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a b s t r a c t

Two-phase flow instabilities are highly undesirable in microchannels-based heat sinks as they can lead to
temperature oscillations with high amplitudes, premature critical heat flux and mechanical vibrations.
This work is an experimental study of boiling instabilities in a microchannel silicon heat sink with 40 par-
allel rectangular microchannels, having a length of 15 mm and a hydraulic diameter of 194 lm. A series
of experiments have been carried out to investigate pressure and temperature oscillations during the
flow boiling instabilities under uniform heating, using water as a cooling liquid. Thin nickel film ther-
mometers, integrated on the back side of a heat sink with microchannels, were used in order to obtain
a better insight related to temperature fluctuations caused by two-phase flow instabilities. Flow regime
maps are presented for two inlet water temperatures, showing stable and unstable flow regimes. It was
observed that boiling leads to asymmetrical flow distribution within microchannels that result in high
temperature non-uniformity and the simultaneously existence of different flow regimes along the trans-
verse direction. Two types of two-phase flow instabilities with appreciable pressure and temperature
fluctuations were observed, that depended on the heat to mass flux ratio and inlet water temperature.
These were high amplitude/low frequency and low amplitude/high frequency instabilities. High speed
camera imaging, performed simultaneously with pressure and temperature measurements, showed that
inlet/outlet pressure and the temperature fluctuations existed due to alternation between liquid/two-
phase/vapour flows. It was also determined that the inlet water subcooling condition affects the magni-
tudes of the temperature oscillations in two-phase flow instabilities and flow distribution within the
microchannels.

� 2009 Elsevier Inc. All rights reserved.
1. Introduction

Flow boiling in microchannels has attracted attention as a po-
tential technology for high heat flux dissipation. The main advan-
tage of such technology is the possibility of achieving high heat
transfer coefficients using low coolant flow rates that require a
low pressure drop and consequently reduced pumping power
requirements (Lin et al., 2002). However, the main disadvantages
of this approach to cooling are flow instabilities and back flow
reversals, which occur under certain flow boiling conditions. These
instabilities with characteristic pressure drop and flow rate oscilla-
tion are undesirable, as they can lead to high amplitude tempera-
ture oscillations with premature critical heat flux (CHF) and
mechanical vibrations. These vibrations, together with the thermal
stress set up in the heat exchanger material, can cause heat ex-
changer burn-out and mechanical breakdown. Two-phase flow
instabilities in minichannels and microchannels are more intense
than in conventional channels due to the low flow velocities and
the confined space available for bubbles growth. These instabilities
ll rights reserved.

: +44 131 6506551.
result in a lower CHF than would be obtained with stable flow in
the microchannels based heat sink (Bergles and Kandlikar, 2005).
Instabilities in microchannels have been reported by many
authors, but in many cases with different oscillation amplitude
and frequency under similar mass and heat flux conditions. One
possible reason for this was proposed by Wang et al. (2008) who
suggested that the configuration of inlet and outlet regions can sig-
nificantly influence the type of instabilities observed.

Qu and Mudawar (2003) have investigated flow boiling of water
in a heat sink containing 21 copper parallel microchannels. They
reported severe pressure drop oscillations caused by interaction
between the vapour generated within the channels and the com-
pressible volume of the inlet manifold. The authors found that a
throttling valve installed immediately upstream of the heat sink
significantly reduced these instabilities. Zhang et al. (2005) have
used doped silicon sensors to measure transient pressure fluctua-
tions frequencies during boiling in a single microchannel with
water as the working fluid. The authors observed frequencies rang-
ing from 3 to 40 Hz, and recorded up to 138 kPa transient pressure
fluctuations due to bubble nucleation. Explosive generation of va-
pour and the temporal behaviour of temperature and pressure in
parallel triangular microchannels have been observed by Hetsroni

mailto:k.sefiane@ed.ac.uk
http://www.sciencedirect.com/science/journal/0142727X
http://www.elsevier.com/locate/ijhff


Nomenclature

A area of the heated microchannels region, m2

cp specific heat capacity, J/g K
f frequency, Hz
G mass flux, kg/m2 s
I current, A
m mass flow rate, g/s
P pressure, bar
Q total power, W
q heat flux, kW/m2

R resistance, X
T temperature, �C

t time, s
V voltage, V

Greek symbols
DP pressure drop, bar
u portion of the total power transferred to the water

Subscripts
in inlet
out outlet
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et al. (2002, 2003, 2005, 2006). They found that the amplitude of
pressure drop fluctuations increased with increasing heat flux
and vapour quality at constant values of mass flux.

Wu and Cheng (2003a, 2003b, 2004) reported two oscillatory
flow boiling modes in microchannels depending on the heat to
mass flux ratio. It was found that mass flux and pressure oscillated
out of phase in these two boiling modes, and the large amplitude
oscillations of pressure and temperature could be self-sustained.
Wang et al. (2007) experimentally investigated dynamic instabili-
ties of flow boiling of water in parallel microchannels as well as in
a single microchannel. The authors classified these instabilities
into stable and unstable regimes, depending on the heat to mass
flux ratio. Two types of unstable oscillations were reported, one
with long-period oscillations and another with short-period oscil-
lations in temperature and pressure.

Kandlikar et al. (2006) have assessed the effects of an inlet pres-
sure restrictor and fabricated nucleation sites as a means of stabi-
lizing the two-phase flow instabilities in microchannels. The
authors found that fabricated nucleation sites in conjunction with
the pressure restrictor having a flow area of 4% of the channel
cross-sectional area completely eliminated the instabilities associ-
ated with the reverse flow. Kosar et al. (2006) have experimentally
investigated the effects of inlet orifices with various geometries on
the suppression of flow boiling instabilities in parallel microchan-
nels. They have shown that for sufficiently high inlet pressure
restriction imposed by the inlet orifices, parallel channels and up-
stream compressible volume instabilities are eliminated. Kuo and
Peles (2009) experimentally studied the effects of pressure on flow
boiling instabilities in microchannels. They found that high system
pressure moderates instabilities by reducing the void fraction, the
superheat needed to activate bubble nucleation and bubble depar-
ture diameter. Local transient temperature measurements showed
lower magnitudes and higher frequencies of oscillations at high
system pressure.

The aim of the present experimental study is to investigate two-
phase flow instabilities inside a uniformly heated silicon heat sink
consisting of 40 parallel rectangular microchannels with hydraulic
diameters of 194 lm, using water as cooling liquid. Two standard
pressure transducers and thin nickel film thermometers integrated
on the back side of the silicon chip were used together with simul-
taneous visualisation to examine of oscillation frequencies for dif-
ferent flow boiling modes. The effects of inlet water temperature
on flow boiling instabilities were experimentally studied, with
the influence of different subcooling conditions on the magnitude
of temperatures as well as the influence on the flow distribution
within channels being assessed. Using a larger number of micro-
channels entails the risk of a non-uniform distribution during the
flow boiling in the microchannels. One of the objectives of this
study is to investigate the effect of non-uniform distribution within
the channels on both flow instabilities and the temperature distri-
bution. It is much more likely that in real cooling applications (e.g.
cooling of CPU’s) heat sinks with a large number of channels will be
used (to cover an area >10 � 10 mm2) rather than heat sinks with
just a few channels. With the main issues related to using flow
boiling as potential cooling technology being flow instabilities
and non-uniform distribution are thoroughly investigated and
discussed.
2. Experimental setup and procedure

2.1. Experimental facility and procedure

The experimental setup consists of a boiling flow loop and test
module (Fig. 1). The flow loop was designed to deliver deionised
and degassed water from a reservoir into the test module with
microchannels at constant flow rate using a variable speed gear
pump. A 15 lm filter was used to prevent any solid particles from
entering the test section. Flow rates were measured by a thermal
mass flow meter calibrated for the range from 1 to 50 g/min based
on water. Subcooling conditions for water (test module inlet tem-
perature) were maintained using an electrical pre-heater with a
PID controller. The flow rate through the test module was deter-
mined by adjusting the bypass valve and a fine needle valve lo-
cated upstream of the test module. Vapour generated in the test
module returned to the reservoir where it condensed and the
water reservoir-condensing chamber was kept under atmospheric
pressure during the experiments.

The test module was a silicon heat sink with 40 parallel rectan-
gular channels, 15 mm long, 273 lm deep, 150 lm wide spaced by
100 lm. The microchannels with integrated inlet and outlet man-
ifolds were etched into a silicon wafer using the deep reactive ion
etching process. A lift-off process was used to form temperature
sensors on the back side of the wafers, after which a 500 lm thick
Pyrex glass cover plate was anodically bonded to the silicon wafer
to seal and enable visualisation of boiling within the microchan-
nels. On the back side of the device there are five integrated sen-
sors made from a thin nickel film for temperature measurements
and an aluminium heater track for uniform heating of the micro-
channels area. The sensors were integrated between the heater
and the microchannels, and were located 112 lm underneath the
bottom of the channels. Fig. 2a shows the layout of masks used
for the microfabrication process, while the layout of a single sensor
is shown in Fig. 2b. The location of the sensors T1–T5 enables the
measurement of temperatures in both the flow stream direction
and the transverse direction. Most authors investigating flow
boiling instabilities have used temperature sensors located only
along the direction of the flow stream. Water is supplied through
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Fig. 1. Scheme of the experimental setup.
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external stainless tubes, connected to the inlet/outlet holes drilled
in the Pyrex glass cover plate. Two small o-rings are used to seal
the connections and prevent any leaks from the heat sink. Electri-
cal connections for the heater and the sensors are made via alu-
minium pads deposited on the backside of the device and spring
probes connected to the measurement instrumentation. The silicon
heat sink is placed in a sandwich between the top and the bottom
frames as shown in Fig. 3a. The bottom frame is made from PEEK
plastic which has good thermal insulation property while the top
frame is a transparent polycarbonate plastic with holes machined
for external tubes and a square window for visualisation inside
microchannels (Fig. 3b).

Prior to carrying out the experiment, deionised water in the res-
ervoir is degassed by vigorous boiling in the reservoir for approxi-
mately one hour. Afterwards, the flow rate and the inlet water
temperature is adjusted to the desired values. Flow boiling condi-
tions inside the microchannels were then set by either increasing
T1
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T5
Water Inlet

Water Outlet

Microchannels region

m
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b

Fig. 2. Layout of (a) masks for the channels, the heater and the sensors and (b) a
single temperature sensor.
the heat flux with constant flow rate or decreasing the flow rate
with constant heat flux.

2.2. Data acquisition system and measurements uncertainty

The heat flux transferred to the water was calculated from
q = uVI/A, where V and I are the input voltage and the current
across the film heater, A the area of the heated microchannels re-
gion, and u the portion of the total power transferred to the water.
In order to determinate u, a series of single-phase heat transfer
experiments were carried out prior to boiling experiments. The
portion of the total power transferred to the water was computed
from Q = mcp(Tout � Tin), where the specific heat capacity was cal-
culated based on the mean water temperature (average of the
water inlet and outlet temperatures). The total power to the heater
was determined from product of the voltage (V) and current (I)
with u being computed from u = Q/VI. The values of u were found
to be in the range of 0.83–0.95 depending on the heat flux and flow
rate. The mean value of 0.89 was used to determine the heat flux
transferred to the water. It is worth noting that the procedure of
calculating the portion of the total power transferred to the water
was similar to that used by Hetsroni et al. (2005), Liu et al. (2005)
and Wang et al. (2007).

Pressure, temperature and voltage from the microsensors were
acquired and recorded using a 16-bit NI SCXI 1600 data acquisition
system from National Instruments and a LabView software inter-
face. Two absolute pressure transducers and two T-type thermo-
couples, located immediately upstream and downstream of the
test module were also used for monitoring the inlet/outlet pres-
sures and temperatures respectively. The pressure transducers
used (Omega PXM219 series) have a full scale accuracy of 0.25%
(2.5 bar) and a response time of 2 ms. The standard accuracy of
the thermal mass flow meter (Bronkhorst L30 Series) was ±0.5 g/
min. The uncertainties related to thermocouples measurements
were ±0.5 �C for T-type thermocouples.

The use of microfabrication techniques enables more accurate
and reproducible channel dimensions. In the x–y plane the dimen-
sions and layout of the channels are largely determined by the
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mask pattern. The mask pattern is transferred onto the silicon
using photolithography and the pitch of the channels is always
faithfully reproduced. The width of the channel depends upon both
the lithography and etch process biases. The variations of channel
width were considerably less than the accuracy of the Vickers CSS
microscopic measuring system (resolution of 1 lm and accuracy of
±8 lm). Channel depths were also measured at several points
across the array using the Vickers CSS microscope. These depths
varied from 252 to 280 lm, with the average depth being
273 lm. The difference in channel depth across a microchannel ar-
ray can be attributed to non-uniformities in the plasma density of
the deep reactive ion etch system and also the non-uniformity of
the density of exposed silicon being etched.

The integrated sensors were calibrated using a reference T-type
thermocouple to characterise the temperature-resistance relation-
ship, which is shown in Fig. 4. The sensors positions are shown in
Fig. 2a and had a typical sensitivity of 3.3 X/�C and an accuracy of
±0.5 �C using the present acquisition system. The thermal time
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constant associated with the nickel sensors was 1.6 � 10�4 s. Tem-
peratures on the sensors and the inlet/outlet pressures were sam-
pled at rates of 100 and 50 Hz. The advantage of using
microfabricated temperature sensors in comparison to thermocou-
ples is their much faster response time which resulted from the
sensors being a 1 lm thick nickel film. The response time is prac-
tically instantaneous allowing high frequency sampling. In addi-
tion, integrated temperature sensors enable smaller thermal
resistance between the sensors and channels. With thermocouples,
there is inevitable gap between the heater and the silicon heat sink.
An integrated heater provides a lower thermal resistance between
the heater and the channels than a discrete heater allowing smaller
heat losses, and hence better accuracy.

The test module inlet temperature was maintained within ±1 �C
with the heater on the back side of the device being DC powered
with a 1% uncertainty according to the manufacturer specifica-
tions. Visualisation of boiling within the channels was undertaken
using a high speed camera (NanoSense MkIII), mounted on a
microscope with a 5� magnification objective and axial illumina-
tion. The camera had a maximum frame rate of 1000 fps at full res-
olution of 1280 � 1024 pixels.

3. Results and discussion

3.1. Flow stability maps

In the present study, two types of two-phase flow boiling insta-
bilities were identified for the heat sink consisting of 40 parallel
rectangular microchannels. These were high amplitude/low fre-
quency (HALF) and low amplitude/high frequency instabilities
(LAHF) and were classified for the two inlet water temperatures
of 25 and 71 �C. The results are presented using flow stability maps
in terms of heat flux and mass flux with the criterion of classifica-
tion being the frequency of the pressure drop oscillations. The
pressure drop oscillations include the effects of all microchannels
and give a representative fluctuation frequency for the system. It
was found that frequencies typical of HALF type instabilities were
in the range of 0.9–2.88 Hz. Frequencies typical of LAHF instabili-
ties were in the range of 23–25 Hz, these latter are superimposed
over a broad range of lower frequencies. Experiments were carried
out at four different heat fluxes (178, 267, 356 and 445 kW/m2)
and two inlet subcooling conditions (25 and 71 �C). Fig. 5 shows
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Fig. 5. Flow stability maps in parallel microchannels with hydraulic diameter of 194 lm for two different water inlet temperatures: (a) 25 �C and (b) 71 �C.
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experimentally obtained flow stability maps in terms of heat flux
and mass flux for two different inlet water temperatures. The
two inclined straight lines divide the flow stability map into stable
flow, unstable flow boiling with HALF instabilities and unstable
flow boiling with LAHF instabilities.

The stable flow regime (q/G < 2.62 kJ/kg for Tin = 25 �C and q/G <
0.99 kJ/kg for Tin = 71 �C) includes single-phase flow and incipient
flow boiling when isolated bubbles grow inside microchannels
which are then flushed downstream by the bulk flow. Simulta-
neously performed measurements of inlet/outlet pressures and
sensor temperatures for the case of stable flow regime with incip-
ient boiling are presented in Fig 6. Fluctuations of the inlet/outlet
pressure and the sensor’s temperature are negligibly small in com-
parison to those found for unstable flow.

The slopes of the lines in the flow stability maps are defined by
the ratio between heat flux and mass flux and it depends on the in-
let water temperature. This implies that the flow stability depends
on the q/G ratio as well as inlet subcooling condition. However, the
experimental results show that boiling leads to very asymmetrical
flow distribution within the 40 microchannels. This results in the
simultaneous existence of different flow regimes inside micro-
channels along the transverse direction. Fig. 7a shows an image
of bubbly flow pattern for a heat flux of 356 kW/m2, a mass flux
of 222.2 kg/m2 s and inlet water temperature of 71 �C inside micro-
channels located above the sensor T2. Bubbles grew inside the
microchannels, which are then carried downstream by the bulk
flow. Fig. 7b shows an image of simultaneous transient annular
flow inside the microchannels located above the sensor T4, at the
same conditions of heat flux, mass flux and inlet water tempera-
ture (356 kW/m2, 222.2 kg/m2 s and 71 �C). Fig. 8a shows small
fluctuations of the temperature T2, while appreciable fluctuations
of the temperature T4 and the pressure drop. Frequency analysis
of the pressure drop shown in Fig. 8b indicates LAHF type of insta-
bilities. The pressure drop fluctuations inside the microchannels
Fig. 7. (a) Image of bubbly flow pattern inside the microchannels located above the
sensor T2 and (b) image of transient annular flow existed simultaneously inside the
microchannels located above the sensor T4, q = 356 kW/m2, G = 222.2 kg/m2 s and
Tin = 71 �C.
with transient annular flow dominate the pressure drop fluctua-
tions due to bubbly flow.

In the present investigation when the pressure was set to atmo-
spheric, the boiling flow stability inside the heat sink was found to
depend on the heat flux to mass flux ratio, inlet temperature and
flow distribution within microchannels. Asymmetrical flow distri-
bution within microchannels during flow boiling under constant
heat flux might lead to the occurrence of LAHF instabilities at high-
er value of mass flux than is the case with uniform flow distribu-
tion within microchannels under the same heat flux. There are
several possible reasons for the asymmetrical flow distribution
during flow boiling inside the present heat sink with microchan-
nels such as the shape and geometry of the inlet/outlet manifolds,
the position of the inlet/outlet holes and uneven depth of the
microchannels.

3.2. High amplitude low frequency (HALF) instabilities

Instabilities occur after the incipience of boiling inside the
194 lm hydraulic diameter channels, when increasing heat flux
at a constant mass flux or decreasing mass flux with a constant
heat flux. HALF instabilities existed for q/G ranging between 2.62
and 3.44 kJ/kg at inlet water temperature of 25 �C and q/G values
from 0.99 to 1.55 kJ/kg with an inlet water temperature of 71 �C.
Fig. 9 shows pressure and temperature oscillations simultaneously
recorded at a 50 Hz sampling rate for a constant mass flow rate of
15 g/min (G = 208 kg/m2 s), a heat flux of 209.6 kW/m2

(q/G = 1.01 kJ/kg) and an inlet water temperature of 71 �C. The out-
let temperature measured with a thermocouple oscillated between
96.4 and 101.4 �C with a mean value of 99.8 �C. The temperature on
sensor T1, located at the inlet of microchannels region, oscillated
with small amplitudes, while other signals oscillated with appre-
ciable amplitudes. Fig. 10 presents the temperature fluctuations re-
corded for a constant mass flux of 208 kg/m2 s, inlet water
temperature of 71 �C and a range of heat fluxes. As the heat flux in-
creases, the amplitude of temperature oscillations T1 increases as
boiling propagates towards the inlet of microchannels. The ampli-
tude of the temperature recorded on sensors T5, located at the out-
let of microchannels region, decreases and the signal loses its
sinusoidal shape, which was observed at q = 209.6 kW/m2 and
q = 219.6 kW/m2. Differences between the temperatures T2, T3
and T4, located across the microchannels area, become more pro-
nounced when increasing heat flux. This implies that boiling prop-
agation towards the microchannels inlet leads to asymmetrical
flow distribution within the microchannels.

The temporal behaviour of the inlet/outlet pressures and the
corresponding pressure drop is shown in Fig. 11a for different heat
fluxes and constant mass flux of 208 kg/m2 s. The pressure drop
oscillations and the inlet/outlet pressure oscillations are not in
phase, implying that the inlet and the outlet pressure oscillations
are also not in phase. The outlet pressure reaches the maximum
earlier than the inlet pressure as the reverse vapour propagates
from the microchannels outlet towards inlet during one cycle of
HALF oscillations. Fast Fourier transform (FFT) analysis was per-
formed on pressure drop data in order to obtain the frequency dis-
tribution for different heat fluxes and is shown in Fig 11b. This
analysis shows that the frequency of oscillation decreases with
increasing heat flux with constant mass flux. The frequencies of
the pressure drop oscillations obtained from the experiments with
constant heat flux and varied mass flux are presented in Table 1 for
two different inlet water temperatures. The mass flux was varied
from high to low values and the frequencies in Table 1 are pre-
sented for the beginning and the end of the HALF instabilities for
each of the four heat fluxes. The pressure drop oscillation frequen-
cies were found to decrease when mass flux decreases at a con-
stant heat flux.
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The observed frequencies (periods) are different from those re-
ported by Wang et al. (2007). These authors observed periods rang-
ing from approximately 2.5–9.5 s (0.1–0.4 Hz), while we observed
frequencies ranging between 0.9 and 2.88 Hz for the case of high
amplitude/low frequency oscillations. It is suggested that these ob-
served differences are probably due to the fact that during the
experiments conducted by Wang et al. the mass flux fluctuated
while in our experiments this was kept constant. In an earlier work
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Wu and Cheng (2004) used the same microchannels and experi-
mental test loop as in the study of Wang et al. (2007) and reported
much longer oscillation periods ranging from 15.4 to 202 s for
average values of mass flux from 112 to 146 kg/m2 s with a heat
flux between 135 and 226 kW/m2. The authors used compressed
nitrogen gas to move the water from the pressure tank to the test
section with microchannels and reported that when boiling oc-
curred the pressure drop across the test section suddenly increased
due to generation of vapour bubbles. Because pressure drop and
mass flux are coupled, this increase in pressure drop caused a de-
crease in mass flux, which in turn caused the pressure drop to de-
crease. As a result, pressure and mass flux oscillations occurred.
The period of increase or a decrease of incoming mass flux may
be a reason for the long-period oscillations in temperatures and
pressures, reported by the authors.

Similar frequency values and trends to those observed for HALF
instabilities in our experiments have been reported by Hetsroni
et al. (2006) in their experimental study of flow boiling instabilities
in parallel microchannels at low vapour quality. It is interesting to
note that the authors used a pump to deliver cooling water into the
test section at constant flow rate and reported the frequencies of
the pressure drop and temperature oscillations ranged between
1.6 and 2.8 Hz. In addition, they found that periods of oscillation
increased with increasing power. However, they reported only
one mode of instability, probably because of using lower values
of the heat fluxes for a similar condition of the mass flux used
in our experiments. The authors reported an increase in ampli-
tudes of temperatures and pressures with increasing heat flux.
We observed that amplitudes increased first then decreased as
the system passed from the high amplitude/low frequency towards
the low amplitude/high frequency instabilities with heat flux
increasing under constant mass flux, or mass flux decreasing under
constant heat flux.

Temperature, inlet/outlet pressure and pressure drop fluctua-
tions during the HALF instabilities indicate reverse vapour flow in-
side the channels. Simultaneous video visualisation confirmed that
these fluctuations are caused by the flow alternating between li-
quid, two-phase and vapour flow. Similar observation have been
reported by Hetsroni et al. (2005, 2006) and Wang et al. (2007).
Fig. 12 shows image sequences from a recording captured using
a high speed camera at a frame rate of 500 fps. These images are
related to the HALF instabilities for a heat flux of 243.0 kW/m2,
mass flux of 208 kg/m2 s and an inlet water temperature of 71 �C.
The arrow in the first image shows the direction of the water flow
and the circle marks the nucleation site. After the microchannel
with the marked nucleation site is filled with water (t = 0 ms),
the bubble grows (t = 82 ms) and occupies the entire channel
diameter. Further axial growth causes bubbles to expand
(t = 150 ms) forming a transient wispy annular flow as can be ob-
served in the image when t = 180 ms. The vapour generated after
the bubble bursts expands both downstream, increasing outlet
pressure, and upstream, pushing the liquid front back leading to
reverse flow and an increase of inlet pressure. The image captured
at t = 212 ms shows the onset of a temporary ‘‘dry out” period in-
side the channel. This temporary ‘‘dry out” period occurs due to
thin liquid film evaporation in the transient wispy annular flow.
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Fig. 11. (a) Pressure drop fluctuations in unstable flow regime with HALF instabilities for a mass flux of 208 kg/m2 s, inlet water temperature of 71 �C and a range of heat
fluxes and (b) pressure drop frequency analysis.

Table 1
The frequencies of the pressure drop oscillations obtained from the experiments with constant heat flux and varied mass flux for two inlet water temperatures of 25 and 71 �C.

Heat flux q (kW/m2) Tin = 71 �C Tin = 25 �C

Mass flux G (kg/m2 s) Frequency f (Hz) Mass flux G (kg/m2 s) Frequency f (Hz)

178 72.2 1.07 41.7 1.95
180.6 2.00 55.6 2.64

267 158.3 1.10 75.0 1.19
275.0 2.20 97.2 2.59

356 256.9 2.17 104.2 1.32
370.8 2.34 145.8 2.71

445 316.7 2.10 133.3 0.90
433.3 2.88 168.1 2.22
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The ‘‘dry out” period was found to increase with increasing heat
flux for the HALF instabilities. This leads to a rise in the period
for one oscillation, and therefore lower frequencies. The incoming
subcooled liquid condenses vapour and a new cycle starts with



Fig. 12. Image sequences of flow boiling with HALF instabilities inside the parallel
microchannels with hydraulic diameter of 194 lm (q = 243.0 kW/m2, G = 208 kg/
m2 s and Tin 71 �C).
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bubble nucleation when the subcooled liquid refills the channel
downstream from the nucleation site (t = 476 ms). It was observed
that alternations between liquid, two-phase and vapour flow in
adjacent channels are not in phase (e.g. Fig. 12, t = 180 ms, wispy
annular flow present in the middle channel while two adjacent
channels are filled with liquid water). However, it was clearly ob-
served that there were short periods when the liquid phase exists
inside all microchannels and this was captured using a high speed
camera using a 2300 lm diameter field of view, covering about
nine channels. This period corresponds to minima in the tempera-
ture and the pressure drop measurements during the HALF insta-
bilities. The time elapsed between two successive ‘‘refills”
measured from the video is 0.476 s for a heat flux of 243.0 kW/
m2, a mass flux of 208 kg/m2 s and an inlet temperature of 71 �C.
The average time between two successive pressure drop minima
measured from a simultaneously acquired experimental data set
(Fig. 11a, q = 243.0 kW/m2) is 0.5 s and it is in good agreement with
the time measured from the video. At a lower heat flux of
209.6 kW/cm2 bubbles nucleation and growth was observed only
close to the microchannels exit. With an increase of the heat flux,
boiling propagates towards the microchannels inlet causing vapour
expansion inside the inlet manifold. Fig. 13 shows backward
expansion of the vapour jet into the inlet manifold at a heat flux
of 243.0 kW/m2, mass flux of 208 kg/m2 s and inlet water temper-
ature of 71 �C. The process of alternation between liquid, two-
Fig. 13. Image sequence of flow boiling with HALF instabilities captured using high
speed camera at frame rate of 500 fps. The vapour jet from the microchannel
expands inside the inlet manifold of the heat sink.
phase and vapour flow repeats in cycles when both the heat flux
and water flow rates are constant inside the channels.

3.3. Low amplitude high frequency (LAHF) instabilities

This type of two-phase flow instabilities inside microchannels
was observed after HALF instabilities, when increasing the heat flux
at a constant mass flux or decreasing the mass flux at a constant
heat flux. LAHF instabilities existed for the case of q/G > 3.44 kJ/kg
at inlet water temperature of 25 �C and q/G > 1.55 kJ/kg at inlet
water temperature of 71 �C. Fig. 14a shows temperature sensor
measurements for LAHF type two-phase instabilities inside the
microchannels for two different heat fluxes: 321.7 and 400.4 kW/
m2, constant mass flux of 208 kg/m2 s and inlet water temperature
of 71 �C. Although, the inlet and outlet pressures oscillated with
smaller amplitudes than those found for HALF instabilities, appre-
ciable fluctuations of temperatures, especially those measured by
sensor T1 located at channels inlet, were observed. Wang et al.
(2007) reported nearly constant inlet and outlet temperatures of
water as well as wall temperatures for the case of ‘‘short-period”
oscillation. They reported the thermocouples used for temperature
measurements had a response time of 0.1 s, which was too slow to
measure any high frequencies associated with ‘‘short-period”
oscillations.

We observed temperature oscillations with irregular ampli-
tudes and frequencies higher than those found for the HALF type
of instabilities. Temperature measured by sensor T1, located at
the inlet of microchannels region, oscillated with high amplitudes,
while other signals exhibited smaller amplitudes. With an increase
of the heat flux, the amplitude of temperature T1 decrease as the
period of the liquid phase becomes shorter inside the microchan-
nels. The increase of the heat flux leads to a rise in magnitudes
of temperatures T3, T4 and T5 (Fig. 14a, q = 400.4 kW/m2). Signifi-
cant difference between temperatures T2 and T4 indicates asym-
metrical flow distributions within the microchannels. Temporal
fluctuations of inlet/outlet pressure and the corresponding pres-
sure drop simultaneously measured with the temperatures in
Fig. 14a are presented in Fig. 14b. Inlet/outlet pressure and
pressure drop oscillate with high frequency and irregular low
amplitudes. The magnitudes of the inlet/outlet pressure and the
pressure drop oscillations increase with increasing heat flux. FFT
analysis was performed on the pressure drop data and the results
are presented in Fig. 14c. Frequency analysis shows a wide range of
low frequencies and clear peaks around 24 Hz. This is characteris-
tic of this type of instabilities where frequencies in the range of 23–
25 Hz are superimposed on a broad range of lower frequencies. It is
interesting to note that Wang et al. (2007) reported a similar value
of 22 Hz for the inlet pressure oscillation under a boiling regime
with ‘‘short-period” oscillation. The authors concluded that the fre-
quency of pressure fluctuations was independent of the mass flux.
This may be a reason to why we observed similar frequencies for
the case of LAHF as Wang et al. (2007) reported for ‘‘short-period”
oscillation, although significantly different frequencies were ob-
served for the case of HALF oscillations compared with those ob-
served by Wang et al. (2007) for ‘‘long-period” oscillations. The
latter is due to the fact that the frequency of oscillations for HALF
instabilities (‘‘long-period” oscillations reported by Wang et al.
(2007)) is strongly dependent on the mass flux. Wang et al.
(2007) reported frequencies of 32 Hz at a heat flux of 740.7 kW/
m2. We have not observed such high frequencies even at a data
acquisition sampling rate of 100 Hz. A possible reason is that we
used smaller heat fluxes (the maximum heat flux used in our
experiments was 590.4 kW/m2).

Simultaneous visualisation of boiling inside the channels indi-
cates that these fluctuations are caused by alternation between li-
quid, two-phase and vapour flow. The liquid phase lasts for a
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Fig. 14. Measurements recorded during the unstable flow with LAHF instabilities for a mass flux of 208 kg/m2 s, an inlet temperature of 71 �C and two heat fluxes of
321.7 kW/m2 and 400.4 kW/m2: (a) sensor temperature measurements, (b) inlet/outlet pressure and pressure drop measurements for two heat fluxes and (c) frequency
analysis of the pressure drop.

Fig. 15. Image sequences of flow boiling with LAHF instabilities inside the parallel
microchannels with hydraulic diameter of 194 lm (q = 400.4 kW/m2, G = 208 kg/
m2 s and Tin 71 �C).

864 D. Bogojevic et al. / International Journal of Heat and Fluid Flow 30 (2009) 854–867
shorter period than in the case of HALF instabilities, turning into
droplets and a liquid film, which quickly evaporate. Bubbles nucle-
ation and growth observed inside the bulk flow lasts for a much
shorter period than is the case for high amplitude/low frequency
instabilities. Fig. 15 shows image sequences captured using the
high speed camera at a frame rate of 500 fps. These images show
bubble nucleation, growth and burst during the LAHF instabilities
inside the microchannel with a nucleation site. The nucleation site
is marked with the circle and the arrow shows the flow directions
(Fig. 15 image t = 0 ms). It is clear from Fig. 15 that alternations in
adjacent channels was not in phase (non-synchronous alternation
within channels). The latter is consequence of the non-uniform dis-
tribution of cooling water within 40 channels. The bubble growth
time is around 16 ms with the bubble bursting before occupying
the entire channel diameter. The image at t = 16 ms shows tran-
sient annular flow formed after the bubble bursts inside the chan-
nel with the nucleation site. The thin liquid film of annular flow
rapidly evaporates, causing a temporal ‘‘dry out” period inside
the observed channel as shown in the image at t = 48 ms. The aver-



Fig. 16. Alternation inside the inlet manifold between the liquid flow (t = 0 ms) and
the reverse vapour flow from microchannels (q = 356 kW/m2, G = 222.2 kg/m2 s,
Tin = 71 �C).
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age period between two successive ‘‘refills” measured from the vi-
deo for the channel with the marked nucleation site is 96 ms. In
general, the bubble growth time and the period between two suc-
cessive ‘‘refills” are shorter than in the case of HALF oscillations.
Hence, frequencies of LAHF oscillations are higher than those found
for the HALF type of instabilities. A large amount of reverse vapour
flow was observed inside the inlet manifold during the LAHF insta-
bilities. Fig. 16 shows image sequences of the alternation between
the incoming liquid flow (t = 0 ms) and the reverse vapour flow
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Fig. 17. Pressure drop characteristic of the heat sink with parallel microchannels
with hydraulic diameter of 194 lm for the different heat fluxes with (a) Tin = 25 �C
and (b) Tin = 71 �C.
from the microchannels (t = 78 ms) for a heat flux of 356.0 kW/
m2, a mass flux of 222.2 kg/m2 s (q/G = 1.60 kJ/kg) and an inlet
temperature of 71 �C.

The LAHF type of instabilities was observed in the experiments
with a constant heat flux when decreasing the mass flux for both of
the water inlet temperatures used in the experiments (25 and
71 �C). The frequencies ranged between 23 and 24 Hz, superim-
posed over a broad range of lower frequencies.

3.4. Pressure drop characteristic and temperature analysis in
microchannels

The determination of the relationship between pressure drop
and flow rate (internal characteristic curve) is crucial in the inves-
tigation of the two-phase flow instabilities in microchannel heat
sinks. A minimum in the curve is the necessary condition for the
compressible volume instability and the excursive instabilities
(Bergles and Kandlikar, 2005). Fig. 17 shows averaged values of
the pressure drop as a function of mass flux curves in the micro-
channels obtained at different heat fluxes for two inlet water tem-
peratures of 25 and 71 �C. There is a characteristic minimum for
each curve corresponding to incipient flow boiling in the stable
flow regime. A decrease of the mass flux or increase of the heat flux
from the minimum point leads to a higher pressure drop due to
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Fig. 18. Absolute differences between the average temperatures measured by the
sensors vs. heat flux, G = 208 kg/m2 s, Tin = 25 �C (a) and Tin = 71 �C (b).
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vapour generation. The pressure drop characteristic curves exhibit
high negative slope for the two-phase flow region indicating
two-phase flow instabilities at the both inlet subcooling conditions
(25 and 71 �C). High amplitude oscillations were observed for both
the inlet and the outlet pressure. For comparison Wang et al.
(2007) reported only appreciable fluctuations of the inlet pressure.
The magnitude of the pressure drop oscillations (difference be-
tween maximum and minimum values of the pressure drop) de-
pends on the q/G ratio and Tin. In the case of stable flow with
incipient boiling the magnitude was found to be in the range of
5–10 mbar. Values of the magnitude for the HALF instabilities ran-
ged from 25 mbar to 86 mbar. The maximum value of 85.4 mbar
was found for Tin = 25 �C, mass flux of 208 kg/m2 s and heat flux
of 530.4 kW/m2, while for the same mass flux and Tin = 71 �C the
maximum magnitude of the pressure drop oscillation was
42.6 mbar for a heat flux of 243.0 kW/m2. It was found that the
magnitude of pressure drop oscillations for the HALF instabilities
first increased and then decreased with heat flux increasing at a
constant mass flux or with mass flux decreasing at a constant heat
flux. Magnitudes for the LAHF instabilities ranged between 10 and
25 mbar. However, the occurrence of permanent local ‘‘dry out”
zone observed at the low mass fluxes or the high heat fluxes might
lead to a sudden rise in the pressure drop during the LAHF
instabilities.

It has been pointed out that boiling inside microchannels leads
to asymmetrical flow distribution and the simultaneous existence
of different flow patterns inside microchannels along the trans-
verse direction in the present experimental heat sink. A significant
difference between temperatures measured on the sensors located
in the transverse direction (sensors T2, T3 and T4) existed as a con-
sequence of the asymmetrical flow distribution within the micro-
channels during flow boiling. Fig. 18 presents the temperature
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Fig. 19. Temperature measurements for q = 590.4 kW/m2, G = 208 kg/m2 s and Ti

Table 2
Maximum magnitudes of temperatures T1, T2 and T3 found for the different heat fluxes a

Heat flux q (kW/m2) Tin (�C) Magnitude T1max–T1min (�C)

178.0 25 58.2
178.0 71 33.8
267.0 25 58.6
267.0 71 28.4
356.0 25 61.5
356.0 71 27.3
445.0 25 60.5
445.0 71 27.8
distribution along the flow stream direction and the transverse
direction for the mass flux of 208 kg/m2 s for two different inlet
water temperatures (25 and 71 �C) and a range of heat fluxes.
Fig. 18 shows absolute differences between the average tempera-
tures measured by the sensors. In the single-phase flow regime
the differences between the sensors located in the transverse
direction T3–T2 and T3–T4 are very small, less then 1 �C, indicating
uniform distribution for both inlet water temperatures. However,
incipience of boiling inside the microchannels affects flow distribu-
tion causing an appreciable difference between the values of T3–T2
and T3–T4 (Fig. 18a and b). A significant difference exists for both
inlet water temperatures indicating asymmetrical flow distribu-
tion. However, asymmetrical flow distribution is more transparent
for the lower temperature of 25 �C. At the heat flux of 584.9 kW/m2

and Tin = 25 �C the mean value of the T4 temperature measurement
was 110.3 �C, while that for the T2 sensor was 69.9 �C. Asymmetri-
cal flow distribution at a low inlet temperature of 25 �C caused a
permanent local ‘‘dry out” zone inside the microchannels located
above the sensor T4 before the occurrence of LAHF instabilities in-
side the microchannels. Fig. 19 shows temperature measurements
when the ‘‘dry out” zone was observed inside the heat sink for
q = 590.4 kW/m2, G = 208 kg/m2 s and Tin = 25 �C.

With boiling incipience inside the microchannels, differences
between the average temperatures on the sensors located along
the direction of the flow stream (T3–T1 and T5–T3) become
smaller. This implies that boiling leads to a better temperature
uniformity in the direction of the flow stream. High inlet tem-
perature (75 �C) gives smaller sensors temperature differences
and better temperature uniformity along the direction of the
flow stream and the transverse direction, indicating better flow
distribution than in the case of low inlet water temperature
(25 �C).
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n = 25 �C. ‘‘Dray out” zone existed inside the channels above the sensors T4.

nd inlet water temperatures.

Magnitude T3max–T3min (�C) Magnitude T5max–T5min (�C)

45.2 38.7
53.7 37.9
55.6 59.5
28.7 22.7
49.6 35.9
15.9 22.5
69.0 43.8
61.2 41.2



D. Bogojevic et al. / International Journal of Heat and Fluid Flow 30 (2009) 854–867 867
It was found that the inlet temperature affects the magnitude of
the temperature oscillations during two-phase flow instabilities.
Table 2 presents the magnitudes (differences between maximum
and minimum temperature from one data set) of temperature
measurements on sensors T1, T3 and T5 for inlet water tempera-
ture of 25 �C and 71 �C with four different heat fluxes. Each value
of magnitude in Table 2 is the maximum value measured for a
range of mass fluxes at a particular heat flux and inlet water tem-
perature. In general, lower inlet water temperature leads to higher
magnitudes of temperature oscillations (the only exception is the
magnitude of the temperature T3 for a heat flux of 178.0 kW/m2

where the magnitude is higher for a higher temperature). Alterna-
tion between the incoming liquid at high subcooling condition and
reverse flow of vapour causes oscillations of the temperature with
significant magnitudes, especially those measured on sensors T1
located at the microchannels inlet and T3 located in the middle
of the heat sink.

4. Conclusion

In this study, simultaneous measurements and visualisation
experiments have been performed in order to examine two-phase
flow instabilities in a microchannels based heat sink with 40 par-
allel rectangular channels having hydraulic diameter of 194 lm,
using water at two different inlet temperatures: 25 and 71 �C. In
the light of these experiments, two types of two-phase instabilities
were identified: one with high amplitude/low frequency oscilla-
tions (HALF) and the other with low amplitude/high frequency
oscillations (LAHF). The criterion of classification was the fre-
quency and amplitude of the pressure drop oscillations. It was
found that the flow regime and type of two-phase flow instabilities
depended on the q/G ratio and inlet subcooling condition. How-
ever, the experimental results show that two-phase instabilities
lead to very asymmetrical flow distribution within the 40 micro-
channels and result in the simultaneous existence of different flow
regimes inside microchannels along the transverse direction.

HALF instabilities existed for q/G range from 2.62 to 3.44 kJ/kg
at inlet water temperature of 25 �C and q/G range from 0.99 to
1.55 kJ/kg at inlet water temperature of 71 �C. It was found that
frequencies of the pressure drop oscillations typical for HALF insta-
bilities were in the range of 0–3 Hz. The frequency of HALF oscilla-
tions decreased with increasing heat flux or decreasing mass flow
rate. The inlet/outlet pressure oscillations are not in phase as the
outlet pressure reaches the maximum earlier than the inlet pres-
sure due to reverse vapour propagation from the microchannels
outlet towards inlet during one cycle of HALF oscillations. Simulta-
neous visualisation and measurement indicate that pressure and
temperature fluctuations, characteristic of HALF instabilities are
caused by alternation between liquid, two-phase and vapour flow
(temporary ‘‘dry out” period). The bubble grows occupying the en-
tire channels diameter and its growth time is longer than in the
case of LAHF instabilities. The magnitude of pressure drop oscilla-
tions (difference between maximum and minimum values of the
pressure drop) ranged between 25 and 86 mbar. It was found that
the magnitudes of pressure drop oscillations for the HALF instabil-
ities first increased and then decreased with the heat flux increas-
ing at a constant mass flux or with mass flux decreasing at a
constant heat flux.

LAHF instabilities exist for the cases when q/G > 3.44 kJ/kg at an
inlet water temperature of 25 �C and q/G > 1.55 kJ/kg at inlet water
temperature of 71 �C. Frequencies typical for LAHF instabilities
were in the range of 23–25 Hz, superimposed over a broad range
of lower frequencies. The magnitudes of pressure drop measure-
ments for the LAHF instabilities ranged between 10 and 25 mbar.
The occurrence of a permanent local ‘‘dry out” zone might lead
to sudden rise in the pressure drop during the LAHF instabilities.
High speed camera imaging shows that bubble growth time and
period between two successive ‘‘refills” of the microchannels are
shorter than in the case of HALF oscillations. This leads to existence
of the higher oscillations frequencies during LAHF instabilities than
those found for the HALF instabilities.

It was found that inlet water temperature affects the magni-
tudes of the temperature oscillations during two-phase flow insta-
bilities. Lower inlet water temperature leads to higher magnitudes
of temperature oscillations. Higher inlet temperature gives better
temperature uniformity along the direction of the flow stream
and the transverse direction, indicating better flow distribution
than in case of lower inlet water temperature.
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