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A Pt microheater (140×100 μm2) is fabricated on a glass wafer and enclosed in a silicon microchannel of
trapezoidal cross section by MEMS technology. With the aid of a high-speed CCD and data acquisition system,
subcooled flow boiling phenomena and temperature response on the surface of the microheater under pulse
heating are observed and recorded. Experiments are conducted for six pulsewidths (50 μs, 100 μs, 200 μs, 600 μs,
1 ms, and 2 ms) under different mass and heat fluxes. With increasing heat flux at a fixed pulse width and
different mass fluxes, four flow regimes including single phase, nucleate boiling, film boiling and dry out are
identified. Since flow boiling regimes are relatively independent of mass flux, correlation equations based on
experimental data for the transitional heat flux of different flow boiling regimes are obtained in terms of pulse
width only. It is also found that pulse width andmass flux have little influence on boiling inception time, and the
classical analytical solution for the nucleation inception time in terms of heat flux is verified experimentally.

© 2010 Elsevier Ltd. All rights reserved.

1. Introduction

In order to design micro thermal bubble actuators based on MEMS
technology, it is important to know boiling characteristics on a
microheater under pulse heating conditions. In recent years, much
researchhas beencarriedoutonmicroscale pool boilingphenomena [1–
13]. In particular, Varlamov et al. [1] performed an experiment on
boiling of different liquids (including water, toluene, ethanol, and
isopropyl alcohol) on microfilm heaters (100×100 μm2) under pulsed
heat fluxes (q=108–109 W/m2) with pulse widths of τ=2–10 μs, and
investigated boiling incipience times versus heat flux and analyzed
effects of heat flux and pulse duration on boiling regimes. Li et al. [2]
conducted a series of experiment for boiling of water under pulsed
heating at various pulse durations ranging from 1 ms to 100 ms on a
smooth square platinummicroheater (100×100 μm2), and found three
boiling regimes (no bubble, bubble mergence and bubble splash) with
increasing pulse power at specific pulse duration. Jung et al. [3] carried
out an experiment to study nucleation temperature on micro line
heaters (3 and 5 μmwide, 50 μm long and 0.523 μm thick) under steady
andfinevoltage input (100–200 μs), and amolecular clustermodelwith
the contact angle effect taken into consideration, was used to estimate
the nucleation temperature. Hong et al. [5] studied effects of various
heating conditions on nucleation temperature and nucleation time on a
micro heater (20×80 μm2) under short electric pulses (1–4 μs).

Avedisian et al. [6] performed pulse heating experiments on a
microheater (30×15 μm2) with pulse widths ranging from 0.5 μs to
5 μs at a voltage input of Vin=11.8 V, and presented the effect of pulse
duration on boiling regime.

In our previous work [14], effects of heat flux and mass flux on
flow boiling regimes (single phase, nucleation and film boiling) on a
microheater (60×100 μm2) at fixed pulse width of 2 ms were investi-
gated. In this paper, we focus our attention on the experimental study of
pulse width and mass flux effects on subcooled flow boiling over a
microheater under pulse heating conditions. In particular, the nucle-
ation temperature and boiling inception time under variousmassfluxes
and heating conditions are investigated. Boiling flow regimes and
transition between boiling flow regimes as a function of pulse width
based on experimental data are correlated. The measured nucleation
times is found to be in good agreement with Hsu's analytical solution
[15].

2. Experimental setup and procedure

2.1. Test section

Themicrochip composingof three layers, shown in Fig. 1,wasused in
this experiment to study the flow boiling under pulse heating. First, a
trapezoidal microchannel was etched in a b100N Silicon wafer with a
thickness of 250 μm throughwet etching, and then bondedwith a glass
wafer (Pyrex7740) having a thickness of 500 μm where the inlet and
outlet holes for theworkingfluid had been drilled. Throughwet etching,
the chip was then thinned to form a trapezoidal microchannel with the
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top width and depth of 600 μm and 150 μm respectively. After that, by
lift-off method, a microheater was fabricated on another glass wafer
(Pyrex7740) with a thickness of 500 μm, including Pt microheater
(500 Å TiW+2000 Å Pt) and Au pad (500 Å TiW+3000 Å Au). In order
to protect the microheater, a 1 μm layer of SiN was spurted on the
surface of the microheater. Finally, the chip with microchannel and the
one with the microheater were bonded together. The size of the Pt
microheater used in this experiment was 140×100 μm2.

2.2. Experimental procedure

Before performing the experiment, the Pt microheater was calibrat-
ed to give its resistance–temperature characteristic. For this purpose,
themicrochipwasplaced in a thermalbathwhose temperature couldbe
controlled. A thermocouple was attached to the microheater. During
calibration, the temperature of the thermal bath was increased
gradually and recorded synchronously with the corresponding resis-
tance of the circuit. After fitting the experimental data, the expression of
resistance as a function of temperature is given as follows:

Rc = 3:5358 + 0:01008T ð1Þ

which shows a linear relationship between the resistance with
respect of temperature. Here, Rc is the resistance of microheater
circuit, which included the resistances of Pt microheater, connecting
wire and contact.

The experimental system is similar to those in our previous
work [14]. Distilled water at a subcooled degree of 80 °C was driven
by a syringe pump to flow through a filter and entered the test
section. A microscope and a high-speed CCD were used to observe
and record boiling phenomenon through the glass plate. A pulse
generator was used to control the pulse input through the control
circuit. The pulse signal from pulse generator was also used to trigger
CCD. A standard resistance was connected in series with the
microheater. During the experiment, the voltages of the microheater
circuit and the precision resistance were recorded by a high-speed
data acquisition system.

2.3. Data reduction

The heat supplied to the microheater is given by

q = Ppt = A ð2Þ

where A is surface area of Pt microheater, and Ppt is power supplied to
microheater which can be determined from

Ppt = Pc Rpt = Rc

� �
ð3Þ

The power supplied to circuit Pc and resistance of circuit Rc can be
calculated through measured data. To determine Rpt, it is noted that Rc

has threemain components: Ptmicroheater Rpt, connectingwire Rw and
contact Rcont, i.e.,

Rc = Rpt + Rcont + Rw ð4Þ

Assuming that the resistance of contact Rcont and connectingwire Rw
are constant (i.e., independent of temperature), then Rcont+Rw can be
obtained from above equation at 20 °C to give,

Rcont + Rw = Rc 20∘C
� �

−Rpt 20∘C
� �

ð5Þ

where Rc (20 °C) can be measured and Rpt (20 °C) can be calculated
approximately as,

Rpt 20∘C
� �

= ρ20∘C l=s ð6Þ

where l and s are length and cross-sectional area of Pt microheater in
the direction of current respectively, with s=wδ, where w and δ are
the width and thickness of Pt microheater, and ρ20 °C is the resistivity
of Pt at 20 °C. It follows from Eqs. (3)–(5) that

Ppt = Pc Rpt = Rc

� �
= Rc− Rc 20∘C

� �
−Rpt 20∘C

� �h in o
Pc=Rc ð7Þ

where Pc and Rc are computed from

Pc = VcIc = VcVs = Rs ð8Þ

Rc = Vc = Ic = VcRs = Vs ð9Þ

with Vc and Vs being the voltages across the circuit and across the
standard resistance Rs. Thus, heat flux supplied to the microheater can
be computed from Eqs. (2), (7)–(9).

3. Results and discussions

3.1. Flow boiling regimes

For a given mass flux and pulse width, it is found that boiling mode
on themicroheaterwill transform fromnucleate boiling at lowheatflux
to film boiling at high heat flux. With further increase in heat flux, the
surface of microheater was covered totally by vapor film and there
appeared a growing light spot at the center of microheater, where dry
out occurred. In order not to damage themicroheater, heat flux will not
be increased further when dry out appeared.

It can be concluded from vitualization study that with increasing
heat flux, microscale boiling over the microheater can be classified into
four different regimes: single phase, nucleate boiling, film boiling and
dry out. Fig. 2 shows the effect of pulse width on microscale boiling
regimes at a mass flux of 45 kg/m2s. With increasing pulse width, it is
shown that less heat flux is required to induce boiling regime transition,
which is similar to the results obtained by Li et al. [2]. The sizes of
regimes of single phase, nucleate and film boiling are reduced with
increasing pulsewidth,which is similar to the results obtained by Lim et
al. [9]. Since it is shown that the mass flux has little effect on boiling
regimes [14], we therefore obtained an expression for heat flux q
required for regime transitions based on a mass flux of 45 kg/m2 s as:

q = a + b⁎ exp −τ= cð Þ ð10Þ

where q is heat flux supplied tomicroheater, τ is pulsewidth, a, b, and c
are constants,whose values for three transitions are listed in Table 1. It is
shown from Table 1 that the value of c is relatively unchanged for the

Fig. 1. Configuration of microchip.
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