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Abstract
Forced convection boiling in microchannels is studied experimentally under
the uniform heat flux boundary condition. Several microchannel heat sinks
with integrated temperature sensors, spanning two orders of magnitude in
height 5–500 µm, have been fabricated with designed nucleation sites on the
bottom surfaces. The microchannels are capped by a glass wafer to monitor
bubble activity using video microscopy. Distributed micro heater elements
on the device backside are used as the heat source, while the working liquid
flow rate is adjusted using a syringe pump. The boiling curves of the device
temperature as a function of the input power have been measured for various
flow rates. The curves for increasing and decreasing heat flux exhibit a
hysteresis loop, while the conditions corresponding to the onset of nucleate
boiling and critical heat flux (CHF) are clearly distinguishable. The activity
of nucleation sites as well as the ensuing bubble dynamics, from incipience
to departure, is found to depend on the channel height. The critical size
above which a nucleation site is active, along with three aspects of bubble
dynamics, namely growth rate, departure size and release frequency, have
been characterized experimentally and proper control parameters have been
identified.

(Some figures in this article are in colour only in the electronic version)

1. Introduction

Two-phase convective flow in microchannels has become
an active research topic in recent years for effective heat
dissipation, especially in the cooling of electronic components.
Since the heat capacity of liquid is normally higher than that
of air, it has been suggested to use forced liquid flow. Various
designs of microchannel heat sinks have been proposed to
solve the cooling problem for the next generation of computer
chips. The advantage of two-phase flow lies in the utilization
of latent heat absorbed by the working fluid, due to the phase
change from liquid to vapour, without temperature increase.
Moreover, the temperature gradient along a microchannel in
two-phase flow is smaller than in single-phase convective
flow.

Bubble activity is an important heat transfer mechanism
in convective boiling [1]. However, microchannel surfaces
are usually too smooth to have adequate cavities for bubble
nucleation. This could result in homogenous nucleation
boiling, which requires a high temperature to trigger the
phase change. The first two-phase flow mode in macroscale
convective boiling is subcooled nucleate boiling [2]. Hsu [3]
presented the first theoretical model to provide a quantitative
criterion for predicting the size of an active nucleation site
in pool boiling, while Davis et al [4] theoretically derived
the condition of a critical radius for a nucleation site to be
active in forced convection boiling. Peng et al [5] reported
fully developed nucleate boiling in a microchannel with a
hydraulic diameter of 650 µm. Jiang et al [6, 7] observed
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Figure 1. The major fabrication steps of the microchannel heat sink.

experimentally local nucleation boiling with bubble formation
in microchannels with a hydraulic diameter as small as
26 µm. Hetsroni et al [8] and Wu et al [9] reported
that the initial bubble activity typically took place near the
microchannel outlet. Lee et al [10] documented the bubble
formation and dynamics around certain active nucleation sites
in a 14 µm high microchannel. However, the size and location
of the active nucleation sites were rather random. Zhang et al
[11] created bottom cavities, 6 µm in diameter and 200 µm
deep, to enhance bubble activity in a microchannel resulting
in reduction of the superheat level.

The phase-change phenomenon in microchannels has
indeed been discussed in several reports; however, studies of
microscale bubble dynamics, including growth rate, departure
size and release frequency, are still scarce. Surface forces
in microsystems become dominant compared to body forces
such as buoyancy, which is an important physical mechanism
in macroscale bubble dynamics. Hence, although bubble
nucleation has been observed in microchannels, microscale
bubble dynamics could be very different. In macroscale
forced convection boiling, Levy [12] developed a model to
predict the bubble departure size based on the force balance
between buoyancy, surface tension and flow drag. Thorncroft
et al [13] reported that the bubble diameter increased with
time following a 1/3 power law, while the bubble departure
diameter increased with temperature and decreased with
increasing mass flux. Ma et al [14] found that the bubble
diameter also increased with time following a 1/3 power
law, while the release frequency increased with increasing
Reynolds number. In microscale forced convection boiling,
Lee et al [15] investigated bubble dynamics in a micro-
fabricated channel, about 40 µm in hydraulic diameter, with
relatively smooth walls. The experimental measurement of
the bubble growth rate, departure size and release frequency
was quite scattered.

In this work, a series of integrated microchannel heat sinks
have been fabricated, with well-controlled nucleation sites at
the channel bottom, to study the height effect on the activity
of the nucleation site using various liquids as working fluids.
Furthermore, methanol is used to explore size effects on bubble
dynamics in microchannel forced convection boiling.

2. Device design and fabrication

Microchannel heat sinks, with nucleation sites at the channel
bottom, have been designed to study the size effect on
nucleation-site activity and bubble dynamics. The micro heat
sinks, consisting of ten parallel microchannels, integrated with
temperature sensors and heater elements have been fabricated
on a silicon wafer using standard micromachining techniques.
The channels, each L = 20–30 mm in length and W = 150–
9000 µm in width, vary in height in the range H = 5–510 µm.
The grooves in a silicon substrate are capped by anodically
bonding a glass wafer to allow monitoring of two-phase flow
patterns. Nucleation sites are etched at the bottom of the
microchannels; each site is shaped as an inverted pyramid
with a square base, typical to the anisotropic TMAH etch
of a (1 0 0) silicon wafer. Hence, the characteristic scale of a
nucleation site, R, is defined as twice the base area, Ab, divided
by its perimeter, Lb, which is similar to the hydraulic radius
concept, i.e. R = 2Ab/Lb. The fabricated nucleation sites range
from R = 2.5 to 370 µm in size. Temperature microsensors
are realized by the selective ion implantation of phosphorus
on the microchannel bottom surface, while Pt micro heaters
are fabricated on the silicon wafer backside to provide heat for
bubble incipience.

The cross-sectional diagrams of the main fabrication steps
are illustrated in figure 1. The fabrication starts with wet
thermal oxidation of a 0.3 µm thick oxide layer on a (1 0 0)
p-type Si wafer, 100 mm in diameter and 525 µm in thickness,
as shown in figure 1(a). The microchannel is patterned and
formed by silicon etching using 25 wt% aqueous TMAH
solution at 85 ◦C. The nucleation sites, located at the bottom
of the microchannels, are patterned by thick photoresist and
etched by TMAH solution as shown in figure 1(b). The
temperature sensing elements are lightly doped silicon regions
created using phosphorus implantation with the dosage of
5 × 1014 cm−2 and an implant energy of 60 keV. The sensor
leads are heavily doped silicon regions formed by phosphorus
diffusion at 1000 ◦C for 30 min as shown in figure 1(c).

The contact holes are then opened and a 1 µm thick
aluminium layer is sputtered and patterned to form the bonding
pads for the temperature sensors. The Pt heater is made on
the backside of the silicon substrate using a lift-off process
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Figure 2. Pictures of a fabricated microchannel heat sink: (a) the ten-microchannel array with inlet/outlet holes on the front side and
(b) the Pt heater on the device backside.
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Figure 3. (a) A picture of a temperature sensor and a nucleation site
inside a fabricated microchannel and (b) a close-up SEM
micrograph showing details of the nucleation site.

as depicted in figure 1(d). In parallel, steps, 6 µm deep,
are etched on Pyrex 7740 glass wafers by 49% HF to avoid
direct contact between the aluminium layer and the cover glass
as shown in figure 1(b). Next, inlet/outlet holes are drilled
through the glass as shown in figure 1(c). Finally, the silicon
and glass substrates are aligned and anodically bonded at
330 ◦C under an applied voltage of 700 V. The glass covers are
cut to expose the metal pads for subsequent wire bonding as
demonstrated in figure 1(d). The front- and backside pictures
of a fabricated device are respectively shown in figures 2(a)
and (b). The close-up pictures of a temperature sensor and a
nucleation site, distributed along the microchannels, are shown
in figures 3(a) and (b), respectively. The interconnections are
buried in the silicon substrate crossing the microchannels to
contact the temperature sensors.

3. Experimental arrangements

The experimental set-up is schematically illustrated in figure 4;
it consists of a syringe pump, pressure gauge, power supply,

Figure 4. A schematic illustration of the experimental set-up.

data acquisition system, CCD camera and DVD recorder.
The working fluid is forced through the microchannels at a
rate regulated by the constant displacement syringe pump,
while the input power is controlled by adjusting the voltage
difference applied across the heater. The inlet pressure
is monitored by the pressure gauge. The fluid exiting
the micro heat sink is cooled and condensed by passing
it through cold water. The condensed fluid is collected
in a graduated cylinder to measure the volume flow rate.
The temperature sensors output signals are recorded using
a computerized data acquisition system and, simultaneously,
the evolving flow patterns in the microchannels are recorded
through a CCD camera mounted on a microscope. The
instantaneous bubble size is determined from the digital
video, captured during the experiments, using a Matlab
program.

Following the procedure described by Jiang et al [16],
the temperature microsensors are calibrated prior to the
experiments; each device is placed in an oven, and the
resistance change of all sensors is recorded as a function
of the controlled temperature change. The accuracy of
temperature measurements is estimated to be within ±0.1 ◦C.

4. Boiling curves

The boiling curves were established by increasing the input
power q gradually and recording the corresponding device
wall temperature, Tw, while keeping the working fluid flow
rate Q constant. The experiments were repeated for micro
heat sinks with the channel heights of 5, 10 and 20 µm with
the same channel width of 150 µm under different water flow
rates. The results for the three devices under a constant water

2123



M Lee et al

0

20

40

60

80

100

120

140

0 0.5 1 1.5 2 2.5 3

q  [W]

T
w
 [

°C
]

5um
10um
20um

Figure 5. Boiling curves of the device wall temperature, Tw, as a
function of the input power, q, for the micro heat sinks 5, 10 and
20 µm in channel height under the constant water flow rate of
Q = 0.8 ml h−1.

flow rate of Q = 0.8 ml h−1 are summarized in figure 5.
Initially, the temperature increases linearly with the input
power due to single-phase forced convection. The three curves
are about the same since the slope is inversely proportional to
the water flow rate. This functional relationship is identical
for both increasing and decreasing input power as long as the
flow is in the liquid phase. However, when two-phase flow
develops, the boiling plateau is observed and the ensuing flow
behaviour depends on the microchannel size. The input power
to trigger the onset of the critical heat flux (CHF) condition
for the microchannel height of 5 µm, 10 µm and 20 µm is
2.4 W, 1.9 W and 1.9 W, respectively.

An interesting hysteresis loop, also reported in macroscale
forced convection [17–19], occurs for a higher input-power
range with the development of two-phase flow as detailed in
figure 6(a) for the 10 µm high device and the water flow rate of
3.1 ml h−1. The initial deviation from linearity occurs at point
A, corresponding to the onset of the phase change at the device
outlet. The slope of the boiling curve, therefore, decreases
slightly as a fraction of the added heat flux is converted into
latent heat. The microchannel flow continues as single-phase
liquid up to point B, where the phase change appears at the
device inlet as well. As the heat flux increases between points
A and B, the vapour content in the intermittent exit flow
increases while the flow through all the microchannels up to
the device outlet is still in the liquid phase. At point B, a burst
of vapour emanating from the device inlet sweeps through
the microchannels, as demonstrated in figure 7(a), triggering
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Figure 6. The hysteresis loop in the boiling curve in terms of the (a) wall temperature, Tw, and (b) inlet pressure, Pi, as a function of both
increasing and decreasing input power, q, for the 10 µm high microchannel heat sink under the constant flow rate of Q = 3.1 ml h−1.
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Figure 7. Pictures of the flow pattern at nucleate-boiling onset:
(a) vapour burst from the inlet sweeps through the microchannels
(point B in figure 6(a)) and (b) active nucleation sites triggered by
the vapour (point C in figure 6(a)).
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Figure 8. A picture of the flow pattern at the onset of the CHF
condition (point D in figure 6(a)) showing the transition from liquid
to vapour phase flow near the micro heat sink inlet.

the onset of nucleate boiling. This process is accompanied
by a sharp drop in the temperature, from point B to C, due
to the latent heat required for bubble formation since some
nucleation sites inside the microchannels become active as
shown in figure 7(b).

Further increase in input power, between points C and
D, results in higher vapour content in the microchannels
with almost constant temperature. Consequently, the
transition region from the upstream single-phase liquid to
the downstream single-phase vapour is continuously shifted
upstream. Once the liquid-to-vapour transition region nears
the device inlet, as in figure 8, a critical heat flux (CHF)
condition develops followed by a sharp temperature increase
from point D to E as a result of dry out. Then, the entire flow
in the microchannels, from the device inlet to the outlet, is
in single-phase vapour. The boiling curve follows a different
path E–D–C–A rather than E–D–C–B–A, figure 6(a), upon
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Figure 9. A picture showing the active (R = 4 µm) and non-active
(R = 3.3 µm) nucleation sites in the micro heat sink with
microchannels 5 µm in height (Q = 0.8 ml h−1 and q = 1.75 W).

decreasing the input power from the dry-out state at point E.
This is due to the continuous bubble activity at the nucleation
sites during the input-power decrease between points C and A.
Hence, the temperature along the path C–A is smaller than the
path A–B, along which the flow is in single-phase liquid with
no bubble activity.

A similar hysteresis loop is observed in figure 6(b) when
plotting the inlet pressure gauge, Pi, rather than the device
temperature, as a function of the input power. The initial inlet
pressure required to maintain the 3.1 ml h−1 constant flow
rate under zero input power is 140 kPa. The inlet pressure
decreases monotonically with increasing input power through
points A and B as the device temperature increases and, hence,
the liquid viscosity decreases. Since the outlet pressure is
constant (atmospheric) and the flow rate is kept constant by
the syringe pump, the inlet pressure decreases in order to
maintain the same flow rate with lower fluid viscosity. When
the onset of nucleate boiling at point B occurs, the pressure
rises sharply from point B to C due to the increased volume
associated with the phase change from liquid to vapour. Then,
the inlet pressure increases gradually with increasing input
power from point C to D because of the enhanced vapour
content in the microchannels, while the onset of the critical
heat flux condition is accompanied by a sharp rise in the inlet
pressure from point D to E. The inlet pressure also follows
the path E–D–C–A rather than E–D–C–B–A while reducing
the input power from point E. Along the path C–A, bubble
activity is present and so the inlet pressure along C–A has
to be higher than that along A–B to maintain the same water
flow rate. Although the exact temperature and pressure values
corresponding to points A–B–C–D–E in figure 6 fluctuate due
to measurement errors, the hysteresis-loop phenomenon has
repeatedly been observed in numerous experiments.

5. Nucleation-site activity

As the input power increases between the onset of nucleate
boiling and the onset of CHF, only some but not all the
fabricated nucleation sites become active as shown in figure 9.
There seems to be a critical size such that larger nucleation
sites are active while smaller sites are inactive. Furthermore,
under the same operating conditions of the flow rate and input
power, the critical size is experimentally found to decrease
with the channel height. For example, under Q = 0.8 ml h−1

and q = 1.75 W, nucleation sites smaller than 3.3, 7.4 and
13.6 µm are correspondingly inactive in the 5, 10 and 20 µm

high microchannel heat sinks, while sites larger than 4, 8 and
16.7 µm are active. Changing the input power and water flow
rate, within the limited tested range, seems to have no effect on
the nucleation-site activity. This is in contrast with a critical
size for a nucleation site to be active, Rt, derived theoretically
for flow boiling over a solid wall in a semi-infinite domain [4].
The derivation is based on the assumptions of the spherical
bubble shape and conduction being the dominant heat-transfer
mechanism at wall vicinity. Under the condition that the liquid
at the outer edge of the bubble is just hot enough for the bubble
to continue growing at an active nucleation site, the critical size
is given by

Rt =
(

2σTskl

q ′′hfgρg

)1/2

(1)

where σ , Ts, hfg, ρg and kl are the surface tension, saturation
temperature, latent heat, vapour density and liquid thermal
conductivity of the working fluid, respectively, while q ′′ is
the heat flux. The bubble nucleation activity in microscale,
therefore, is different from the theoretical macroscale model.

In order to explore the size effect, the nucleation-site
activity has been studied in eight microchannels ranging in
height from 5 to 510 µm with three different working fluids:
ethanol, methanol and water. The dimensional analysis of the
relevant variables yields two non-dimensional groups: (R/H)
and (Hρghfg/σ ). The activity of all fabricated nucleation sites
under various operating conditions is summarized in figure 10,
using these two dimensionless parameters, where full symbols
indicate active sites and hollow symbols indicate non-active
sites. A sharp boundary between the active and the non-active
sites is observed. The best curve fit to the boundary between
the two regions yields an empirical formula for the nucleation
site critical size Rc given by

Rc

C1H + C2
=

(
Hρghfg

σ

)n

. (2)

The constants are found to be n = 1/3 with either C1 = 0.088
and C2 = 0.268 × 10−6 µm for 5 µm � H � 120 µm or C1 =
0.02 and C2 = 8.52 × 10−6 µm for 120 µm < H � 510 µm.
Thus, nucleation sites with size R > Rc are active, while sites
with size R < Rc are inactive. This is a clear size effect,
since the critical size increases with the microchannel height.
Equation (2) is suitable for both working fluids ethanol and
methanol as shown in figures 10(a) and (b), respectively.
However, the nucleation-site activity in water does not follow
equation (2) for the microchannel height larger than 200 µm as
shown in figure 10(c). Surprisingly, in repeated experiments,
no active nucleation sites have been observed in microchannels
varying in height from 200 to 510 µm although the fabricated
cavity size range is very wide, 33 µm � R � 370 µm.
Perhaps, the combination of the nucleation-site geometry
(size and shape) and water physical properties (latent heat
and surface tension) prevents vapour entrapment, which is a
prerequisite condition for bubble incipience. Nevertheless,
the observed critical size values for the three working fluids
are well correlated with the single curve calculated based on
equation (2) as shown in figure 11.

6. Microscale bubble dynamics

An active nucleation site features a periodic process of bubble
formation, growth and departure. The evolution of a bubble
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Figure 10. The microchannel-height effect on the nucleation-site
activity for (a) ethanol, (b) methanol and (c) water as the working
fluid; full symbols denote active sites and hollow symbols inactive
nucleation sites.

from its incipience to departure is termed bubble dynamics,
which is characterized by three parameters: bubble growth
rate, departure size and release frequency. Micro heat sinks
with 5 and 10 µm channel heights are utilized to characterize
bubble dynamics using methanol as the working fluid. A
typical cycle in a 10 µm high microchannel is illustrated in
the picture series depicted in figure 12 under a constant flow
rate of Q = 1.6 ml h−1 and a steady input power of q = 0.4 W.
Once the critical conditions for bubble nucleation have been
reached and maintained, the bubble evolution process becomes
very periodic. The bubble is formed from a pre-existing
nucleus within the fabricated nucleation site, figure 12(a). The
bubble then grows steadily with the vapour phase occupying
the space between the channel top and bottom surfaces,
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Eq.(2) ethanol

methanol exp.
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Figure 11. The correlation between the critical size for
nucleation-site activity and the microchannel height for ethanol,
methanol and water as working fluids.

figure 12(b), hence, resulting in moving contact lines. The
bubble, anchored at the nucleation site, expands in the
downstream direction, figure 12(c), due to the driving negative
pressure gradient. The bubble finally departs, assuming a
cylindrical shape when the pushing exceeds pulling forces,
figure 12(d), thus allowing a new cycle to start.

6.1. Bubble growth rate

The instantaneous bubble planar area is directly measured
from the extracted still pictures in order to estimate the
bubble size. Assuming the bubble shape to be uniform across
the microchannel height, the volume of the bubble, VB, is
calculated as the product of the planar area and the channel
height. The time-dependent volume of several successive
bubbles, formed at the same nucleation site, is plotted in
figure 13. The bubble size increases almost linearly with
time, t, implying a constant growth rate; this is consistent with
the macroscale linear bubble growth reported in other works
[13, 14]. Since the microchannel height is so small compared
to the bubble size, the bubble comes in contact with the channel
top surface at a very early state of its evolution restricting its
growth in the cross-stream direction. Therefore, its shape is
no longer spherical during the entire bubble dynamic process.
Furthermore, the bubble is tilted in the streamwise direction,
similar to the macroscale behaviour, resulting in the balloon-
like shape due to the flow drag effect. However, the narrow
gap between the top and bottom microchannel surfaces results
in an essentially 2D shape rather than a 3D shape.

The bubble growth rate dependence on the input power,
under a constant flow rate, is summarized in figure 14. The
time-dependent bubble volume for a wide range of wall
temperature, proportional to the input power, is plotted in
figure 14(a). Clearly, the bubble departure size, the end
point of each curve, is practically constant independent of
the input power. However, at steady state, the vaporization
rate increases with increasing heat flux. Hence, the bubble
growth rate increases with increasing wall temperature (input
power) as indeed shown in figure 14(b). This is consistent with
macroscale forced convection boiling, in which the bubble
growth rate increases with the input heat flux [14].
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Figure 12. A series of still pictures extracted from a video clip of a complete bubble dynamics cycle from bubble incipience to departure in
the 10 µm high microchannel (Q = 1.6 ml h−1 and q = 0.4 W).
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Figure 13. The time evolution of the bubble size for several
successive cycles at Tw = 49 ◦C with W/H = 30 and Re = 0.54; the
stages A–D correspond to the pictures in figures 12(a)–(d).

6.2. Bubble departure size

The flow drag force dominates bubble characteristics in a
confined geometry, especially its departure size. On the verge
of departure, shown in figure 15, the bubbles assume a balloon-
like shape connected to the nucleation site by a thin long tail;
both the bubble shape and size are very repeatable, as shown in
figure 13, under a constant flow rate and heat flux. However,
the bubble departure size increases with decreasing flow rate
as demonstrated in figure 15. This indicates that the Reynolds
number, Re = 2Hρ lU/µ, is one of the control parameters for
the bubble departure phenomenon; ρ l, µ and U are the liquid
density, fluid viscosity and average velocity, respectively.

The bubble departure size dependence on both flow rate
and wall temperature has been investigated. The measured
volume of the bubble at departure, VBD, is plotted in
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Figure 14. (a) Bubble volume (size) growth with time for various wall temperatures (input power); the maximum bubble size (at departure)
is constant, and (b) the average bubble growth rate as a function of the wall temperature.
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Figure 15. The Reynolds number effect on the bubble departure
size at Tw = 53 ◦C: (a) Re = 0.1012 and (b) Re = 0.0337.

figure 16(a) as a function of the wall temperature (input
power) for three flow rates (Reynolds numbers). Evidently,
the bubble departure size is independent of the input power
over a wide wall temperature range, Tw = 50–66 ◦C, within an
experimental error. However, increasing the Reynolds number
results in a smaller bubble size at departure. In macrochannels,
the bubble departure diameter increases with temperature and
decreases with increasing mass flux [13].

In the absence of a proper mathematical model,
dimensional analysis [20] has been utilized to explore the
relationship between the bubble departure size and the
Reynolds number. The channel height is assumed to be
the only relevant length scale in the evolution of bubbles;
hence, it is selected as the normalizing scale for the departure
size. The normalized bubble departure size is plotted in
figure 16(b) as a function of Re with the wall temperature,
Tw, and channel aspect ratio, W/H, as varying parameters.
All data collapse onto a single curve suggesting that, at
least within the tested parameter space, the scaling choice
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Figure 16. (a) The bubble departure size dependence on the wall temperature for various Reynolds number values and (b) normalized
bubble departure size dependence on the Reynolds number.

is proper. The non-dimensional bubble departure size is found
to decrease exponentially with increasing Reynolds number
and, utilizing a curve-fitting technique, an empirical formula
has been deduced as follows:

VBD

H 3
= 2 × 104 exp(−5Re0.25). (3)

Thus, in microchannels, the bubble departure volume VBD is
determined by the channel height and Reynolds number. The
bubble departure diameter in macroscale convective boiling,
Dd, is approximately given by [12]

Dd ∝
√

σ

g(ρl − ρg) + Cτw/Hb
(4)

where τw and Hb are the wall shear stress and bubble height,
respectively, while C is a constant coefficient. The wall shear
stress is proportional to the square of the flow rate. Thus, in
macrochannels, the bubble departure size is mainly the result
of a balance between buoyancy, surface tension forces and the
flow drag. In microchannels, however, buoyancy is negligible
as bubbles fill up the entire space between the top and bottom
surfaces, and their motion is confined to the downstream
direction only. Hence, bubbles in microchannels depart from
nucleation sites when the flow drag force, depending only on
the Reynolds number and the bubble size, is sufficiently high.
The role of surface tension has not been investigated, and it
could have similar effect to that found in macrochannels.

6.3. Bubble release frequency

The time-evolution traces of the bubble size, such as the
example in figure 13, can also be used to estimate the number
of bubbles formed at a particular nucleation site per unit
time, i.e. bubble release frequency, f. The bubble release
frequency under varying combinations of flow rate, input
power and channel dimensions has been measured; it is found
to be the most sensitive to input power. Increasing the heat
flux increases not only the wall temperature but also the
vaporization rate. Therefore, the bubble release frequency
is plotted in figure 17 as a function of the wall temperature for
various conditions. All the results seem to follow a similar
trend and, utilizing the curve-fitting method, the following
exponential relationship has been found:

f ∗ = 0.0013 exp(3 × 10−5θ) (5)

where the dimensionless release frequency, f ∗, and wall
temperature, θ , are defined as

f ∗ = f W 2ρl/µ (6)

0.0

0.5

1.0

1.5

1.0E+05 1.5E+05 2.0E+05 2.5E+05

f*

θ

W/H = 60, Re = 0.1012
W/H = 60, Re = 0.0675
W/H = 60, Re = 0.0506
W/H = 60, Re = 0.0169
W/H = 30, Re = 0.5397
W/H = 30, Re = 0.2698
W/H = 30, Re = 0.1349
Eq. (5)

Figure 17. The normalized bubble release frequency dependence on
the non-dimensional wall temperature.

and

θ = (Tw − T∞)Wklρl/(µσ) (7)

where T∞ is the ambient temperature. Since the bubble growth
rate increases while its departure size stays constant with
increasing input power, the bubble lifetime is shorter. This
means a higher bubble release frequency, if there is no time
delay between the departure of an old bubble and the formation
of a new one, as has indeed been observed. In macroscale
pool boiling, the bubble release frequency is correlated with
its departure size as f · (Dd)n = const [21]. The relationship
still holds in convective boiling if the bubble size is much
smaller than the channel characteristic scale. However, in
microchannels, the bubble departure size is constant while the
release frequency increases with the input power.

7. Conclusions

A set of microchannel heat sinks, integrated with temperature
sensors, varying in channel height from 5 to 510 µm has
been fabricated for the study of forced convection boiling in
microchannel flow. Nucleation sites, shaped as an inverted
pyramid with a square base, have been etched at the channel
bottom with a characteristic size ranging between 2.5 and
370 µm.

The boiling curves are initially linear as the entire flow is
in single-phase liquid. In the higher input-power range, the
boiling curve features a hysteresis loop. Phase change starts
at the device outlet and, with increasing heat flux, appears at
the inlet. At a certain stage, a burst of vapour sweeps through
the microchannels triggering the onset of nucleate boiling.
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Further increase of the input power results in a critical heat
flux condition, where the entire microchannel flow is in single-
phase vapour.

Bubble nucleation activity is found to depend on the
channel height using three different working fluids: water,
methanol and ethanol. An empirical formula for the
critical size is suggested. The critical size, above which
nucleation sites are active, increases with the channel height.
Hence, smaller nucleation sites are active in smaller height
microchannels.

Bubble dynamics in microchannels have been studied
experimentally in 5 µm and 10 µm high microchannels. The
bubbles, practically two-dimensional, assume a balloon-like
shape elongated in the streamwise direction. The bubbles
grow in volume essentially at a constant rate, which increases
with increasing input power. The bubble departure size,
independent of the input power, decreases exponentially with
increasing Reynolds number (flow rate). The normalized
bubble release frequency is found to increase exponentially
with increasing wall temperature (input power).
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