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Experiments are conducted with a perfluorinated dielectric fluid, Fluorinert FC-77, to identify the critical
geometric parameters that affect flow boiling heat transfer and flow patterns in microchannels. In recent
work by the authors (Harirchian and Garimella, 2009), seven different silicon test pieces containing par-
allel microchannels of widths ranging from 100 to 5850 lm, all with a depth of 400 lm were tested and it
was shown that for a fixed channel depth, the heat transfer coefficient was independent of channel width
for microchannels of widths 400 lm and larger, with the flow regimes in these microchannels being sim-
ilar; nucleate boiling was also found to be dominant over a wide range of heat fluxes. In the present study,
experiments are performed with five additional microchannel test pieces with channel depths of 100 and
250 lm and widths ranging from 100 to 1000 lm. Flow visualizations are performed using a high-speed
digital video camera to determine the flow regimes, with simultaneous local measurements of the heat
transfer coefficient and pressure drop. The aim of the present study is to investigate as independent
parameters the channel width and depth as well as the aspect ratio and cross-sectional area on boiling
heat transfer in microchannels, based on an expanded database of experimental results. The flow visual-
izations and heat transfer results show that the channel cross-sectional area is the important governing
parameter determining boiling mechanisms and heat transfer in microchannels. For channels with cross-
sectional area exceeding a specific value, nucleate boiling is the dominant mechanism and the boiling
heat transfer coefficient is independent of channel dimensions; below this threshold value of cross-sec-
tional area, vapor confinement is observed in all channels at all heat fluxes, and the heat transfer rate
increases as the microchannel cross-sectional area decreases before premature dryout occurs due to
channel confinement.

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

Microchannel heat sinks undergoing two-phase heat transport
can provide very high heat transfer rates while maintaining the
wall temperature relatively uniform, and have therefore been
investigated as an attractive solution for the cooling of high-power
electronics. Since the working fluid in the microchannels may be in
direct contact with the electronics, the use of dielectric liquids has
drawn recent attention for these applications. Although there have
been a number of studies on pool boiling of perfluorinated liquids
and the effect of surface enhancement (Honda and Wei, 2004;
McHale and Garimella, 2008), investigations of flow boiling in
microchannels using dielectric liquids have been limited (Chen
and Garimella, 2006a; Zhang et al., 2005a,b; Warrier et al., 2002;
Pate et al., 2006).
ll rights reserved.
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A large number of studies have been reported on fluid flow and
heat transfer mechanisms in microchannel flow boiling as reviewed
in Sobhan and Garimella (2001), Garimella and Sobhan (2003), and
Bertsch et al. (2008). Many studies in recent years have attempted
to better understand the flow patterns occurring during boiling in
microchannels using different working fluids. High-speed flow visu-
alization has been employed as an effective method to understand
the physics of boiling in microchannels as well as the differences
in the boiling regimes from those in conventional-sized channels
(Peng and Wang, 1993; Kew and Cornwell, 1997; Huo et al., 2004;
Chen and Garimella, 2006a; Revellin et al., 2006).

Some studies have considered the effects of the diameter of cir-
cular tubes, hydraulic diameter of rectangular microchannels, or
channel shape on flow boiling heat transfer (Lin et al., 2001; Saitoh
et al., 2005) and on boiling flow regimes (Jiang et al., 2001; Lee
et al., 2003; Dupont and Thome, 2005). The effects of microchannel
size and surface characteristics on bubble nucleation and flow
patterns have also been investigated (Zhang et al., 2005a,b). Lee
et al. (2005) investigated the effect of microchannel height on
nucleation-site activity and bubble dynamics.

http://dx.doi.org/10.1016/j.ijmultiphaseflow.2009.06.005
mailto:sureshg@purdue.edu
http://www.sciencedirect.com/science/journal/03019322
http://www.elsevier.com/locate/ijmulflow
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As revealed by a review of the literature in Harirchian and
Garimella (2008) and summarized above, there has been some
consideration of the effects of microchannel diameter, width, and
depth on flow boiling in microchannels; however, a systematic
study of microchannel dimensions with a wide range of dimen-
sional parameters on flow boiling mechanisms and heat transfer
is nonexistent. In a recent study (Harirchian and Garimella,
2009), the authors investigated the effects of microchannel width
on boiling heat transfer and flow patterns using seven different
microchannels of 400 lm depth and width ranging from 100 to
5850 lm. It was found that for microchannels of width larger than
400 lm, the heat transfer coefficient was independent of micro-
channel width. With the aid of high-speed flow visualization, it
was observed that in these larger microchannels, nucleate boiling
was dominant over a wide range of heat fluxes. In smaller micro-
channels (widths less than 400 lm), bubble nucleation was sup-
pressed at a relatively low heat flux and convective boiling
became dominant, resulting in higher values of heat transfer coef-
ficient. Two types of flow regime maps were also developed and
the effect of channel width on flow regime transition was investi-
gated. Although a wide range of channel widths were tested in
Harirchian and Garimella (2009), the channel depth was fixed
and the effects of the dimensions and aspect ratio could not be
clearly isolated.

In view of the absence of any systematic studies in the literature
on the effect of microchannel dimensions on heat transfer coeffi-
cient, pressure drop, and flow patterns, the objective of the present
work is to expand the previous investigation of the effect of micro-
channel width to study the effects of channel depth, aspect ratio,
and cross-sectional area on boiling heat transfer with a dielectric
fluid, FC-77. Boiling curves, heat transfer coefficients, and pressure
drops are presented and flow regimes discussed for a range of
microchannel sizes. The important geometrical parameters that
influence boiling in microchannels are identified based on the
results.

2. Experimental setup and test procedures

2.1. Test section

The test section shown in Fig. 1 consists of a 12.7 � 12.7 mm sil-
icon microchannel heat sink mounted on a printed circuit board
Fig. 1. Microchannel test section.
(PCB). The PCB is installed on a quick-connect board with an insu-
lating G10 piece sandwiched in between. A polycarbonate top cov-
er above the test piece provides an enclosed passage for the liquid
and is sealed with an O-ring. To avoid melting of the polycarbonate
at high die temperatures, a 12.7 � 12.7 mm Pyrex sheet of thick-
ness 0.4 mm with a high melting point is sandwiched between
the silicon die and the top cover and forms the top wall of the
microchannels.

As detailed in Fig. 2, parallel microchannels of rectangular
cross-section are cut on the top surface of the silicon chip using
a dicing saw. Twelve test pieces are tested with microchannel
widths ranging from 100 to 5850 lm and depths ranging from
100 to 400 lm. The aspect ratio (width/depth) and hydraulic diam-
eter of these microchannels in the different test pieces take values
from 0.27 to 15.55 and 96 to 707 lm, respectively. The width (w),
depth (d), and number (N), along with the hydraulic diameter (Dh),
aspect ratio and single channel cross-sectional area (Acs) of the
microchannels in each heat sink are listed in Table 1. The bottom
wall of the 100 lm-wide microchannels has an average roughness
of 0.1 lm, while the wider microchannels have an average rough-
ness of 0.8–1.4 lm for the different test pieces.

A 5 � 5 array of resistance heat sources is fabricated on the
underside of the chip, providing uniform heat flux to the base of
the microchannels. Also, twenty-five temperature-sensing diodes
are fabricated adjacent to each resistance heater in a like array to
facilitate local measurements of the base temperature. The resis-
tance of each heating element is calibrated for temperatures up
to 130 �C. Since the resistances of all the heat sources are almost
identical, they are connected in parallel and are supplied with a
single DC voltage in order to provide a uniform heat flux at the
base of the microchannels. The heat generated by each source is
obtained from the calibrated resistance of the corresponding ele-
ment and the applied voltage.

For a given current passing through a diode temperature sensor,
the voltage drop across the diode depends on the temperature. To
obtain the voltage–temperature relationship for each diode, the
test piece is calibrated in a conventional oven. Twenty-five individ-
ual current sources are used to apply 100 lA to each diode and the
voltage drop across each diode is measured at seven temperatures
ranging from 25 to 115 �C.

More details of the individual heaters, diode temperature
sensors, calibration procedures, and test section assembly are
available in Chen and Garimella (2006a).

2.2. Flow loop

A schematic diagram of the experimental test loop is shown in
Fig. 3. A magnetically coupled gear pump drives the dielectric
liquid, FC-77, through the closed loop. A preheater installed
upstream of the test section heats the coolant to the desired subco-
oling temperature at the entrance of the microchannels, and a
water-to-air heat exchanger located downstream of the test sec-
tion cools the fluid before it enters the reservoir. The liquid is fully
degassed before initiating each test using the two degassing ports
and the expandable reservoir. Details of the expandable reservoir
design and the degassing procedure are available in Chen and
Garimella (2006b). A flow meter with a measurement range of
20–200 ml/min monitors the flow rate through the loop and five
T-type thermocouples measure the fluid temperature before and
after the preheater, before and after the test section, and after
the heat exchanger. The pressure in the outlet manifold of the test
section is maintained at 1 atmosphere. The pressure at the inlet
manifold and the pressure drop across the microchannel array
are measured using a pressure transducer (Gems Sensors, 2200
series) and a differential pressure transducer (Omega, PX2300 ser-
ies), respectively. A throttling valve positioned upstream of the test



Fig. 2. Integrated heaters and temperature sensors in the microchannel test piece.

Table 1
Microchannel dimensions (the microchannel widths and depths are referred to in the rest of the paper by the nominal values that are provided in the table).

w (lm) (actual values) d (lm) (actual values) N Dh (lm) w/d Acs (mm2) go (%)

100 (99) 100 (94) 61 96 1.05 0.009 96.7–98.0
100 (97) 220 (217) 63 134 0.45 0.021 97.7–98.5
100 (102) 400 (369) 60 159 0.27 0.037 97.2–98.8
250 (240) 400 (371) 35 291 0.64 0.089 97.3–99.1
400 (398) 100 (65) 25 111 6.12 0.026 97.4–98.4
400 (400) 220 (197) 25 264 2.03 0.079 96.5–98.5
400 (395) 400 (365) 24 379 1.08 0.144 97.5–99.0
700 (686) 400 (376) 14 486 1.83 0.258 98.5–99.6
1000 (1024) 220 (226) 10 370 4.53 0.231 96.0–99.0
1000 (978) 400 (374) 10 541 2.62 0.366 99.2–99.7
2200 (2203) 400 (370) 5 634 5.95 0.815 99.6–99.9
5850 (5851) 400 (376) 2 707 15.55 2.201 99.8–99.9
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Fig. 3. Schematic illustration of the flow loop.
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section serves to suppress instabilities in the microchannel heat
sink. Mild flow reversals were still observed at the inlet of the
microchannels at the highest heat fluxes studied, for microchan-
nels of cross-sectional area 0.144 mm2 and smaller. However,
these instabilities did not affect the inlet fluid temperature which
is held constant throughout each test.
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2.3. Experimental procedures

Experiments are conducted on the 12 test pieces to study the ef-
fects of microchannel dimensions on the boiling heat transfer and
flow patterns at a fixed mass flux of 630 kg/m2 s. In an earlier study
by the authors (Harirchian and Garimella, 2008), the effects of
mass flux on heat transfer coefficient and pressure drop were
investigated for mass fluxes in the range of 250–1600 kg/m2 s. It
was shown that heat transfer coefficient was independent of mass
flux in the nucleate boiling region and the pressure drop increased
with mass flux. The effect of mass flux on boiling flow patterns was
also discussed in Harirchian and Garimella (2009).

Before initiating each test, the liquid in the test loop is fully de-
gassed. It is then driven into the loop at a constant flow rate and
preheated to approximately 92 �C, providing 5 K of subcooling at
the inlet of the channels. For each test, the flow rate and the inlet
fluid temperature are kept constant throughout the test and the
uniform heat flux provided to the chip is incremented from zero
to the point at which the maximum wall temperature reaches
150 �C, which is the upper limit for the safe operating temperature
of the integrated heaters and temperature sensors. Heat flux values
approaching critical heat flux are avoided since the corresponding
temperatures could cause the solder bumps in the test chip to fail.

At each heat flux and after the system reaches a steady state,
high-speed visualizations are performed simultaneously with the
heat transfer and pressure drop measurements. Movies of the flow
patterns are captured at various frame rates ranging from 2000
frames per second (fps) to 24,000 fps, with the higher frame rates
used for the smaller microchannels at the larger heat and mass
fluxes. The images obtained from the camera are then post-pro-
cessed using a MATLAB code developed in-house to enhance the
quality of the images, especially for those captured at higher frame
rates.

2.4. Data reduction

The heat transfer rate to the fluid, _qnet , in the microchannels is
obtained from an energy balance for each heating element:

_qnet ¼ _q� _qloss ð1Þ

in which _q is the total heat dissipated from each heat source and is
obtained from _q ¼ V2=R, where V is the applied voltage to the heat-
ing element and R is the calibrated resistance. The heat loss, _qloss,
consists of losses to natural convection, radiation, and conduction
through the PCB and the top cover and is experimentally deter-
mined before the test assembly is charged with coolant as described
in detail in (Harirchian and Garimella, 2008).

The local heat transfer coefficient is then calculated from

h ¼ q00w
goðTw � Tref Þ

ð2Þ

where go is the overall surface efficiency of the microchannel heat
sinks (Harirchian and Garimella, 2008), and the range of the values
for each tested heat sink is provided in Table 1. Tref is the local mean
fluid temperature in the single-phase region and the liquid satura-
tion temperature in the two-phase region and Tw is the local micro-
channel wall temperature and is corrected for the microchannel
base thickness using

Tw ¼ Td �
q00bðt � dÞ

kSi
ð3Þ

where Td is the temperature measured by the diode, q00b is the base
heat flux, t and d are the heat sink thickness and microchannel
depth, respectively, and ksi is the thermal conductivity of silicon.
The heat flux used in Eq. (2) is the wall heat flux and is defined
as

q00w ¼ _qnet=ðAt=25Þ ð4Þ

where At is the total heated area of the microchannels

At ¼ Nðwþ 2dÞL ð5Þ

Here, N is the number of microchannels in a heat sink, w, d, and
L are the microchannel width, depth, and length, respectively. The
heat flux used in finding the wall temperature in Eq. (3) is the ap-
plied heat flux and is calculated using the chip base area, Ab, which
is the same as the combined area of all the heat sources

q00b ¼ _qnet=ðAb=25Þ ð6Þ

The calculated local heat transfer coefficients presented in this
paper are based on measurements from the temperature sensor
at location 3 in Fig. 2, which is along the centerline of the test piece
near the exit. The flow visualizations shown are also obtained at
this location.

The measurement uncertainties for the flow meter and the
pressure transducers are 1% and 0.25% of full scale, respectively.
The uncertainties in the measurements of the channel dimensions,
the T-type thermocouples and the diode temperature sensors are
±15 lm, ±0.3 �C, and ±0.3 �C, respectively. Following a standard
uncertainty analysis (Taylor, 1997), the uncertainties associated
with the wall heat flux and the heat transfer coefficient are ob-
tained to be 2% to 4% and 2.2% to 4.8%, respectively, for the cases
considered.

3. Results and discussion

As mentioned earlier, a systematic investigation of boiling flow
patterns and heat transfer as a function of microchannel width was
recently performed by the authors (Harirchian and Garimella,
2009). In the current study, additional experiments are conducted
to broaden the range of microchannel dimensions considered and
to explore the effects of other geometrical parameters, such as
channel height, aspect ratio, and cross-sectional area. Key results
from the previous study are briefly reviewed, and new findings
regarding the effects of different channel dimensions on boiling
mechanisms in microchannels are then discussed.

3.1. Flow patterns

The effects of channel dimensions and heat flux on the boiling
flow patterns are discussed here based on high-speed flow visual-
izations. In all the flow visualization images in this paper, the flow
direction is from left to right.

In Harirchian and Garimella (2009), flow regimes in microchan-
nels of widths ranging from 100 to 5850 lm, with a fixed channel
depth of 400 lm, were discussed in detail and the effects of mass
flux and channel width on flow regimes investigated. The flow pat-
terns observed in these microchannels were categorized into five
major flow regimes – bubbly, slug, churn, wispy-annular, and
annular flow – and detailed descriptions along with schematic
sketches of these flow regimes were provided. In the present study,
these flow patterns are briefly discussed. In addition, the flow re-
gimes in microchannels of depths in the range of 100 to 400 lm
are presented and the effects of channel depth, aspect ratio, and
cross-sectional area on the flow regimes are discussed.

Fig. 4 shows the flow patterns in the 400 � 400 lm microchan-
nels. As discussed previously in Harirchian and Garimella (2009),
three flow regimes of bubbly, alternating churn and wispy-annular,
and alternating churn and annular flow are observed in these
microchannels. In the bubbly flow regime, isolated round and



Fig. 4. Flow patterns in the 400 � 400 lm microchannels.
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elongated bubbles nucleate at the microchannel walls and move in
the flow direction as they detach from the wall after growing
(Fig. 4(a)). As the heat flux increases, the bubble generation rate
at the walls increases and bubbles become larger as a result of bub-
ble coalescence.

At medium heat fluxes, the flow alternates between churn and
wispy-annular flow regimes as illustrated in Fig. 4(b). Churn flow
consists of vapor chunks transported from upstream and large
bubbles nucleating at a high rate at the channel walls; however,
at high heat fluxes, the nucleation at the walls may be suppressed.
In wispy-annular flow, a vapor core is separated from the channel
walls with a relatively thick and unstable liquid film. Large, irreg-
ular-shaped droplets are entrained into the vapor core. Very few
nucleation sites remain in the liquid film and result in small vapor
bubbles in the liquid layer. As the heat flux increases, annular flow
replaces the wispy-annular flow as shown in Fig. 4(c). In annular
Fig. 5. Flow patterns in the 220
flow, the liquid layer is thinner than in wispy-annular flow, and
the interface between the vapor core and the liquid film can be-
come wavy. The liquid film thickness decreases as the heat flux in-
creases. Small, round droplets are entrained into the vapor core,
while no vapor bubbles are seen in the liquid annulus. Similar flow
regimes are observed in the 1000 � 400 lm (width � depth)
microchannels.

In the microchannels with a larger cross-sectional area and lar-
ger aspect ratio (1000 � 220, 2200 � 400, and 5850 � 400 lm),
similar flow patterns of bubbly, churn/wispy-annular, and churn/
annular occur, except that unlike the 400 � 400 lm channels,
alternating churn and wispy-annular, or annular, flow regimes do
not necessarily follow each other along the length of the channel;
instead, they are distributed side by side across the width of the
channel due to the large aspect ratio. Fig. 5 shows these flow re-
gimes in the 2200 � 400 lm microchannels. It can be seen in
0 � 400 lm microchannels.
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Fig. 5(b and c) that churn flow exists on one side of the channel
while wispy-annular or annular flow occupies the other side. Flow
regime images for the 5850 � 400 lm channels are available in
Harirchian and Garimella (2009).

Fig. 6 shows the flow patterns in the 100 � 400 and 100 �
220 lm (width � depth) microchannels. In these microchannels,
flow patterns are different from those observed in the larger micro-
channels, due to the small cross-sectional area and the resulting
confinement effects. Also, the still images are less clear than in the
larger channels – the observations described here are based on close
observation of the video images. At these microchannel sizes, bubbly
flow is not established at the visualization location, and instead, slug
flow commences early after the incipience of boiling. In slug flow,
elongated bubbles occupy the entire cross-section of the channels,
separated by liquid slugs as depicted in Fig. 6(a and c). At low heat
fluxes, the elongated vapor bubbles can be separated by a few small
bubbles in the bulk liquid. However, these small bubbles disappear
at higher heat fluxes. As the heat flux is increased further, flow enters
an alternating churn and annular regime as shown in Fig. 6(b and d).
The liquid layer surrounding the vapor core in the annular flow alter-
nates between a smooth annulus and a discontinuous layer caused
by bubble nucleation at the walls (Harirchian and Garimella,
2009). Unlike the larger microchannels, no droplets are observed
in the vapor core of the annular flow. Visualizations in the 100
� 100 lm microchannels show the occurrence of annular flow right
after the incipience of boiling, and no slug flow is observed. Addi-
tional images of the flow in the 100 � 400 lm microchannels can
be found in Harirchian and Garimella (2009).

Bubble confinement is also observed in the 400 � 100 lm and
400 � 220 lm (width � depth) microchannels. Fig. 7 presents flow
patterns in the latter. Although bubbly flow commences at the
incipience of boiling, as the heat flux increases, some bubbles grow
bigger and fill the height of the channel while expanding laterally,
resulting in bubbly/slug flow as shown in Fig. 7(b). At higher heat
fluxes, alternating churn and annular flow occurs (Fig. 7(c)).
Fig. 6. Flow patterns in the (a and b) 100 � 400 lm
In Fig. 8, the flow patterns observed in all the microchannels
investigated are summarized for a wide range of microchannel
widths, depths, and aspect ratios. The abscissa shows the heat flux
and the bars represents flow patterns and flow regime transitions
for each microchannel size, with cross-sectional area of the chan-
nels increasing from bottom to top. Microchannel dimensions are
provided on the right side of each bar as width (lm) � depth
(lm), with the area of a single channel cross-section (mm2) in
parentheses.

It can be seen from this figure that in the microchannels with a
cross-sectional area of 0.037 mm2 and smaller, only slug and annu-
lar regimes occur at the visualization location and bubbly flow is
not established. In the larger microchannels with a cross-sectional
area of up to 0.089 mm2, bubbly flow exists at very low heat fluxes
and is followed by slug flow and annular flow at higher heat fluxes.
A careful examination of the flow visualizations reveals that in the
five smallest microchannel heat sinks with cross-sectional area
smaller than 0.089 mm2, bubbles occupy the whole cross-section
of the channels, resulting in bubble confinement; however, in the
250 � 400 lm microchannels (0.089 mm2 area), although slug
flow is detected, the elongated bubbles only occupy the width of
the channels and do not span the entire depth; hence, the bubbles
are not confined in the cross-section.

For cross-sectional areas of 0.144 mm2 and larger, bubbly flow
commences at the incipience of boiling and is followed by alternat-
ing churn and wispy-annular flow. As the heat flux is increased, an
annular flow regime replaces the wispy-annular flow. In these
microchannels, nucleate boiling at the walls occurs up to very high
heat fluxes. For aspect ratios (width/depth) of 2.6 and smaller, the
wispy-annular and annular flow regimes are symmetric with re-
spect to the channel width, while for aspect ratios of 4.5 and larger,
flow symmetry is lost (Fig. 5).

Considering the flow transition from bubbly or slug flow to
churn/annular flow in smaller channels and to churn/wispy-annu-
lar flow in larger microchannels in Fig. 8, it is seen that this transi-
, and (c and d) 100 � 220 lm microchannels.



Fig. 7. Flow patterns in the 400 � 220 lm microchannels.

q"(kW/m 2)

B

C/A

S

C/A

C/A

B/S

C/A

C/A

B/S

C/W

C/W C/A

C/W

C/A

C/A

B

B

C/A

B

C/WC/A

1000x220 (0.231)

400x220 (0.079)

100x100 (0.009)

400x100 (0.026)

5850x400 (2.201)

2200x400 (0.815)

1000x400 (0.366)

400x400 (0.144)

250x400 (0.089)

B

B

B/S

S 100x400 (0.037)

A cs

B/S

S

C/W

S C/A 100x220 (0.021)

Width x Depth (Area)

B: Bubbly S: Slug C: Churn W: Wispy-annular         A: Annular 
B/S:  Intermittent bubbly/slug flow
C/W: Intermittent churn/wispy-annular flow
C/A:  Intermittent churn/annular flow

: Single-phase flow

0 100 200 300 400

B

C/A

S

C/A

C/A

B/S

C/A

C/A

B/S

C/W

C/W C/A

C/W

C/A

C/A

B

B

C/A

B

C/WC/A

B

B

B/S

S

B/S

S

C/W

S C/A

Fig. 8. Summary of boiling flow patterns in the microchannel heat sinks; the
microchannel dimensions are presented as nominal width (lm) � nominal depth
(lm) with the actual single channel cross-sectional area (mm2) in parentheses.

q"w (kW/m2)

h(
kW

/m
2 K

)

0 50 100 150 200 250 300 350
0

1

2

3

4

5

6

7

8

9

5850x400
2200x400
1000x400
700x400

1000x220
400x400
250x400
400x220
100x400
400x100
100x220
100x100

G=630kg/m2s

Fig. 9. Effect of microchannel dimensions (lm � lm) on heat transfer coefficients.

910 T. Harirchian, S.V. Garimella / International Journal of Multiphase Flow 35 (2009) 904–913
tion occurs at much lower heat fluxes for microchannels with a
cross-sectional area smaller than 0.089 mm2, in which confine-
ment was also visually observed. Occurrence of slug flow and the
early transition to churn/annular flow in these smaller channels af-
fects the heat transfer behavior as will be discussed in the next
section.
3.2. Heat transfer coefficient

Fig. 9 illustrates the effect of microchannel dimensions on the
heat transfer coefficient. In this figure, the heat transfer coefficient
is plotted versus the wall heat flux for both single-phase and two-
phase flows in all the microchannels considered. As can be seen
from this figure, the onset of boiling is associated with an increase
in the wall heat transfer coefficient.

In Harirchian and Garimella (2009), it was shown that for a
fixed channel depth of 400 lm, the heat transfer coefficient is inde-
pendent of microchannel width for widths of 400 lm or greater;
however, due to the fixed channel depth, it was not clear from that
work whether the determining factor was the channel width, the
aspect ratio, or the cross-sectional area. Microchannels tested in
the present work span a wide range of channel width, depth, as-
pect ratio, hydraulic diameter, and cross-sectional area, thus pro-
viding results that help clarify the dominant geometrical factor
that governs boiling heat transfer in microchannels. A careful
examination of Fig. 9 (and review of the dimensions listed in Table
1) reveals that for microchannels with a cross-sectional area of
0.089 mm2 and larger, the heat transfer coefficient is independent
of microchannel size. For smaller cross-sectional areas where bub-
ble confinement was visually observed, the heat transfer coeffi-
cient behavior is markedly different, with the heat transfer
coefficient being relatively higher at the lower heat fluxes. As the
heat flux increases, the curves cross over, resulting in lower values
of heat transfer coefficient. The largest heat transfer coefficient is
seen in the 100 � 220 lm microchannels, with a cross-sectional
area of 0.021 mm2, before partial dryout occurs. For the 100
� 100 lm microchannels, the heat transfer coefficient is relatively
lower at low heat fluxes since partial dryout occurs even at very
low heat fluxes.

The larger heat transfer coefficients in the smaller microchan-
nels are attributed to the confinement effects caused by bubbles
occupying the whole cross-section of the microchannels due to
the small cross-sectional area relative to the bubble diameter at
departure. As discussed in the previous section, flow visualizations
reveal that in all of the microchannels with a cross-sectional area
smaller than 0.089 mm2, slug flow commences soon after incipi-
ence of boiling and flow enters the churn/annular regime at rela-
tively low heat fluxes. Early establishment of annular flow in
microchannels of very small diameter was also reported in other
studies (Zhang et al., 2005a,b; Jiang et al., 2001). As a result, bubble
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nucleation at the walls is not the only heat transfer mechanism,
and the evaporation of the thin liquid film at the walls in the slug
and annular flows also contributes to the heat transfer. Therefore,
the value of heat transfer coefficient is larger for these smaller
microchannels at lower heat fluxes. At high heat fluxes, a decrease
in heat transfer coefficient is detected, which is due to an early
partial wall dryout in these small channels. In microchannels with
larger cross-sectional areas, nucleate boiling is the dominant flow
regime, and hence, the heat transfer coefficient is independent of
channel size. Similar trends have been reported in the literature
for the dependence of confined pool boiling on plate spacing in
parallel-plate configurations; as the plate spacing was reduced be-
low the bubble departure diameter, heat transfer was enhanced in
the low heat flux region due to confinement effects. As the spacing
was decreased further, the heat transfer coefficient increased until
it reached a maximum, after which it deteriorated with decreasing
channel spacing (Geisler and Bar-Cohen, 2009).

To better illustrate the effects of microchannel cross-sectional
area on heat transfer coefficient, the heat transfer coefficient is
plotted versus the cross-sectional area for three heat fluxes on a
semi-log plot in Fig. 10. This plot shows that for the lower heat
fluxes of 80 and 100 kW/m2, the heat transfer coefficient is rela-
tively invariant with channel cross-sectional area for areas of
0.089 mm2 and larger where nucleate boiling is dominant. For
smaller microchannels, the heat transfer coefficient increases with
decreasing channel cross-sectional area due to vapor confinement
and the contribution of thin liquid film evaporation to the heat
transfer. For a low heat flux of 80 kW/m2, the heat transfer coeffi-
cient reaches a maximum for the 100 � 220 lm channels and de-
creases with further decrease in cross-sectional area due to early
occurrence of partial wall dryout in smaller channels. At the higher
heat flux of 130 kW/m2, the difference in the heat transfer coeffi-
cient values becomes smaller as the heat transfer curves for smal-
ler microchannels approach those of the larger microchannels.

It is emphasized that the channel aspect ratio is not the deter-
mining geometric factor affecting boiling heat transfer. For
instance, the 400 � 100 lm and 2200 � 400 lm microchannels
both have comparable aspect ratios (�6), but the former exhibit
larger heat transfer coefficients due to the smaller cross-sectional
area. Similarly, the 100 � 100 lm microchannels lead to larger
heat transfer coefficients than the 400 � 400 lm microchannels
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Fig. 10. Effect of microchannel cross-sectional area on heat transfer coefficient,
with trend lines added.
although the aspect ratios of the channels in both chips are identi-
cal. It is also clear from the results that the smallest dimension of
the microchannel is not the key factor; although all the microchan-
nels with a common smallest dimension of 400 lm have similar
values of heat transfer coefficient, the 100 � 400, 100 � 220,
and 100 � 100 lm microchannels (all with a common smallest
dimension of 100 lm) exhibit different values of heat transfer coef-
ficient. As mentioned before, the reason is the dependence of heat
transfer coefficient on cross-sectional area for channels with areas
smaller than 0.089 mm2 due to vapor confinement.

3.3. Boiling curve

The effect of microchannel size on the boiling curve is shown
in Fig. 11. Both single-phase and two-phase regions are included
in this plot. In the single-phase region, the wall excess tempera-
ture (x-axis) is calculated with respect to the mean fluid temper-
ature, while in the two-phase region, the saturation temperature
of the liquid is employed. The onset of boiling is associated with a
sharp drop in the wall temperature as can be seen in this figure.
When sufficiently small heat flux increments were used during
the test, this temperature overshoot was observed with all the
test pieces.

For microchannels of cross-sectional area 0.089 mm2 and larger,
the boiling curves cluster together beyond the onset of nucleate
boiling, indicating the dominance of nucleate boiling. As boiling
starts in these microchannels, the wall temperature shows a weak
dependency on the heat flux. This is consistent with the dominant
nucleate boiling flow regime that was observed through the flow
visualizations. As the heat flux increases, the wall temperature be-
comes more dependent on the heat flux and the boiling curves
deviate for different channel sizes as convective boiling dominates.

For the microchannels with smaller cross-sectional areas, the
wall temperature increases with increasing wall heat flux and
the boiling curves do not collapse on to those of the larger micro-
channels. The strong dependence of the wall temperature on the
heat flux for these microchannels can be explained based on the
flow visualizations which reveal that thin-film evaporation and
forced convection in the thin liquid film surrounding the vapor slug
or annulus, rather than nucleate boiling, are the main heat transfer
mechanisms in the smaller channels.
Tw-Tref(K)

q"
w

(k
W

/m
2 )

0 10 20 30 40 50 60
0

50

100

150

200

250

300

5850x400
2200x400
1000x400
700x400

1000x220
400x400
250x400
400x220
100x400
400x100
100x220
100x100

G=630kg/m 2s

Fig. 11. Effect of microchannel dimensions (lm � lm) on boiling curves.
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3.4. Pressure drop

The pressure drop as a function of the average wall heat flux is
shown in Fig. 12 for all the microchannel sizes considered. The
two-phase region can be clearly distinguished from the single-
phase region by the sharp change in the slope of the curves. In
the single-phase region, the pressure drop slightly decreases with
increasing heat flux due to the reduction in liquid viscosity as
the liquid temperature increases. In the two-phase region, the
pressure drop is strongly dependent on heat flux and increases rap-
idly and almost linearly with increasing heat flux due to the accel-
eration of vapor. This trend in pressure drop has been reported in
many studies (Warrier et al., 2002; Chen and Garimella, 2006a;
Pate et al., 2006).

In both the single-phase and two-phase regions, the pressure
drop increases with decreasing microchannel cross-sectional area
at a given heat flux. In the two-phase region, the slope of the line
also increases as the channel area decreases, with much larger
pressure drops for smaller channels at higher heat fluxes.

It can also be seen that for the microchannels with similar cross-
sectional areas and different aspect ratios, pressure drops are similar
in value (e.g., 250 � 400 and 400 � 220 lm microchannels).

4. Conclusions

The effect of channel dimensions on microchannel flow boiling
heat transfer has been investigated through a comprehensive set of
experiments. Flow visualizations and heat transfer results show
that the microchannel width, depth, or aspect ratio individually
do not determine boiling mechanisms and heat transfer in micro-
channels; instead, it is the cross-sectional area of the microchan-
nels that plays a determining role.

For microchannels of cross-sectional area smaller than
0.089 mm2, slug flow commences at the incipience of boiling, and
the flow enters a churn/annular flow regime at relatively low heat
fluxes. Vapor confinement in these microchannels results in larger
values of heat transfer coefficient as the heat transfer comprises
both nucleate boiling and liquid film evaporation mechanisms.

In microchannels with a cross-sectional area of 0.089 mm2 and
larger, nucleate boiling is dominant up to very high heat fluxes,
resulting in an independence of heat transfer coefficient on chan-
nel dimensions. Also, the wall temperature does not vary much
with heat flux in these channels due to the dominance of nucleate
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Fig. 12. Effect of microchannel dimensions on pressure drop.
boiling. In these microchannels, as the aspect ratio increases, flow
patterns become asymmetric with respect to the channel width,
i.e. two different flow patterns might be distributed side by side
across the width of the channel.

The pressure drop decreases slightly with heat flux in the sin-
gle-phase region and increases rapidly with heat flux in the two-
phase region. For a fixed wall heat flux, pressure drop increases
with decreasing channel cross-sectional area.

Confinement effects in microchannels are very important as
they affect the heat transfer mechanisms in flow boiling; hence,
it is very important to quantitatively determine the conditions at
which vapor confinement occurs and microscale effects become
present. In ongoing work by the authors, a quantitative transition
criterion is under development for the emergence of microscale ef-
fects in flow boiling.
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