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ABSTRACT 
 
A thermal microsystem with integrated heaters, 
pressure and temperature microsensors, has been 
fabricated to study local temperature and pressure 
fluctuations occurring in forced convective boiling in 
microchannels. The observed two-phase flows can be 
classified into two patterns: oscillating liquid/vapour 
interface and liquid burst flow; both leading to un-
steady temperature and pressure fields. FFT power 
spectra of the measured signals are correlated with 
flow visualizations to analyse the two-phase flow 
modes. The dominant fluctuation frequency of each 
flow mode increases with input power; and, under 
similar conditions, the frequency of the periodically 
oscillating liquid/vapour interface is higher than the 
dominant frequency of the liquid bursts. Dimensional 
analysis is performed to derive empirical correlations 
for the dimensionless fluctuation frequency, Strouhal 
number, for both flow patterns. 
 
1. INTRODUCTION 
 
Forced convection boiling in microchannels for 
efficient removal of heat is an active research topic, 
especially in applications such as cooling of 
microelectronic devices. The resulting two-phase 
flow is attractive because latent heat is absorbed by 
the working fluid, due to phase change from liquid to 
vapour, without temperature increase. Furthermore, 
the temperature gradient along a microchannel with 
two-phase flow is much smaller than with single-
phase forced convection flow. 

The transition of the flow, due to heat transfer, 
from single-phase liquid to two-phase liquid/vapour 
has been studied by many researchers since the 
pioneering work of Tuckerman and Pease [1]. Jiang et 
al. [2] documented bubble dynamics at certain 
nucleation sites along a transparent microchannel. A 
fully-developed nucleate boiling, however, had not 
been observed. Instead, a stable annular flow with a 
vapour core developed as the dominant two-phase 
flow pattern in triangular channels. Subsequently, Lee 
et al. [3] found that an annular flow mode is unstable 
in nearly rectangular microchannels, concluding that 
two-phase flow patterns depend on both the shape 
and the size of the microchannel. Indeed, Lee et al. [4] 
reported that the critical size for a nucleation site to 
be active increases with the channel height. 

Flow reversal of a liquid-vapour interface [5-8] 
as well as periodic wetting and dryout [7-9] have 
been observed in microchannels under two-phase 
flow conditions giving rise to pressure and 
temperature fluctuations. Measurements of pressure 
fluctuations at the microchannel inlet and outlet are 
becoming routine [9-12]. However, very limited 
results of local pressure and temperature fluctuations 
along a microchannel are available [13]. In this work, 
two-phase flow patterns due to variations in flow rate 
and input power are visualized, while the fluctuating 
temperature and pressure fields are measured in 
microchannels varying in height. Proper control 
parameters for the flow oscillations are identified, and 
corresponding empirical formulae are deduced. 
 
2. EXPERIMENTAL ARRANGEMENTS 
 
An integrated thermal microsystem, shown in Figure 
1, has been fabricated utilizing a wafer bond and etch 
back technology. The system, consisting of 20 
microchannels, is fabricated on a glass substrate to 
operate as a microchannel heat sink. It includes heater 
elements, temperature and pressure sensors on the 
bottom surface of the microchannels as pictured in 
Figure 2(a); all are made of polysilicon with different 
doping schedule. The 20mm-long microchannels, 
etched in the glass substrate, are capped by a 2μm-
thick composite layer as shown in Figure 2(b). 
Several devices have been fabricated varying in 
channel height, between 5-and 24μm, with fixed 
channel width of 160μm. The thermo-resistors are 
sandwiched inside the capping membrane to measure 
the local wall temperature. The piezo-resistors take 
advantage of the thin membrane defection, during the 
microsystem operation, to locally measure the fluid 
pressure fluctuations. The detailed device fabrication 
procedure is described elsewhere [14]. 
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Figure 1: A picture of a fabricated microchannel heat 
sink showing the 20-channel array. 
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Figure 2: (a) A photograph of temperature and 
pressure sensor between a pair of heating elements, 
and (b) a SEM image of the channel cross section. 
 

Methanol was forced through the microchannels 
at a flow rate regulated by a constant displacement 
syringe pump, while the input power was controlled 
by adjusting the voltage difference applied across the 
heater. The inlet pressure was monitored by a digital 
pressure gauge. The temperature and pressure sensors 
output signals were digitized and recorded using a 
computerized data acquisition system while, 
simultaneously, the evolving flow patterns in the 
microchannels were recorded by a CCD camera 
mounted on a microscope. The calibration of both 
sensor arrays is described elsewhere [14]. 
 
3. FLOW VISUALIZATIONS AND TIME-
DEPENDENT MEASUREMENTS 
 
Forced convection experiments have been conducted 
by driving methanol through microchannels constant 
in width, W=160μm, with different height, H, under 
varying flow rate, Q, and input power, q. When two-
phase flow develops, a periodically oscillating 
liquid/vapour interface (OI) is observed in the 
microchannel, as shown in the inset picture in Figure 
3 for the 24μm microchannel height device with 
Q=0.3mL/hr and q=0.86W. The interface, separating 
the upstream single-phase liquid from the 
downstream single-phase vapour flow, oscillates 
periodically along the channel with a certain 
frequency. The corresponding time-dependent 
temperature and pressure fluctuations, measured 
using the integrated sensors at x=4mm from 
microchannel inlet, are shown in Figure 3. The 
temperature and pressure signals are out of phase; 
lower temperature and higher pressure are associated 
with the vapour-phase, while higher temperature and 
lower pressure accompany the liquid-phase flow. 

Increasing the flow rate to Q=0.6mL/hr while 
attempting to keep the liquid/vapour interface at the 
same location, around x=4mm, requires increasing the 
input power to q=0.98W. Under these conditions, 
however, a new liquid-burst (LB) flow pattern is 
intermittently observed as shown in the inset pictures 
in Figure 4. In this mode, the upstream liquid appears 
at the channel center surrounded by vapour regions, 
similar to annular flow, over a finite upstream section 

of the channel. The switching between the OI and LB 
flow patterns is fairly regular as evident in the 
instantaneous temperature and pressure signals shown 
in Figure 4. Flow visualizations indicate that the 
duration of one liquid-burst cycle is longer than a 
period of the liquid/vapour interface oscillations. 

Further increase in the flow rate to Q=6.2mL/hr 
and the input power to q=4.8W results in the 
disappearance of the oscillating interface. The only 
flow pattern observed under these conditions is 
regular liquid bursts with periodic temperature and 
pressure fluctuations as shown in Figure 5. 
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Figure 3: Oscillating liquid/vapour interface flow 
pattern is characterized by periodic temperature and 
pressure fluctuations; Q=0.3mL/hr, q=0.86W, 
H=24μm, x=4mm. 
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Figure 4: Liquid-burst (LB) and oscillating-interface 
(OI) flow patterns intermittently appear; Q=0.6mL/hr, 
q=0.98W, H=24μm, x=4mm. 
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Figure 5: Periodic temperature and pressure 
fluctuations associated with liquid-burst flow pattern 
(LB); Q=6.2mL/hr, q=4.8W, H=24μm, x=4mm. 
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Figure 6: FFT power spectra, (a)-(c), of both 
temperature and pressure signals shown respectively 
in Figures 3-5; the variations in the dominant 
frequency corresponds to flow-pattern changes. 
 

FFT power spectra of the temperature and 
pressure signals are summarized in Figure 6 to 
explore dominant two-phase flow modes. Both 
spectra in Figure 6(a) contain a single sharp peak at 
f=14Hz, indicating that the oscillations of the 
interface shown in Figure 3 induce highly regular 
fluctuations in the temperature and pressure fields. In 
contrast, the corresponding power spectra of the 
temperature and pressure fluctuations in Figure 4 
exhibit two dominant frequencies as shown in Figure 
6(b). Comparing the power spectra with the 
corresponding flow visualizations suggests that the 
liquid burst occurs regularly at a lower frequency, 
f=2.3Hz, and the liquid/vapour interface appears 
between each successive liquid-burst pair oscillating 

at a higher frequency, f=17Hz. Brutin et al. [12] also 
reported the development of two flow-pattern modes 
based on flow visualizations and power spectra of 
pressure fluctuations at the microchannel outlet. The 
spectra in Figure 6(c), of the signals shown in Figure 
5, exhibit again a single sharp peak at f=21Hz due to 
regular liquid bursts. In general, the relative intensity 
of the OI peak decreases while that of the LB peak 
increases with increasing flow rate and input power. 
At the lower range, only the OI mode is observed 
while, at the higher range, only the LB mode is 
observed. In the intermediate range, both modes OI 
and LB appear intermittently. 
 
4. PRESSURE FLUCTUATION FREQUENCY 
 
The peak frequency of the pressure fluctuations 
associated with each flow mode, OI and LB, is 
plotted in Figure 7 as a function of the input power 
for different flow rates; the measurements are taken 
from sensors at different locations. The frequency of 
each mode increases with increasing input power and, 
when mode switching develops, the frequency of the 
interface oscillations is higher than the liquid-burst 
frequency. Similarly, Brutin et al. [12] has reported 
that the dominant pressure-fluctuation frequency at 
the microchannel outlet, for two-phase flow, 
increases with increasing exit-vapour quality due to 
higher input power. 
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Figure 7: Pressure fluctuation frequency of the 
oscillating liquid/vapour interface (OI) and liquid 
burst (LB) flow as a function of input power for 
various flow rates (H=24μm). 
 

Dimensionless fluctuation frequency is typically 
expressed in terms of Strouhal number defined as 
St≡fDh/U; where Dh and U are the hydraulic diameter 
and average velocity, respectively. Utilizing 
dimensional analysis [15], the Strouhal number has 
the following functional form: St=St(Re,Su,q*). 
Reynolds number, Re, Suratman number, Su, and 
dimensionless input power, q*, are defined by: 
 

μ
ρ hlUD
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2μ
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where σ, ρl, μ , Q and hfg are surface tension, liquid 
density, viscosity, volume flow rate and latent heat, 
respectively; α is the ratio between the heat 
transferred to the working fluid and the total heat 
generation. The Strouhal number for the OI mode StOI, 
associated with the pressure fluctuations as well as 
the interface oscillations, is found to increase with 
increasing Su and q* and decreasing Re. An empirical 
formula has been deduced, using curve-fitting 
techniques, as follows: 

48.2148.211 *107.2 qReSuStOI
−−×=         (2) 

Indeed, experimental data under various conditions 
collapse well onto a single curve representing Eqn. 2, 
as shown in Figure 8(a), for a limited range of 
Reynolds number 0.10≤Re≤0.52. A similar 
dependence of the Strouhal number for the LB mode 
StLB on Su, q* and Re has been found, and the 
corresponding empirical formula is given by: 

87.22.187.213 *1029.1 qReSuStLB
−−×=        (3) 

As shown in Figure 8(b), the experimental results 
collapse reasonably well onto the single curve 
representing Equation 3, in the tested range of 
Reynolds number 0.10≤Re≤2.15. 
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Figure 8: Strouhal number correlations for the: (a) OI, 
and (b) LB flow-pattern mode. 
 
5. CONCLUSIONS 
 
An integrated thermal microsystem has been applied 
to study forced convective boiling in microchannels. 
Two dominant modes of two-phase flow-pattern have 
been observed: (i) oscillating liquid/vapour interface 

(OI), and (ii) periodic bursts of annular-like flow 
with liquid core (LB). OI mode is observed at the 
lower range, and LB mode is observed at the higher 
range of input power and flow rate; the intermediate 
range is characterized by periodic switching between 
the two modes. The flow patterns induce highly-
correlated temperature and pressure fluctuations 
along the microchannel. The fluctuations are found to 
be regular with sharp peaks at the corresponding 
power spectra; under mode switching conditions, the 
frequency associated with the OI mode is higher. 
Expressing the peak frequencies in terms of Strouhal 
number, dimensional analysis has revealed that it 
depends on Reynolds number, Suratman number and 
dimensionless input power. Based on experimental 
data, an empirical formula for each flow mode (OI 
and LB) has been deduced describing the dependence 
of the Strouhal number on three control parameters. 
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