nucleation. The bubble lifecycle shows strong dependence on the input heater energy and
input heating rate. This work presents new results in bubble growth where growth-shrink-growth
derived from specific energy conditions. The bubble growth-shrink-growth may be due to subcooled
fluid, local variation in the pressure field, and by the surface tension driven change in curvature of the
bubble. Mechanical bubble efficiencies result in small values suggesting most of the energy applied to
the heater is distributed in other processes which may include increasing the internal energy of the hea-
ter film and the fluid.
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1. Introduction electric) or thermal inkjet atomizer (TIJ) and in order to improve

droplet formation efficiency.

Fast boiling, nucleation times on the order of 10° us and bubble
lifetime on the order of 10" ps, in enclosed microheaters has been
widely used in thermal inkjet atomizers (TIJ) and micro-electro-
mechanical systems (MEMS), mechanical actuators, nozzle-dif-
fuser pumps, and mixers [1]. The range of drop and spray applica-
tion includes the printing of ink; delivering of small and precise
amount of fluid for chromatography, precise drug delivery; manu-
facturing of solar cells, coatings, fabrication of lenses; wiring of
conductive circuits; and two phase heat transfer among others
[2-8]. The wide range of spray applications leads to large efforts
to understand the droplet formation either by mechanic (piezo-
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TI] delivered droplets are directly influenced by the bubble
dynamics; therefore, a controlled bubble evolution is desired to
have a better spray quality. Controlling the spray quality and the
amount of delivered fluid typically requires generating microscale
bubbles with high growth rates.

For microheaters, the reduction in spatial and time scales, sur-
face energy [9,10] and non-equilibrium phenomena [11] drive dif-
ferent dynamics of the bubble nucleation and growth. The boiling
process on microheaters at high heating rates depends on the local
fluid superheat, availability of nucleation sites (via surface irregu-
larities, thermodynamic fluctuations, and/or the presence of non-
condensable gases), and fluid properties [12,13]. Typical bubble
nucleation models attempt to predict active nucleation cavity sizes
[14], initial radius of vapor embryo [15], and bubble growth in non-
uniform temperature fields near heated surfaces [16] for macro-
scale systems and under saturated pool boiling regimes. However,
in transient microboiling the added factors of heating rate, dura-
tion, and spatial localization of the heating source change the
nucleation and bubble growth processes.

Substantial experimental work focused on high heating rates
and nucleation time measurement has indicated that local fluid
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Nomenclature

A hemispherical cap bubble surface area
E energy

e Wheatstone bridge voltage

h height of hemispherical bubble cap
t time

P power

p pressure

R resistance

r radius of curvature

1 film radius

T temperature

Vv hemispherical cap bubble volume
Greek symbols

n efficiency

u viscosity

o density

G surface tension
Subscripts

d reference point
h microheater

in input

1 liquid

m mechanical

0 ambient

out output

\ vapor

nears the thermodynamic superheat limit based on the spinodal
limit. The high superheat result is supported by multiple direct
experimental measurements [11,17-19] and by energy dissipation
measurements and heat conduction calculations [20-22]. Further-
more, surface irregularities and non-condensable gases may play a
lesser role; a surface irregularity is not necessary to generate a
bubble embryo when a high superheat is reached. Under this re-
gime, the nucleation mechanism assumes the formation of an em-
bryo as a spherical cap on the surface [19]. This nucleation
geometry lowers the projected nucleation temperature. Experi-
mental techniques developed to measure the superheating include
monitoring the change resistance of the film heater and optical
visualization of the nucleation. Optical bubble visualization also al-
lows tracking the bubble morphology dynamics. Specific nucle-
ation sites are reported, at high superheats, followed by the
formation of a vapor film spreading on the heater area and later
vertical expansion. Preferred nucleation sites are highly repeatable
at short or high heating times [23]. Localized nucleation sites at
homogeneous boiling may be a result of attractive forces between
the fluid molecules and the solid in contact with it. Fluid molecules
near the solid surface may experience large attractive forces thus
increasing the nucleation temperature above the spinodal limit.
Using the molecular attractive forces reasoning, numerical model-
ing has shown homogeneous boiling can occur in the fluid filling a
cavity of the order of nanometers [24].

High fluid superheat results in high internal bubble pressures at
nucleation. The growth, maximum size and collapse of a microbub-
ble produces an unusual microbubble pressure signature during
the early expansion phases. Of the limited pressure work, Zhao
et al. [11] and Glod et al. [25] measured acoustic pressure fluctua-
tions at a small distance away from a heater in a semi-infinite un-
bounded fluid environment. The internal bubble pressure and
growth rate were back calculated based on a spherical bubble
assumption and the measured acoustic pressure. The presence of
two maximums in the bubble pressure signature result from the
initial bubble expansion and from the bubble regrowth. Bubble re-
growth occurs after the bubble collapse at the end of the first bub-
ble growth and collapse phase. The regrowth could be due to
compression and later expansion of noncondensable gas within
the bubble during the bubble collapse [26]. Despite the previous
experiments, more work is needed to expand the understanding
of microbubble growth in confined geometries and its impact on
the pressure generation.

This paper contributes to the characterization of the bubble life-
cycle for water in a bounded microheater under different energy
and power conditions. The characterization is carried out from
optical measurements of the bubble size and bubble growth rate,

and from concurrent measurements of the heater temperature
during heating pulses. Mechanical bubble efficiency is determined
assuming a bubble hemispherical cap shape.

2. Experimental equipment and procedure

The microheaters in this study are representative of typical TIJ
devices with the nozzle plate removed and including a thin passiv-
ation layer separating the heater from the fluid, barriers surround-
ing the heater area, and channels to supply the fluid. The
passivation layer isolates the microheater electrically from the
fluid and provides a mechanical protection against the concen-
trated pressure during the bubble collapse. The microheater of
41 x 45 pum is centered under a fluid volume that is formed by ver-
tical walls of 25.4 pm high and two microchannels on each side to
supply fluid. The sidewalls affect the heat transfer and the pressure
field generated by confining the bubble expansion process.

The TIJ device is encapsulated in two plexiglass plates. Deion-
ized water is supplied through lateral ports on the plexiglass
plates. The micro-heater operates continuously at specific frequen-
cies in a mode where the bubbles grow and collapse without
detachment from the heated surface. The growth phases of the
bubbles are imaged through a short strobe light of 120 ns synchro-
nized with the heating pulse and recorded with a microscope and
digital camera. Fig. 1 shows a schematic of the experimental equip-
ment. The strobe light time delays are varied to reconstruct an
ensemble of the boiling event statistically.
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Fig. 1. Experimental set up.
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The heater input power is controlled by changing the voltage
from 8 to 12V and the heating time is varied from 2.3 to 5.3 ps
to change the total input energy. Experiments are performed at
ambient pressure and room temperature (101.3 kPa, 296 K). Sev-
eral experiments under the same driving conditions were repeated
on different heaters to validate consistency.

The circuit (Fig. 1) driving the microheater uses a microproces-
sor, Ubicom SX28AC/DP, programmed to trigger the microbubble
and the xenon flash lamp (Nanolite FX Xenon Flashlamp, High-
Speed Photo-Systeme). The microprocessor activates a Darlington
array that feeds a regulated voltage (8-12V) to an individual
microheater. The circuit is powered by a laboratory power supply
(72-280 TENMA). The flash lamp is synchronized to the heating
pulse at different time delays through the digital delay/pulse gen-
erator (DG-535, SRS), and the boiling events are captured with a
microscope with two optical doublers (Infinivar continuously
focusable, Infinity Photo-Optical Co) and a CCD camera (TM-
7200, Pulnix). The flash lamp has a nominal flash duration of
120 ns based on the half-width of the light intensity to illuminate
the bubble and capture the event. The overall optical magnification
factor is 32 and the heater occupies 1/9th of the field of view. The
lamp illumination is aligned with the microscope using a 45° beam
splitter and the images record the backscattering off the surface.
Video images are recorded to a computer through a PCI video
frame grabber card (Videoh! PCI, Adaptec). The microboiling
events were simultaneously observed on a monitor (13” PVM-
1354Q, Sony).

Image processing is carried out to determine the bubble size.
Images are recorded in an MPEG3 format during experiments
and individual JPEG stills are decompiled. The still images are pro-
cessed by subtracting a background mask frame, filtering out high
frequency noise, passing the output through a threshold, and over-
laying spatial masks (Table 1). The effectiveness of the image pro-
cessing was determined by manually identifying the bubble area
for a small subset of the data. The manually observed bubble area
was compared to the image processing result and the error was
estimated. The image processing method under-predicts the area
by a factor of 1% for small bubble areas and 8% when bubble
reaches its maximum size. Detailed steps of the image processing
technique are given in Escobar-Vargas et al. [27].

The temperature of the microheaters was measured from
changes of electrical resistance measured with a Wheatstone
bridge and a differential amplifier. This technique has been used
previously by other researchers [9,19]. The Wheatstone bridge
voltage difference was converted to the corresponding heater
change of electrical resistance [28]. This heater resistance was later
converted to temperature measurements.

Fig. 2 shows the Wheatstone bridge configuration used for tem-
perature measurements. Balancing of the Wheatstone bridge was
achieved by measuring the resistance of the elements and adding
small resistor values to Rs in the bridge. The zero output voltage
at the differential amplifier was checked at low input voltages
e;=1V. During experiments at high voltage, some inductance
peaks at the start and end of the heating were reduced with induc-
tor and capacitor elements.

Table 1
Bubble image processing.

Darlington

Amplifier

Fig. 2. Wheatstone bridge configuration, the microheater is represented by Ry.

1.06

Fig. 3. Temperature calibration for a microheater.

Temperature calibrations for the microheater were obtained by
introducing a TIJ array into an oven (Barnstead/Thermolyne model
F48015). Small voltages of 0.1 V were applied to a microheater
both as constant voltages and in a square waveform to verify the
transient response. The microheater response was captured on an
oscilloscope (54624A, Agilent, with a sampling rate of 200 x 10°
Samples/s and peak detection of 5 ns). The oven was set to a fixed
temperature and allowed to stabilize for 1 min after which the
microheater resistance was recorded. This process was repeated
for different temperatures in a range from 296 to 483 K. No evi-
dence of hysteresis was found after the microheater was cooled
to a previous measured temperature. Fig. 3 shows the results of
the calibration for four different microheaters. Tests were carried
out and the data is represented by a fit line (continuous solid line
in Fig. 3). The maximum variation from tests to the fit line is calcu-
lated and represented by the dashed lines in Fig. 3. The band of
data variation corresponds to +5.6% the predicted value by the fit

Processing step Operation Purpose

Image registration

Background subtraction

Image normalization and smoothing
Thresholding

Morphological closing and opening

b wWwN =

aligns image with background frame to remove small spatial shifts due to vibration of the apparatus
subtracts a non bubble image to remove shadows and TIJ features

rescales difference based on local image intensity, amplifies shadowed regions

identifies bubble regions by minimum threshold

removes holes in the bubble image (closing), and restores the external shape (opening)
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approximation. The temperature range of the calibration was lim-
ited by the TIJ device thermal resistance. The TIJ device started to
fail at locations different than the micro heater, e.g. electric traces
and pad contacts, when it was subjected to higher temperatures.
Since the tests showed a near linear trend in the temperature
and in the absence of higher temperature calibration data, the
curve fit is extrapolated for the experimental data.

3. Results

The projected bubble area was measured for a set of four differ-
ent heating times of 2.3, 3.3, 4.3, and 5.3 ps. For each case, the bub-
ble lifecycle was recorded from nucleation until collapse. Typically,
the bounded bubble lifecycle lasts up to 14 ps. Temperature mea-
surements were recorded only during the heating time. The water
measured nucleation temperature ranged from 588 to 594 K for
3.1 W heating power.

3.1. Bubble Measurement
The microbubble life cycle is composed of nucleation, growth,

maximum size, collapse and regrowth. Fig. 4 shows typical stills
for different bubbles at different points in the bubble lifecycle as

Fig. 4. Bubble life-cycle (a) heater prior to heating, (b) bubble time, 2.4 ps, (c)
bubble reaches boundary constraint, 3.2 ps, (d) vertical bubble expansion, 3.9 ps,
(e) maximum bubble size, 6.2 s, (f) bubble collapsing phase, 8.2 s, (g) 10.2 ps and
(h) 12.2 ps.

viewed from above. The bubble contour blurring effect results from
fixing the focus plane on the substrate and the continuous change
of the bubble height. The first image shows the heater with shad-
ows generated from surface features on the device. The heater is at
the center of the image, two channels and two side walls (barriers)
enclose the heater. The early stage of bubble growth frames show
bubbles nucleating near the center of the heater (Fig. 4b). Follow-
ing nucleation, the bubble film growth phase is dominated by a
very rapid expansion over the heater surface shown in frames 4c
and 4d. With continued expansion, the bubble develops into a
nearly hemispherical shape. The higher contrast in frames 4e and
4f indicates that the upper surface is curved and smooth. In frame
4e the bubble has expanded beyond the limits of the barriers and
into the channels that supply fluid. Frames 4f, 4g, and 4h show dif-
ferent steps in the collapse process. Rigid surfaces affect the geom-
etry and pressure of the collapsing bubble [29] as shown by the
preferential direction for bubble collapse. The effect of the geome-
try in the collapsing is noticed in frame 4g where the bubble shows
a more rapid collapse at the locations of the channels.

Multiple bubble images are obtained and the bubble size mea-
sured to determine the mean bubble projected area. Fig. 5 shows
the frequency distribution for a heating time of 4.3 ps; the total
points legend indicating the number of bubble frames used to mea-
sure bubble areas. These figures show the bubble distribution at
different phases, 5a during initial growth, 5b during the intermedi-
ate growth, and 5f during collapse. All figures show an approxi-
mate normal distribution. The statistical distribution is similar to
a normal distribution but skewed to the right for the growing bub-
ble phase (Fig. 5¢) and initial collapse (Fig. 5d), and slightly skewed
to the left for reducing bubble size (Fig. 5e). The skewness of the
distribution is driven by the bubble reaching the heater area and
being bounded by the side barriers. The evolution by phases of
the bubble area formed by a heater with a 3.11 W and 13.4 p input
conditions is shown in Fig. 6. A local bubble maximum is present
between phases I and II and a global maximum is present between
phases IIl and IV. The bars in Fig. 6 indicate 1.96 times the standard
deviation of the experimental realizations centered about the
mean, indicating the bound for the cycle to cycle variation in bub-
ble size. Fig. 6 uncertainties can be the result of variations in the
nucleation time. Nucleation time variations would result by the
presence of gas molecules in the liquid, where gas molecules
may act as nucleation sites promoting the formation of bubbles.

Fractional uncertainties on the measuring technique were esti-
mated on the different variables. The fractional uncertainty in the
voltage is £0.0066, the heater resistance fractional uncertainty is
+6.01 x 1074, the propagated fractional uncertainty on the input
power is 0.0133. The fractional uncertainty on the heating time
is £0.0087 and the propagated fractional uncertainty on the input
energy to the heater results in £0.0159. The maximum fractional
uncertainty on the strobe light activation is +0.03. The bubble area
is measured by counting the bubble total number of pixels multi-
plied by the heater pixels scale conversion factor. The uncertainty
on the number of pixels was measured manually from a set of bub-
ble images resulting in maximum fractional uncertainty +0.08. The
scaling factor uncertainty was computed from the optical magnifi-
cation and resolution resulting in +0.085 therefore the propagated
fractional uncertainty on determining the bubble area is +0.116.

Fig. 7 shows the measured bubble area for different heating
durations and approximately the same heating rate (variation in
total input energy). The zero time value corresponds to the initia-
tion of heating. For a short heating time of 2.3 us and an input
power to the heater of 3.11 W; the energy to the heater is 7.2 .
This amount of energy results in an incipient nucleation time of
2.5 ps and at full growth the bubble fills the volume enclosed by
the heater and the walls. The maximum size is reached after the
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end of heating duration. A bubble collapse phase occurs over a
longer time compared to the growth phase.

A heating time of 3.3 ps and input power of 3.11 W (input en-
ergy of 10.3 pJ) is also shown in Fig. 7. This case results in a local
maximum in the measured bubble projected area at approximately
5 us followed by a shrinking in the bubble area and by later bubble
area regrowth. The first local bubble area maximum corresponds to
the instant the bubble has covered the area of the microheater and
penetrated partially into the two channels adjacent to the heater.
The dip in area, around 5 pis, becomes more prominent as the input
energy is increased (Fig. 7 cases at 13.4 and 16.5 W). Maximum
bubble area and longevity of the bubble are associated with the in-
put energy.

Similar behavior of initial bubble growth-shrink-growth in
quasi steady and pulse heating have been reported for heteroge-
neous boiling [30]. The transient bubble shrinking in heteroge-
neous boiling is explained as the result of water subcooling and
bubble pressure variation. Researchers have found the bubble
shrinking caused by the subcooling effect is also present in homo-
geneous boiling [31]. Additional research on microbubble dynam-
ics [32] report changes in the slope of the bubble growth rate with
no shrinkage in size before the maximum bubble size. These other
works claim the bubble dynamics is related to its kinetic energy
and reflected in the advancing contact angle [32]. Changes in con-
tact angle may introduce different surface curvatures that along
with surface tension may result in forces that change the bubble
growing slope. In all these cases the bubble growth rate is rela-
tively slow.

In the present work, the shrinking is present in the timescale
range of 4-5 ps after initiation of heating. Heating cases of 4.3 ps
presented the shrinking near the end of the heating; however,
heating cases of 5.3 us present the shrinking before reaching
5 ps. Fig. 7 indicates there is an energy threshold over which bub-
ble shrinking occurs. Above the energy threshold, the bubble
shrinking is always present in the range of 4-5 ps. The reduction
in the bubble area may be a result of the subcooling, local variation
of the pressure field, and surface tension driven change in curva-
ture of the bubble. Numerical computations indicate the fluid near
the heater (under 0.7 pum at 5 ps) is superheated, therefore, the lat-
eral film expansion is the propagation of a nucleation front into the
superheated layer. Later bubble expansion is complicated resulting
from heat transfer after it reached the limit of the superheated li-
quid region and the dynamic variation in local pressure field. The
surface tension is also important, from the moment the bubble
starts growing until the interfacial acceleration reaches a maxi-
mum [33]; however, in this work the surface tension and the bub-
ble curvature change, during the transition from inertia to heat
transfer dominated growth, may contribute to the bubble shrink-
ing. Axissymmetic contributions of the curvature contribute to
the pressure field via the Rayleigh-Plesset equation (Eq. (1)). Irreg-
ular bubble shapes have different radius of curvature at the inter-
face. Therefore the bubble interface is subjected to nonuniform
force magnitudes due to the different radius of curvature as seen
from Eq. (1).

B d’r 3 (dr\* 4w dr 20 ]
Pu—Posz"F‘i‘iPl(a) T @t (1)
where p, is the internal bubble pressure, p, the ambient pressure, p,
the liquid density, r the bubble radius, y the liquid viscosity, and o
the surface tension.

After the bubble reaches the global maximum size and collapses
completely, a second regrowth of small bubbles occurs. This phe-
nomenon was observed and reported by other researchers infer-
ring that it could be due to compression of noncondensable gas
within the bubble during the bubble collapse [26]. The presence
of nanobubbles after bubble collapse during two consecutive heat-

ing pulses has been demonstrated [34]; nanobubbles may grow
slightly dissipating accumulated energy from the residual super-
heat. The present results are consistent with the residual superheat
combined with nanobubbles or non-condensible gases. In addition,
the reflection of local high pressure waves [35] may be a key factor
in the final bubble regrowth.

Fig. 8 reflects the effect of the heating rate on the nucleation
time, maximum bubble size, and the bubble growth. Increasing in-
put power (heating rate) in the bubble generation results in a lar-
ger bubble growth rate; also, higher input power causes the
nucleation time shift to earlier times [11,19,21,27]. The nucleation
times and maximum bubble size are associated to the power
density.

3.2. Growth rate

Experimental data was collected at nonuniform time intervals.
Therefore, the bubble radius growth rate is calculated from a local
linear average approximation to three points.

Fig. 9a depicts the effect of the applied power. The net result is
as expected, larger radial velocity results due to a larger power in-
put. The maximum speed and bubble acceleration changed with
power as well. The bubble growth is independent of the applied
energy as seen in Fig. 9b. After the bubble reached the maximum
size, the collapse phase is the same for all the measured cases. En-
ergy was applied for short periods of time (maximum 5.3 ps) and
the bubble collapse occurred some time after the energy was cut.
The collapsing velocity was nearly constant during the experi-
ments as seen in Fig. 9b.

During heating and prior to bubble nucleation the fluid layers
closest to the solid heater are superheated. When nucleation oc-
curs the bubble is highly superheated and the growth is inertia
dominated during the early times [13]. Previous experimental
works computing the bubble growth assume a spherical bubble
growth and calculate the internal bubble pressure for later bubble
growth analysis. The spherical assumption is valid just after the
time of incipient nucleation and unbounded fluids in homogeneous
boiling. Microbubble shapes in bounded fluids can differ signifi-
cantly from spheres and a different approach is used in this case.
Experimental data from this work was analyzed during the bubble
growth. Two slopes are noticed, the first slope corresponds to the
bubble film growth rate (Fig. 6 region I) and the second slope is
determined from the times near the maximum bubble (Fig. 6 re-
gion III) and is considered to indicate the bubble volumetric
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growth rate. In an effort to assume a shape that has a close repre-
sentation of the bubble, the bubble is assumed to have different
shapes during its growth. During phases I and II (Fig. 6) the bubble
is assumed to have a spherical cap shape. The spheric cap dimen-
sions are given by r; and h (Fig. 10) where r; h. r; is defined as a
“film radius” and h is defined as height. During phase III the bubble
is assumed to have a hemispherical shape r; = h. The hemispherical
cap bubble shape assumption is made based on the bubble evolu-
tion observed from the stills (e.g. Fig. 4c) where the formation of a
vapor film is observed. The hemispherical bubble shape assump-
tion is deduced from the bubble image Fig. 4e where the bubble
surface shows a pronounced curvature compared to Fig. 4c and
d. The film dimension r; is determined from fitting lines
(Fig. 11a) on the bubble data for phases I, II; r; = h during phase
IIl. The “volumetric dimension” h is assumed to follow a fit line
(Fig. 11b) passing through the bubble incipience time and the
points at phase III. The volumetric growth h was calculated using
two different approaches selected from the bubble growth mode;
a linear fit that may indicate inertia dominated growth and a
square root fit that may depict a heat transfer dominated growth
as shown in Fig. 11.

The radius of curvature of the hemispherical cap is estimated to
determine the internal bubble pressure. Eq. (2) gives the relation-
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Fig. 10. Hemispherical cap bubble and its characteristic distances.
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ship between the radius of curvature and the characteristic lengths
of the hemispherical cap,
r2 +h*

TR @
where the radius of curvature r of the hemispherical cap is used to
calculate the change of pressure in the Rayleigh-Plesset equation
(Eq. (1)).

The bubble mechanical energy is defined as the work done by
the bubble expansion, due to its high internal pressure. The bubble
expansion has to use some energy to expand versus the ambient
pressure and versus the fluid surface tension. Therefore, the
extractable mechanical energy is defined as the work done by
the bubble internal pressure minus the work done on the bubble
by the atmospheric pressure and the work done on the bubble
due to the surface tension. Changes in pressure relate the extract-
able mechanical energy by the bubble change of volume. The
extractable mechanical energy is defined by Eq. (3) [25]

dA\ dV
Em:/ (p,,—po—aw)Edt, (3)

where A and V are the liquid-vapor surface area and volume of the
hemispherical cap, respectively. In terms of the cap volume and
characteristic lengths the extractable mechanical energy is given

by Eq. (4)

20\ dV
Eae [ (po-p- %) G @)

The extractable power results from the derivative of Eq. (4). The
mechanical efficiency is calculated for the data using Eq. (5)

O data
— linear vol
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Fig. 11. Bubble growth regime fitting lines on experimental bubble radius data: (a) Film growth and receding, linear sections. (b) Volumetric growth, square root, linear. Input

conditions: power 3.05 W, heating 5.3 ps.
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Fig. 12. Data analysis. (a) Bubble radius lifecycle; (b) pressure difference p, — po; (c) Power derived from the extractable mechanical work and (d) Efficiency.

where E, is the extractable mechanical energy from the bubble and
Ei, is the input energy to the microheater.

The experimental data, pressure difference, mechanical power
derived from the bubble, and efficiency are shown in Fig. 12. Based
on curve-fit relationships for the different growth phases; the gen-
eral behavior of the variation in pressure can be estimated. Jumps
in the pressure are artifacts of the transition from one fit to another
which are limited by the resolution available in the experiment.
Useful extractable mechanical work is developed only during the
bubble expansion; therefore, the computations stop at the maxi-
mum bubble size. The bubble mechanical efficiencies are calcu-
lated using linear and square root approaches for the volumetric
growth (Fig. 13). Maximum observed mechanical efficiencies do
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Fig. 13. Bubble maximum efficiency for different input power.

not exceed 0.32%. Fig. 13 does not show an asymptotic trend,
and since the bubble expansion velocity (dr/dt) increases with
the input power, it is reasonable to assume that there is possible
room to improve the mechanism and increase the mechanical effi-
ciency of the bubble. Increasing the bubble growth rate requires an
increase in the input power. However, efficiency does not necessar-
ily increases with input power (Fig. 13). Input energy is distributed
to increase the internal energy of the heater film and the fluid; en-
ergy is also consumed during the phase change process [36]. The
energy fraction used for the change of phase affects directly the
extractable mechanical work. Larger values of heating rate and less
energy need to be explored to find the maximum achievable
mechanical efficiency.

3.3. Temperature measurement

The heater electrical resistance was measured and the temper-
ature calculated from the calibration curve (Fig. 3) by assuming
uniform temperature on the microheater. Previous work has
shown an inflection point on temperature measurements as an
indication of the incipient nucleation [9,10,19]. The incipient
nucleation time, from measurements of change resistance on gold
microheaters and from bubble visual inspections, was reported to
shift up to 0.2 ps [10]. Experimental studies of temperature using
heater configurations without a passivation layer show a clear
inflection point at nucleation for some microheaters [9,19]. In this
study, an inflection point in the temperature was not observed due
to the passivation layer. The temperature was measured synchro-
nized with the visualization. The nucleation time was determined
by extrapolating the bubble area measurement back in time to the
point of zero initial area. The nucleation temperature is then deter-
mined at the specific nucleation time and fluid temperature is esti-
mated based on the temperature drop through the passivation
layer.

Fig. 14 shows temperature measurements for the four different
heating times, the zero value in the time axis represents the initi-
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Fig. 14. Heater temperature for power of 3.11 W and (a) heating 2.3 ps, energy 7.2 pJ; (b) heating 3.3 ps, energy 10.3 1J; (c) heating 4.3 ps, energy 13.4 pJ and (d) heating

5.3 ps, energy 16.5 pJ.

ation of the heating. Temperature nucleation fractional uncertain-
ties for the same input power resulted in 0.01. For all cases, the
heating rate rises rapidly up to 3.7 x 107 K/s. The corresponding
measured incipient nucleation times and heater temperatures for
the studied cases are: 2.8 pus; 2.65us (T=588K); 2.7us
(T=594K); and 2.7 ps (T =589 K), respectively. The effect of the
total energy released can be observed from the maximum temper-
ature reached at the end of the heating time. The spike in the curve
at the end of the heating is not physical but due to inductance in
the circuit when the voltage is dropped.

Table 2 lists the resulting incipient nucleation time and temper-
ature for different input voltages, powers, and energies. Large input
powers result in larger heating rates with the nucleation occur-
rence at earlier times. The nucleation temperatures are close to
the superheat limit and they are indicative of the homogeneous
boiling mode. Superheat limit theory establishes an approximate
maximum incipient nucleation temperature for water of 556 K
based on the Kwak and Panton thermodynamic model [19,37].
Other work has measured the superheat temperature limit of
575K [25] and calculated 577 K [13]. In the present experiments,
the passivation layer produces a larger heater temperature at the
onset of nucleate boiling due to an increased thermal resistance
between the heater and fluid. The magnitude of this effect has been
estimated through a 1-D unsteady simulation of the heat conduc-
tion up to the incipient nucleation and indicates a 12-15 K differ-
ence between the heater and fluid temperature. The 15 degree
difference results in a fluid mean nucleation temperature of

Table 2
Boiling conditions for 5.3 pus time heating.

VOltage (V) Power (W) Energy (I»l.]) tnucleation ('»15) Tnucleation (K)
10.5 3.25 172 2.70 574

9.87 2.87 15.2 3.03 547

9.11 244 129 3.72 516

575 K. Different heating techniques have been used to measure
the limit of superheat for water resulting in temperatures of
575.2 K when pulse heating is used; 553 K when bubble column
by isobaric droplet heating is used [38].

3.4. Discussion

Fig. 8 shows that for given experimental conditions, the nucle-
ation times were on the order of 2.6-3.7 ps. The nucleation tem-
perature is near the superheat limit and compares to other
results reported in literature (Table 3). Both the early nucleation
time and the high superheat are consistent with a homogenous
boiling mode or heterogeneous nucleation on a smooth non-wet-
ting surface [19], but not of cavity induced heterogeneous
nucleation.

The fast bubble expansion as consequence of the high heat rates
is manifested in Fig. 9. The immediate transition of the bubble nu-
clei into a vapor film results in a fast inertia dominated lateral
expansion due to the large energy distributed on the heater area
and a short temperature penetration depth into the fluid at the ini-
tial times. The bubble growth shows a shrinking of the observed
bubble area around 4-5 ps for large input energy cases. This dwell
is clear in Fig. 7 for heating times of 4.3 and 5.3 us (13.4 and
16.5 pJ, respectively). The heater fluid subcooling, local pressure

Table 3
Reported homogeneous temperatures by other researchers.

Thucleation (K)

Heating rate (K/s)

Reference

573 42 x 10’ Thomas et al. [9]
556 2.5 x 108 Avedisian et al. [19]
576 8.6 x 107 Glod et al. [25]

568 93 x 107 lida et al. [41]

563 9.0 x 107 Derewnicki [42]
575.2 Avedisian [38]
575+5.8 3.7 x 107 Present study
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variations, and surface tension along with the bubble curvature
play an important role in this feature of the bubble growth. The
bubble expansion after the dwelling is dominated by the volumet-
ric expansion and the area, as viewed in the experiment, expands
at a slower rate.

The growth-shrinking-growth at 4-5 ps and the regrowth at
the end of the bubble lifetime may affect the quality of the bubble
generation and the practical functionality of devices. The bubble
growth-shrinking-growth will affect the bubble expansion by
introducing disturbances in the droplet generation; that may result
in early droplet breakup or satellite droplets in thermal atomizers.
Satellite droplets reduce the quality of spray and are closely related
to the microheater chamber and the bubble formation [39]. John-
son [40] claims the energy input parameters influence the TIJ drop-
let generation process. Low activation energies result in a clear
dwell on the droplet velocity.

The bubble film and volumetric growth are derived on the
assumption of a hemispherical cap bubble growth. Computed
efficiencies based on the hemispherical cap assumption resulted
in small values suggesting most of the energy applied to the
heater is distributed to increase the internal energy of the heater
film and the fluid; energy is also consumed during the phase
change process [36]. Only a small portion of energy is converted
into extractable mechanical energy. Energy losses can include
the heat dissipation to the silicon layer underneath the micro-
heater, and lateral heat conduction. Efficiency results indicate
the need to modify the heater design when mechanical work
is required from the bubble. The maximum computed efficiency
of 0.32% is a comparable order of magnitude to those (0.23%) re-
ported by Zhao et al. [11] who computed it from acoustic bubble
measurements and assuming a spherical bubble shape. Although
both numbers are small there is an indication that the different
geometry can lead to an relative improvement in efficiency. As
this stage the mechanical efficiency of the bubble growth pro-
cess is larger than the overall efficiency of TIJ droplet process.
Droplets from thermal atomizers have a typical 53 pm diameter
and 8.8 m/s velocity under activation energy of 4.8 1, the result-
ing efficiency calculated as the ratio of the droplet kinetic energy
to the activation energy is 0.066%, hence substantial viscous dis-
sipation of the mechanical energy is present during the drop for-
mation process. The microheaters used in this research are
similar to microheaters in regular TIJ atomizer, however, regular
TI] atomizers have a nozzle plate through which the fluid is
ejected. Differences in the calculated efficiency indicate consider-
able energy losses from the bubble generation to the droplet
ejection due to frictional losses.

4. Conclusions

This work presents the results in the characterization of the lat-
erally bounded bubble dynamics under controlled heater input
conditions. Bubble area was measured directly from images and
simultaneously with the microheater temperature. A stroboscopic
imaging technique was used to measure bubble area from above.
Microheater temperature was acquired based on the change of
electrical resistance of the microheater. The bubble mechanical
efficiency was determined based on experimental data and com-
plemented with a hemispherical cap bubble shape assumption.

It was determined that for heating times from 2.3 to 5.3 ps with
input power from 2.4 to 3.25W, very high superheats were
achieved with rapid bubble growth. The input energy and heating
rate resulted in characteristic nucleation time, growth rate, bubble
shape, and bubble lifetime. High heating rates produce an early
nucleation and fast expansion; on the other hand, the total energy
input has a strong effect on the maximum bubble size and dura-

tion. The short time to nucleation and the high measured super-
heat indicate a homogeneous type of nucleation. These results
are consistent with previous work [19,25].

The bubble growth was characterized by a rapid vapor film
expansion, and later volumetric expansion. Temporary bubble
shrinking was noticed at 4-5 ps for high heating rates and input
energies. Bubble growth-shrink-growth is present only after a
minimum energy is supplied; bubbles provided with less energy
do not show a shrinking phase during the growth. The shrinking
occurred independently of the heating time and it may be due pri-
marily to bubble reaching the end of the superheated liquid region,
local variation of the pressure field surrounding the bubble, and
the surface tension driven change in shape of the bubble. This is
the first time the behavior has been seen in these fast growth
and high superheat processes.

The bubble energy conversion efficiency, calculated using bub-
ble images and a hemispherical bubble assumption, shows a max-
imum inside the investigated input power range 2.4-3.7 W. The
bubble efficiency is directly related to bubble size and the growth
rate. Increasing the efficiency might require to explore a broader
range of heating. Different geometric configurations surrounding
the microheater may be explored to minimize energy losses and
improve the energy conversion efficiency.

From a practical standpoint, understanding the bubble dynam-
ics is important in TIJs reliability. The bubble dynamics character-
ization provides information to avoid operational conditions that
may result in firing chamber starvation in TIJs due to over-energy
conditions. As the bubble over-expands into the microchannels, it
takes more time for the capillary filling process to replenish the fir-
ing chamber. If the microheater is activated with a dry chamber,
permanent damage can occur. Bubble regrowth at the end of the
bubble life time may result in undesired problems in TIJs and
MEMs e.g. premature droplet ejection or fluid disturbances.
Mechanical efficiency results are an indication of the amount of
heat losses and the need of improving heater design in the TIJ if lar-
ger extractable mechanical efficiencies are desired from the bubble
expansion.
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