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Experiments are conducted with a perfluorinated dielectric fluid, Fluorinert FC-77, to investigate the
effects of channel size and mass flux (225–1420 kg/m2s) on microchannel flow boiling regimes by means
of high-speed photography. Seven different silicon test pieces with parallel microchannels of widths
ranging from 100 to 5850 lm, all with a depth of 400 lm, are considered. Flow visualizations are per-
formed with a high-speed digital video camera while local measurements of the heat transfer coefficient
are simultaneously obtained. The visualizations and the heat transfer data show that flow regimes in the
microchannels of width 400 lm and larger are similar, with nucleate boiling being dominant in these
channels over a wide range of heat flux. In contrast, flow regimes in the smaller microchannels are dif-
ferent and bubble nucleation at the walls is suppressed at a relatively low heat flux for these sizes.
Two types of flow regime maps are developed and the effects of channel width on the flow regime tran-
sitions are discussed.

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

Boiling in microchannel heat sinks is attractive for thermal
management of high-performance electronics due to the high heat
transfer rates and uniform wall temperatures that can be achieved.
To develop models for the prediction of convective heat transfer
coefficients based on the actual flow regimes occurring during con-
vective boiling in microchannels, a thorough understanding of the
flow patterns existing under different conditions, as well as their
transitions, is necessary. In recent years, progress has been made
in understanding the pressure drop and heat transfer characteris-
tics of flow boiling in microchannels; however, a fundamental
knowledge of boiling mechanisms, the effect of microchannel size
on the boiling regimes, and comprehensive flow regime maps for
such flows are as yet unavailable (Garimella et al., 2006). A detailed
investigation of the effects of microchannel size and mass flux on
boiling heat transfer and pressure drop in microchannel heat sinks
with a dielectric fluid was reported recently by the authors (Harir-
chian and Garimella 2008a). The objectives of the present study are
to investigate the effects of microchannel size and mass flux on the
boiling flow patterns via high-speed visualization, to propose flow
regime maps for a wide range of microchannel sizes, and to explain
the heat transfer data obtained in Harirchian and Garimella
(2008a) in light of a knowledge of the flow patterns.
ll rights reserved.

lla).
A number of studies in recent years have attempted to better
understand the flow patterns during boiling in microchannels
using different working fluids as reviewed in Garimella and Sobhan
(2003), Sobhan and Garimella (2001), Bertsch et al. (2008a). How-
ever, a systematic investigation into the effects of channel size and
mass flux on the boiling flow patterns in microchannels has not
been performed.

High-speed flow visualization has been employed to under-
stand the physics of boiling in microchannels as well as the differ-
ences in the boiling regimes relative to those in conventional-sized
channels. Liu et al. (2005) studied the onset of nucleate boiling in
water flow through microchannels of 275 lm � 636 lm cross sec-
tion via high-speed flow visualization and developed an analytical
model to predict the incipience heat flux and bubble size at the on-
set of boiling. Peng and Wang (1993) experimentally investigated
flow boiling of water in microchannels of cross section
600 lm � 700 lm. They showed that unlike larger tubes, partial
nucleate boiling was not observed in the subcooled region, and
fully developed boiling was induced much earlier than at the mac-
roscale. Kew and Cornwell (1997) experimentally studied two-
phase flow regimes and heat transfer with refrigerant R141b in cir-
cular tubes of diameters in the range of 1.39–3.69 mm. They ob-
served flow regimes that differed slightly from those observed in
large channels and found that three flow regimes of isolated bub-
ble flow, confined bubble flow, and annular-slug flow were suffi-
cient to describe the observed patterns. They also showed that
for narrow channels having a confinement number of 0.5 and lar-
ger, conventional correlations were not suitable for the prediction
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of flow boiling heat transfer and that nucleate boiling correlations
such as that of Cooper (1984a) predict the data better than the
established correlations for flow boiling. Huo et al. (2004) investi-
gated boiling heat transfer with R134a in small-diameter tubes at
mass fluxes ranging from 100 to 500 kg/m2s. Their visualizations
revealed six flow patterns: dispersed bubble, bubbly, slug, churn,
annular, and mist flow. It was also shown that nucleate boiling
was dominant for vapor qualities less than 40–50% (20–30%) for
tubes of diameter 4.26 (2.01) mm. Kandlikar (2004) observed fea-
tures such as flow reversal and nucleate boiling-dominant heat
transfer in microchannel flow boiling as well as flow patterns of
slug flow, annular flow, churn flow, and dryout. Revellin et al.
(2006) studied two-phase flow patterns of R134a in a 500 lm glass
channel and delineated four flow patterns of bubbly, slug, semi-
annular, and annular flows. The frequency of bubble generation,
coalescence rate and mean bubble velocity were also determined.
Chen and Garimella (2006a) conducted experiments to study the
physics of boiling in parallel silicon microchannels with a cross
section of 389 lm � 389 lm using FC-77 as the working fluid.
Three flow rates ranging from 260 to 445 kg/m2s were tested. They
observed bubbly and slug flow patterns at lower heat fluxes and
wispy-annular and churn flow regimes at higher heat fluxes with
flow reversal near the microchannel inlet.

Other studies have utilized flow visualization to record the flow
patterns under different flow conditions and with specific geome-
tries. Jiang et al. (2001) carried out experiments with water in trian-
gular silicon microchannels of hydraulic diameter 26 and 53 lm
and observed local nucleate boiling at low input power and unsta-
ble slug flow at intermediate power levels. However, annular flow
developed at a relatively low heat flux, such that evaporation at
the liquid film/vapor core interface was the dominant heat transfer
mode over a wide range of input powers. Wang et al. (2008) per-
formed experiments to investigate the effect of inlet/outlet config-
urations on flow boiling instabilities with water in parallel
microchannels of hydraulic diameter 186 lm. They observed bub-
bly/slug flow, bubbly/annular alternating flow, and annular/mist
alternating flow when the flow could freely enter and exit the
microchannels. In the case of flow being restricted at the channel in-
let but not at the outlet, steady flow boiling patterns of isolated bub-
bles, elongated bubbles, and annular flow were seen. Zhang et al.
(2005a,b) performed an experimental study of flow boiling with
FC-72 for three different orientations of a microchannel heat sink:
vertical up-flow, vertical down-flow, and horizontal flow. The heat
sink consisted of parallel microchannels 200 lm wide and 2 mm
deep. They observed boiling to occur in isolated bubble and slug
flow regimes and found that the vertical up-flow orientation had
the best thermal performance, highest flow stability, and lowest
pressure drop. Differences between the flow regimes with air–
water and steam–water experiments were observed in the visual-
izations of Hetsroni et al. (2003) in parallel triangular channels
etched in a silicon substrate with a base dimension of 200–310 lm.

Only a few of these studies have utilized the observed flow pat-
terns to develop flow regime maps for boiling in microchannels.
Hetsroni et al. (2003) proposed a flow regime map for transition
from a low heat flux region, characterized by the presence of liquid
phase in all microchannels, to a high heat flux region, characterized
by a periodic dryout phenomenon, for boiling of water in parallel
triangular microchannels. Huo et al. (2004) also proposed a flow
regime map for R134a in a small tube. Two regime maps developed
for larger tubes by Taitel (1990), Mishima and Ishii (1984) were
compared to their map for the small tube and were shown to be
inapplicable for predicting flow regime transitions. Revellin et al.
(2006) constructed flow regime maps for R134a in a 500 lm-diam-
eter tube in terms of mass flux versus vapor quality and superficial
liquid velocity versus superficial vapor velocity. They compared
their flow pattern transitions to those of macroscale refrigerant
flow and microscale air–water flow, neither of which matched
their results well.

Adiabatic two-phase flow patterns were investigated through
high-speed visualizations and flow regime maps developed by Chung
and Kawaji (2004), Hassan et al. (2005), Field and Hrnjak (2007). Field
and Hrnjak (2007) showed that the flow maps developed for large
channels were not suitable for prediction of the flow regimes in
microchannels; also, flow maps were dependent on the specific fluid
for which they were developed. Despite the inability of macroscale
boiling maps or adiabatic two-phase flow regime maps to predict
the flow patterns for boiling in microchannels, a review of the liter-
ature shows a dearth of investigations into flow regime maps specif-
ically targeted at microchannels undergoing flow boiling.

Although microchannel flow boiling has been an active field of
study, few investigations have systematically explored the effects
of microchannel dimensions and mass flux on the flow patterns
and heat transfer characteristics, as summarized by Harirchian
and Garimella (2007). Lin et al. (2001), Saitoh et al. (2005) studied
the effects of mass flux and channel diameter on boiling heat trans-
fer coefficients for refrigerants in small channels. Bertsch et al.
(2008b), Chen and Garimella (2006a) studied the effect of mass
flux on boiling in microchannels using refrigerant and FC-77,
respectively. Lee et al. (2003) explored the effect of channel shape
and Zhang et al. (2005a,b) investigated the effects of hydraulic
diameter and surface roughness on two-phase flow patterns in
water. Lee and Mudawar (2008) explored the effects of hydraulic
diameter, mass velocity and subcooling on boiling flow patterns
with HFE-7100.

Use of dielectric liquids in microchannel heat sinks has drawn re-
cent attention since the working fluid in the microchannel heat sinks
can then be in direct contact with the electronics. Perfluorocarbons
are particularly suitable for direct contact cooling due to their high
electrical resistivity. Although there have been a number of studies
on pool boiling of perfluorocarbon liquids and the effect of surface
enhancement (Honda and Wei 2004; McHale and Garimella 2008),
investigations of flow boiling patterns in microchannels using per-
fluorocarbon liquids have been limited (Zhang et al. 2005a,b; Lee
and Mudawar 2008; Chen and Garimella 2006a).

The present work seeks to address the limited understanding in
the literature of the effects of channel size and mass flux on boiling
flow patterns in microchannels. The results are also aimed at
explaining the effects of channel size, mass flux and heat flux on
the boiling heat transfer coefficients previously obtained in the
same facility (Harirchian and Garimella 2008a). As discussed
above, existing flow regime maps for boiling in microchannels
are limited to a narrow range of channel sizes and have been devel-
oped with water and refrigerants. Flow regime maps are developed
in this study for boiling of FC-77 in microchannel heat sinks with a
wide range of channel dimensions, and the effect of channel width
on the transitions between flow regimes is investigated.
2. Experimental setup and test procedures

In this section the salient features of the experimental test loop,
the test section, and the test procedures are briefly explained. A
more detailed description including the test-piece calibration pro-
cesses is available in Harirchian and Garimella (2008a).

2.1. Flow loop

The experimental setup is shown in Fig. 1. The test loop includes
a magnetically coupled gear pump that drives the dielectric liquid,
FC-77, through the closed loop, a preheater installed upstream of
the test section, the microchannel heat sink, a liquid-to-air heat
exchanger located downstream of the test section, and an expand-
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Fig. 1. (a) Photograph, and (b) schematic diagram of the experimental setup.

Fig. 2. (a) Photograph and (b) cross section of the microchannel test section.
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able reservoir. The preheater heats the coolant to the desired sub-
cooling temperature at the entrance of the microchannels and the
heat exchanger cools the fluid before it enters the reservoir. The
expandable reservoir is used to fully degas the liquid before initi-
ating each test. Details of the expandable reservoir design and
the degassing procedure are available in Chen and Garimella
(2006b). A flow meter monitors the flow rate through the loop,
while 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 and a differential
pressure transducer, respectively. A high-speed digital video cam-
era (Photron Fastcam-Ultima APX) is employed for flow visualiza-
tions. The high-speed camera provides full-pixel resolution of
1024 � 1024 at up to 2000 frames per second (fps) and is capable
of recording at frame rates as high as 120,000 fps with reduced res-
olution. Different microscope lenses, depending on the microchan-
nel size, are used for magnification. An illumination source (Henke-
Sass Wolf) is used to illuminate the microchannels for visualiza-
tion. Using the same experimental setup, Chen and Garimella
(2006a) showed that this illumination source does not result in
additional heat input to the fluid.
2.2. Test section

Fig. 2 shows the assembled test section. It consists of a
12.7 mm � 12.7 mm silicon chip with parallel microchannels of
rectangular cross section cut into the top surface using a dicing
saw. Experiments are conducted for seven test pieces with a con-
stant channel depth of 400 lm and different channel widths rang-
ing from 100 lm to 5850 lm, with the channel length held
constant at 12.7 mm. The actual and nominal dimensions of the
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test pieces including channel width, w, fin width, wf, channel
depth, H, and number of microchannels, N, are summarized in
Table 1.

A 5 � 5 array of resistors and a like array of temperature sensing
diodes are fabricated on the underside (Harirchian and Garimella
2007), providing uniform heat flux to the base of the microchan-
nels and local measurements of the base temperature at 25
locations.

The silicon heat sink is mounted on a printed circuit board (PCB)
which is installed on a quick-connect board with an insulating G10
piece in between. A polycarbonate top cover above the test piece
provides an enclosed passage for the liquid and is sealed with an
o-ring. After entering the inlet manifold, the liquid travels through
a rectangular manifold of cross section 12.7 mm � 1.05 mm which
is 13 mm in length before entering the microchannels. The exit
manifold is recessed such that the vapor generated in the heat sink
escapes as it exits the microchannels and does not block the flow. A
12.7 mm � 12.7 mm Pyrex sheet of thickness 0.4 mm with a high
melting point is sandwiched between the silicon chip and the
top cover to avoid melting of the polycarbonate at high chip tem-
peratures and to form the top wall of the microchannels.

The bottom wall of the 100 lm-wide microchannels has an
average roughness of 0.1 lm. Wider microchannels were made
with a number of cuts; this process imparts a waviness to the bot-
tom surfaces resulting in an average roughness of 0.8–1.4 lm for
the different test pieces; the average roughness in the region of a
single cut in these wider channels is 0.2 lm.
2.3. Experimental procedures

Experiments are performed for seven test pieces to study the ef-
fect of microchannel width on the boiling flow patterns and the
heat transfer coefficients. Four mass fluxes ranging from 225 to
1420 kg/m2s are investigated for each test piece. The average val-
ues of mass flux are listed in Table 1.

All of the embedded resistors and the integrated diode temper-
ature sensors are first calibrated in a precision oven. The liquid in
the test loop is fully degassed before initiating each test. 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 temper-
ature are kept constant throughout the test and the heat flux to the
chip is increased from zero to the point at which the maximum
wall temperature reaches 150 �C, which is the maximum safe oper-
ating temperature for the integrated temperature sensors. It is
emphasized that the heat flux is maintained uniform over the base
area of the chip. At each heat flux and after the system reaches a
steady state, high-speed visualizations are performed simulta-
neously with the heat transfer and pressure drop measurements.
Movies of the flow patterns are captured with 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
Table 1
Microchannel dimensions and mass fluxes (the four mass fluxes are referred to in the res

w (lm) (nominal values) wf (lm) (nominal values) H (lm) (nominal v

101.5 (100) 101.9 (100) 369.4 (400)
239.1 (250) 110.8 (100) 371.4 (400)
394.6 (400) 105.4 (100) 364.9 (400)
686.3 (700) 154.1 (150) 375.6 (400)
978.4 (1000) 222.3 (200) 373.7 (400)
2202.8 (2200) 280 (300) 370.1 (400)
5850.5 (5850) 300 (300) 376.2 (400)

* Values of mass flux are calculated using the fluid properties at the saturation temper
values were calculated at the room temperature of 25 �C.
mass fluxes. Also, as the heat flux is increased, the vapor velocity
increases and higher frame rates are required to capture the details
of the flow. The images obtained from the camera are then post-
processed using a MATLAB code developed in-house to enhance
the quality of the images, especially for those captured at higher
frame rates. Flow visualizations have been performed for six of
the seven test pieces at different flow rates.

It is noted that all the values of heat transfer coefficient and wall
temperature reported in this study are based on the local temper-
ature measurement at a location near the exit and along the cen-
terline of the microchannel array. The flow visualizations are
performed at this location as well.

2.4. Data reduction

The local heat transfer coefficient is calculated from

h ¼ q00w
goðTw � TsatÞ

ð1Þ

where Tsat is the liquid saturation temperature and Tw is the local
microchannel wall temperature as obtained from the temperature
measured by the integrated diode sensor, and is corrected for con-
duction through the microchannel base thickness. In equation (1),
go is the overall surface efficiency of the microchannels defined as

go ¼ 1� NAf

Aw
ð1� gf Þ, where Af = 2LH is the wetted area of a fin and

gf ¼ tan hmd
md is the efficiency of a fin with an adiabatic tip, with

m2 = 2 h/ksiwf. Here, wf is the fin width and ksi is the silicon thermal
conductivity. The overall surface efficiency ranges from 96.5% to
99.9% for the heat sinks considered.

The wall heat flux, q00w, is defined as

q00w ¼ _qnet=ðAw=25Þ ð2Þ

The area Aw is the total heated area in the microchannels:

Aw ¼ Nðwþ 2HÞL ð3Þ

Here, N is the number of microchannels in a heat sink, and w, H, and
L are the microchannel width, depth, and length, respectively.

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

_qnet ¼ _q� _qloss ð4Þ

in which _q is the total heat dissipated from each heat source and
_qloss is the heat loss which is experimentally determined before
the test assembly is charged with coolant. Details of the heat loss
measurement procedure and data reduction can be found in Harir-
chian and Garimella (2008a). The heat loss values range from 7% to
50% of the net heat transfer rate for different test pieces and differ-
ent mass fluxes and are larger for wider microchannels at lower
mass fluxes.

The uncertainties in the measurement of the channel dimen-
sions, the T-type thermocouples and the mass flux are ±15 lm,
±0.3 K, and 2–5%, respectively. The uncertainty introduced through
t of the paper by the nominal values* of 225, 630, 1050 and 1420 kg/m2s).

alues) N G (kg/m2s) High-speedvisualization

60 214, 621, 1017, 1405 U

35 226, 611, 1126, 1415 U

24 227, 633, 1031, 1431 U

14 225, 641, 1053, 1461
10 224, 627, 1037, 1440 U

5 227, 633, 1034, 1427 U

2 229, 632, 1028, 1289 U

ature. In previous reporting (Harirchian and Garimella 2007, 2008a,b), the nominal
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the calibration procedure into the diode temperature sensor mea-
surement is calculated to be ±0.02 K; the oven temperature mea-
surements during the calibration process have an uncertainty of
±0.3 K, and this is the value of uncertainty assigned to the wall
temperature measurement. Uncertainties in the flow meter and
pressure transducer readings are 1% and 0.25% of full scale, respec-
tively. Using a standard uncertainty analysis (Taylor 1997), the
uncertainties associated with the wall heat flux and the heat trans-
fer coefficient are estimated to be 2–4% and 2.2–4.8%, respectively,
for the cases considered.

3. Results and discussion

In this section, the flow visualizations are analyzed and the ef-
fects of channel dimensions, mass flux, and heat flux on the boiling
flow patterns discussed. The flow patterns are also used to support
the conclusions from previous studies (Harirchian and Garimella
2008a,b) using the same facility on the effects of channel size
and mass flux on flow boiling heat transfer in microchannels. Flow
regime maps are then developed and the effect of channel dimen-
sions on flow regime transitions is explored.

3.1. Flow patterns

In the microchannels studied, flow patterns observed via high-
speed visualizations are categorized into five major flow regimes –
bubbly, slug, churn, wispy-annular, and annular flows; a post-dry-
out regime of inverted-annular flow is also identified. Although
these flow patterns have a slightly different appearance in different
channel sizes and for different mass fluxes and flow rates,
each is characterized by certain common features. These flow pat-
terns are first explained with respect to the 400 lm � 400 lm
microchannels.

Representative visualized images in these six flow regimes are
illustrated in Fig. 3. In all the flow visualization images in this pa-
per, the flow direction is from left to right. For better delineation
of the liquid and vapor phases in the flow patterns, a sketch of
the flow pattern is added on the right side of each image.
Fig. 3(a) shows bubbly flow in which isolated round and elongated
bubbles that are smaller than the cross section of the microchan-
nels move in the flow direction. Bubbles generally nucleate at the
microchannel walls and detach from the walls after growing. The
shape and size of the bubbles vary with flow rate and heat flux.
As the heat flux increases, the bubble generation rate at the walls
increases and bubbles become larger as a result of bubble coales-
cence. At higher heat fluxes or in smaller microchannels, bubbles
occupy the entire cross section of the channels, resulting in slug
flow as shown in Fig. 3(b); small bubbles exist in the liquid slugs
between the elongated bubbles. The churn flow regime is demon-
strated in Fig. 3(c). This flow regime consists of vapor chunks
transported downstream and large bubbles nucleating at a high
rate at the channel walls; however, at high heat fluxes, the nucle-
ation at the walls may be suppressed. In wispy-annular flow as in
Fig. 3(d), a vapor core is separated from the channel walls with a
relatively thick and unstable liquid film. Large, irregular-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. In annular flow, as illustrated in Fig. 3(e), the
liquid layer is thinner than in wispy-annular flow, and the inter-
face between the vapor core and the liquid film can become
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. At very
high heat fluxes, when critical heat flux is reached, the walls
can completely dry out under certain conditions and a vapor
blanket forms at the walls around a liquid core flowing through
the center of the channels. This flow regime is called inverted-
annular flow (Fig. 3(f)) and was seen in some of the tests. This
flow regime is to be avoided since it is accompanied with a sud-
den rise in the wall temperature and a significant drop in the heat
transfer coefficient.

Under some conditions, these flow patterns may alternate in a
single channel, resulting in an intermittent flow. In channels with
large aspect rations, two different flow patterns may also be pres-
ent alongside each other across the width of the channels. In sub-
sequent sections, the conditions for the occurrence of these flow
patterns are discussed for different channel sizes and different
mass fluxes.

3.1.1. Effect of channel width on flow patterns
Flow patterns visualized in the heat sinks with microchannels

of different widths are presented and discussed in this section for
the mass flux of 630 kg/m2s.

In the 100 lm-wide microchannels, the flow patterns are differ-
ent from those observed in the larger microchannels, likely due to
the small diameter and the resulting confinement effects. These
flow patterns are depicted in Fig. 4 for four heat fluxes at a mass
flux of 630 kg/m2s. At this microchannel width, bubbly flow is
not established at the visualization location, and instead, slug flow
commences early after the incipience of boiling. Fig. 4(a) shows the
boiling patterns right after the commencement of boiling. As can
be seen in the photograph, the vapor slugs are separated by a
few small bubbles in the bulk liquid. However, these small bubbles
disappear at a heat flux as low as 33.7 kW/m2.

At a heat flux of 44.8 kW/m2, the tail of the slugs breaks up and
is no longer very distinguishable. The liquid layer between the va-
por core and the walls also breaks up at the locations in which bub-
bles nucleate on the walls. As shown in Fig. 4(b), the liquid layer
breaks into rivulets forming a discontinuous liquid layer at the
walls.

As the heat flux is increased to 62 kW/m2, flow enters an annu-
lar regime. The liquid layer surrounding the vapor core in the
annular flow alternates between a smooth annulus and a discon-
tinuous layer as shown in Fig. 4(c) for the heat flux of 71.5 kW/
m2. In the discontinuous annular flow, bubble nucleation at the
walls is still seen in the discontinuous liquid annulus up to a heat
flux of 82.1 kW/m2, beyond which bubble nucleation at the walls is
suppressed. Unlike the larger microchannels, no droplets are ob-
served in the vapor core of the annular flow.

At heat fluxes higher than 92.3 kW/m2, an intermittent churn
and annular flow appears. This intermittent flow regime is shown
in Fig. 4(d) for a heat flux of 102.7 kW/m2. Although the top wall of
the microchannel partially dries out at heat fluxes exceeding
62 kW/m2, the side walls do not seem to dry out even at very high
heat fluxes.

In the 400 lm � 400 lm microchannel heat sink at a mass flux
of 630 kg/m2s, three general flow patterns are observed as the
heat flux is increased – bubbly flow, alternating churn and wis-
py-annular flow, and alternating churn and annular flow – as
illustrated in Fig. 5. Bubbly flow starts after the onset of boiling
at q00 = 64.8 kW/m2, with isolated round and elongated bubbles.
As the heat flux increases the bubbles coalesce and generate lar-
ger and longer bubbles. At this flow rate, bubbles do not span the
width of the channels and slug flow does not occur. As the heat
flux is increased to 132.6 kW/m2, the flow pattern becomes inter-
mittent, alternating between churn flow and wispy-annular flow.
Very few nucleation sites remain in the liquid film in the wispy-
annular regime. For heat fluxes of 156.5 kW/m2 and higher, annu-
lar flow replaces the wispy-annular regime in the intermittent
flow. Small, round droplets are entrained into the vapor core. As
the heat flux is further increased to 220.2 kW/m2, careful obser-
vation of the churn flow shows that bubbles no longer nucleate
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Fig. 4. Flow patterns in the 100 lm � 400 lm microchannels, G = 630 kg/m2s.
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Fig. 5. Flow patterns in the 400 lm � 400 lm microchannels, G = 630 kg/m2s.
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at the walls and all the vapor chunks arrive from further up-
stream with a very thin liquid layer separating them from the
walls. At this heat flux, the nucleate boiling-dominant regime
seems to end and boiling enters a convective-dominant region;
the heat transfer results discussed later in section 3.2.2 (and in
Fig. 12) are consistent in this transition in the boiling regime
identified through visualizations.
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Fig. 6 shows the flow patterns observed in the 5850 lm-wide
microchannels at a mass flux of 630 kg/m2s. It is emphasized that
channel depth remains at 400 lm for all the microchannel widths
tested; some of the results observed are no doubt a function of
channel depth as well and this parameter is being investigated in
detail in ongoing work by the authors. Bubbles start nucleating
at the walls at a heat flux of 45 kW/m2 and when the heat flux
reaches 59.7 kW/m2, bubbly flow similar to that in the 400 lm-
wide microchannels begins. Fig. 6(a) shows the bubbly flow at a
heat flux of 77.1 kW/m2. As the heat flux increases, some bubbles
grow bigger and fill the height of the channel while expanding lat-
erally, as shown in Fig. 6(b). Increasing the heat flux further to
194 kW/m2 leads to the commencement of churn/wispy-annular
flow. Unlike the 400 lm-wide microchannels, these two flow re-
gimes 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. As can be seen
in Fig. 6(c) for a heat flux of 221.7 kW/m2, large liquid droplets ex-
ist in the vapor core in the wispy-annular flow. At the highest heat
flux of 270 kW/m2, annular flow replaces the wispy-annular re-
gime where small liquid droplets are entrained in the vapor core
as shown in Fig. 6(d). A careful study of the flow visualizations
indicates that bubble nucleation ceases at the downstream end
of the channels at a heat flux of 255 kW/m2.

Fig. 7 summarizes the flow patterns observed across the wide
range of microchannel widths considered in this work at four mass
fluxes. It is clear from the summary in this figure that the boiling
flow patterns in the microchannels of width 1000 and 2200 lm
are very similar to the ones observed in the 5850 lm-wide micro-
channels and the transitions between different flow patterns occur
at similar values of heat flux for these three microchannel widths.
The difference, however, is that intermittent bubbly and slug flow
occurs in the 1000 and 2200 lm-wide microchannels at low mass
fluxes, while slug flow does not occur in the 5850 lm microchan-
nels at any mass flux. At the other end, in the 250 lm-wide micro-
channels, as in the 100 lm-wide microchannels, the regime of
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Bubbly flow
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Fig. 6. Flow patterns in the 5850 lm � 40
intermittent churn and wispy-annular flow is not observed. Unlike
the 100 lm-wide microchannels in which bubbly flow was not ob-
served, intermittent bubbly and slug flow is seen at intermediate
mass fluxes for the 250 lm width and bubbly flow is detected at
higher flow rates.

In general, it is noted from this figure that the incipience heat
flux (at which boiling starts) and the critical heat flux (at which
the wall dries out and results in a sharp increase in wall tempera-
ture) increase with increasing mass flux and increasing channel
width. It may also be concluded that bubbly flow replaces slug
flow, and intermittent churn/wispy-annular flow replaces inter-
mittent churn/annular flow, as the channel width or the mass flux
increase.

3.1.2. Effect of mass flux on flow patterns
The effect of mass flux on the flow patterns is discussed with re-

spect to the microchannels of width 400 lm at four mass fluxes of
225, 630, 1050, and 1420 kg/m2s. As depicted in Fig. 5 and dis-
cussed in the previous section, the main flow regimes for the mass
flux of 630 kg/m2s are bubbly flow, intermittent churn and wispy-
annular flow, and intermittent churn and annular flow. As the mass
flux decreases or increases, these flow patterns change, as does the
heat flux at which transitions between the observed flow regimes
occur.

Fig. 8 shows the flow patterns immediately after the incipi-
ence of boiling at the four mass fluxes tested. It is seen that as
the mass flux increases, boiling commences at a higher heat
flux. Also, the bubbly flow regime appears different as the mass
flux increases. For the lower mass flux of 225 kg/m2s, some
bubbles grow larger and span the cross-section of the channel,
leading to a bubbly-slug flow regime as soon as boiling starts,
as depicted in Fig. 8(a). As the heat flux increases at this flow
rate, these vapor slugs coalesce and generate very long vapor
slugs with smaller bubbles following them in the flow (not
shown in the figure). As the mass flux increases, bubbles
become smaller but are more elongated at the incipience of
hurn/wispy-annular flow
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0 lm microchannels, G = 630 kg/m2s.
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Fig. 7. Summary of boiling flow patterns at six microchannel widths for four mass fluxes.
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boiling. For mass fluxes of 630 kg/m2s and higher, the bubbles
are relatively small at the incipience of boiling (Fig. 8(b–d))
and as the heat flux increases, the size and number of bubbles
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Fig. 8. Flow patterns at the onset of boiling in the 400 lm � 400 lm
microchannels.
and the rate of bubble coalescence all increase, resulting in lar-
ger and longer bubbles; however, slug flow does not occur at
any heat flux.

As discussed earlier, for the mass flux of 630 kg/m2s, an inter-
mittent churn and wispy-annular flow regime arises following
the bubbly flow regime, and annular flow replaces the wispy-annu-
lar regime at higher heat fluxes. A close observation of the annular
flow pattern for mass fluxes of 225 and 630 kg/m2s shows that the
liquid film thickness decreases and the vapor–liquid interface be-
comes wavy as the mass flux or heat flux increase, due to an in-
crease in the vapor velocity.

For the mass flux of 225 kg/m2s, the wispy-annular regime is
not seen and the flow enters an intermittent churn and annular
flow regime after the bubbly/slug regime. At the higher mass flux
of 1050 kg/m2s, intermittent churn and wispy-annular flow fol-
lows the bubbly flow regime; however, annular flow is not ob-
served at this mass flux. For the largest mass flux considered of
1420 kg/m2s, bubbly flow changes to churn flow as the heat flux
increases and an intermittent flow and annular regime are not ob-
served. A careful study of the flow pattern transitions in Fig. 7 for
the 400 lm � 400 lm microchannels indicates that the transition
from bubbly to intermittent flow, or to churn flow in the case of
1420 kg/m2s, occurs at higher heat fluxes as the mass flux
increases.

Since the transition between specific flow patterns occurs at
higher heat fluxes as the mass flux increases, different flow re-
gimes are seen at a given heat flux for different mass fluxes.
Fig. 9 presents the flow patterns at a heat flux of 145±2 kW/m2

for four different mass fluxes in the microchannels of width
400 lm. It is seen that intermittent flow has started for the mass
fluxes of 225 and 630 kg/m2s, while for the mass fluxes of 1050
and 1420 kg/m2s, the flow is still in the bubbly regime. Also, the
visualizations reveal that the flow has entered a convective boil-
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Fig. 9. Effect of mass flux on boiling flow patterns in the 400 lm � 400 lm
microchannels, G00 � 145 kW/m2.
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ing-dominant regime for the mass flux of 225 kg/m2s at this heat
flux, while for the other three mass fluxes, flow is still in the nucle-
ate boiling regime.

3.2. Heat transfer coefficient

The boiling heat transfer coefficients and boiling curves for the
400 lm � 400 lm microchannels are first considered at a mass
flux of 630 kg/m2s. The observed effects of channel size and mass
flux on the heat transfer coefficient are then explained with the
aid of the flow patterns presented in this work.

In Fig. 10, the heat transfer coefficient and wall temperature
corresponding to the visualizations in Fig. 5 are plotted as a func-
tion of the wall heat flux. It is seen that the onset of boiling is
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Fig. 10. Variation of heat transfer coefficient and wall temperature with wall heat
flux in the 400 lm � 400 lm microchannels, G = 630 kg/m2s.
accompanied with a sudden increase in the heat transfer coeffi-
cient and a drop in the wall temperature. Once boiling commences,
the increase in wall temperature with heat flux in the nucleate
boiling regime is moderate relative to the single phase region in
which wall temperature increases significantly with heat flux. At
a heat flux of 234.1 kW/m2, partial dry-out is observed on the side
walls in the annular flow regime, and this is responsible for the
drop in the heat transfer coefficient and the increase in wall tem-
perature observed in the figure.

3.2.1. Effect of channel width on heat transfer coefficient
As discussed in detail in an earlier study (Harirchian and Garim-

ella 2008a) and shown for a representative case in Fig. 11, the heat
transfer coefficient is nearly invariant for a given heat flux as the
microchannel width increases beyond 400 lm. With the aid of
the flow visualizations in the present study, the independence of
heat transfer coefficient on channel width for microchannels wider
than 400 lm can be understood.

The transition from bubbly or slug flow to the intermittent flow
at a mass flux of 630 kg/m2s occurs at a very low heat flux for the
100 and 250 lm-wide microchannels compared to the 400 lm-
wide and larger microchannels (Fig. 7). Also, transition from the
nucleate boiling regime to the convective boiling regime occurs
at a very low heat flux for these small microchannels. The heat
fluxes at which nucleation is no longer observed at the channel
walls are denoted on Fig. 11 with arrows. It is seen that nucleate
boiling is dominant up to very high heat fluxes for microchannel
widths of 400 lm and more, resulting in very similar values of heat
transfer coefficient irrespective of channel width; however, for the
100 and 250 lm wide microchannels, nucleate boiling is sup-
pressed at a relatively low heat flux, and leads to a distinct behav-
ior of the heat transfer coefficient curves.

Harirchian and Garimella (2008a) compared heat transfer coef-
ficients obtained from their experiments to several correlations
from the literature. They found that the nucleate pool boiling cor-
relation of Cooper (1984b) predicted the experimental results very
well, except for the low flow rates in the 100 and 250 lm-wide
microchannels. This observation can be explained based on the
visualizations from the current study which show that the transi-
tion to intermittent annular flow and the suppression of nucleate
boiling occur at very low heat fluxes for the 100 and 250 lm
wide-microchannels, while for the channels of 400 lm width and
higher, nucleate boiling is dominant over a wide range of heat
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fluxes. Kew and Cornwell (1997) also showed that the nucleate
pool boiling correlation of Cooper et al. (1984a) predicted their
experimental results better than the existing correlations for flow
boiling.

3.2.2. Effect of mass flux on heat transfer coefficient
In Fig. 12 heat transfer coefficients are plotted versus the wall

heat flux for both single-phase and two-phase regions in the
400 lm � 400 lm microchannels. The transition from single-
phase to two-phase flow can be easily distinguished from the sud-
den increase in the heat transfer coefficient. The curves in Fig. 12
reveal that the boiling incipience heat flux and the critical heat flux
increase as the mass flux increases, as also discussed earlier.

As seen in Fig. 12, the plots of heat transfer coefficient for dif-
ferent mass fluxes collapse on to a single curve after the onset of
boiling. At high heat fluxes, however, the curves again deviate
from each other. In Harirchian and Garimella (2008a), the reason
for this behavior was discussed to be the dominance of the
nucleate boiling regime after the onset of boiling, and the dom-
inance of convective boiling at the location where each curve be-
gins to deviate from the others. Flow visualizations in the
current study confirm this conjecture; a careful study of the flow
patterns reveals that in general the bubble nucleation at the
walls is not suppressed as the bubbly flow ends and the churn
flow or the intermittent flow begin. Although not many nucle-
ation sites are seen in the liquid film of the annular flow, bub-
bles still nucleate at the walls in the churn flow. As the heat
flux is increased further, nucleation at the wall stops and a very
thin liquid layer appears to surround the churn flow. The heat
flux at which bubble nucleation is visually observed to be sup-
pressed is shown in Fig. 12 with arrows. These heat fluxes are
consistent with the points at which the heat transfer coefficient
curves deviate from each other and convective boiling
dominates.

At very high heat fluxes, for the mass fluxes of 225 and 630 kg/
m2s, the side walls partially dry out. As annotated in Fig. 12, this
results in a sudden drop in the heat transfer coefficient.

3.3. Flow regime maps

Given the complex effects observed in the flow patterns of
changes in channel width, heat flux and mass flux, flow regime
maps are developed here to assist in the practical design of
microchannel heat sinks that rely on two-phase heat transport.
Two different types of flow regime maps are developed based
on the observed flow patterns. In the first, mass flux is plotted
versus vapor quality, and in the second, liquid and vapor super-
ficial velocities are chosen as the coordinates, as is common in
the literature. While in developing the mass flux-quality flow re-
gime map, the required quantities are measured directly from
the experiments, superficial velocities for the second type of flow
map are obtained by assuming that each phase occupies the en-
tire channel cross-section and are calculated from jf ¼ ð1� xÞ :
G=qf and jg ¼ xG=qg for the liquid and vapor phases, respec-
tively. In these equations, G and x are mass flux and vapor
quality, and qf and qg are the liquid and vapor densities,
respectively.

Fig. 13 shows the mass flux versus vapor quality flow regime
maps for six microchannel widths. The experimental data points
are represented by different symbols for different flow patterns
and the transitions between the flow regimes are presented by
lines.

In general it is seen that transition to intermittent churn and
wispy-annular or annular flow occurs at a lower vapor quality as
the mass flux increases. Fig. 13 indicates that the flow patterns,
and hence the flow maps, are different for boiling in microchan-
nels of different sizes. For instance, churn/wispy-annular flow
does not occur in the smaller microchannels. It also appears that
slug flow tends to exist in smaller microchannels with lower
mass fluxes and is replaced by bubbly flow as the microchannel
size or mass flux is increased. For the 250 and 1000 lm-wide
microchannels, the input heat flux exceeded the critical heat flux
and inverted annular flow, which is a post-dryout regime, was
observed; transition from the intermittent churn and annular
flow to the post-dryout regime is shown in the corresponding
flow maps. As the mass flux or channel width increases, the
transition to post-dryout occurs at a lower vapor quality.
Fig. 14 shows the flow maps for different heat sinks using the
superficial velocities as the coordinates. As the liquid superficial
velocity increases, transition to annular flow occurs at higher va-
por superficial velocity. The same trend is seen for transition to
the wispy-annular regime in the 400 and 1000 lm-wide micro-
channels; however, in the larger microchannels, this transition
occurs at lower vapor superficial velocity as the liquid superficial
velocity increases.

3.3.1. Effect of channel dimension on flow regime transitions
In order to readily illustrate the effect of channel size on the

transitions between different flow regimes, the lines represent-
ing transition from bubbly or slug flows to intermittent churn/
wispy-annular or churn/annular flows are plotted for the six
microchannel widths in Fig. 15(a) and (b) for the two types of
flow regime maps. It is seen that as the microchannels become
smaller, this transition occurs at a larger vapor quality or a
larger vapor superficial velocity. Huo et al. (2004) also found
that reducing the tube diameter shifts the transition of slug to
churn and churn to annular flow to higher values of gas velocity.
This dependence of the flow transition on channel size makes
the flow maps in the literature limited to the test conditions
and channel dimensions used. In Fig. 15, these flow transitions
are also compared to those of Mandhane et al. (1974), Taitel
and Dukler (1976) for adiabatic two-phase flow in large
horizontal channels, Coleman and Garimella (2003) for conden-
sation of R134a in 4.9 mm tubes, and Revellin et al. (2006) for
boiling of R134a in round tubes of diameter 500 lm. It can be
seen that only the transition line of Revellin et al. matches the
current experimental results well and that of Coleman and
Garimella only predicts the trend. It can be concluded that in
general the flow maps developed for boiling or condensation in
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Fig. 13. Flow regime maps on mass flux-vapor quality coordinates with transition lines for six microchannels widths.
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conventional sized channels or for adiabatic two-phase flow are
not suitable for predicting the boiling in microchannels as also
discussed in the literature (Hetsroni et al. 2003; Huo et al.
2004; Revellin et al. 2006; Field and Hrnjak 2007).
4. Conclusions

Flow boiling regimes obtained with the perfluorinated dielectric
liquid FC-77 in six different microchannel heat sinks with channel
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widths ranging from 100 lm to 5850 lm, all with a depth of
400 lm, are investigated as a function of microchannel dimen-
sions, mass flux and heat flux. Flow regime maps are developed
based on the observed flow patterns and the effect of channel
width on flow regime transitions highlighted.
In general, five flow regimes – bubbly, slug, churn, wispy-annu-
lar, and annular flow – are identified. Flow patterns in the 100 lm-
and 250 lm-wide microchannels are found to be similar, and differ
from those in microchannels of width 400 lm and larger; the latter
group showed similar flow patterns. As channel width increases,
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bubbly flow replaces slug flow and intermittent churn/wispy-
annular flow replaces intermittent churn/annular flow.

For each microchannel size, as mass flux increases, the bubbles
become smaller and more elongated in the bubbly region, and the
liquid layer thickness in the wispy-annular and annular regimes
decreases. Also, the transition between specific flow patterns oc-
curs at a higher heat flux for higher mass fluxes.

It was shown in a prior study by the authors that for microchan-
nels of width 400 lm and larger, the heat transfer coefficient is al-
most invariant with channel size and a nucleate pool boiling
correlation predicts the heat transfer coefficients very well. The
flow visualizations in the current study show that nucleate boiling
is dominant up to very high heat fluxes in microchannels of width
400 lm and larger, and explain the observed heat transfer behav-
ior. For the microchannels of width 100 and 250 lm, on the other
hand, nucleate boiling is suppressed at relatively low heat fluxes.
For microchannels of width 400 lm and larger, it is shown that
for the range of heat fluxes in which nucleate boiling occurs on
the channel walls, the heat transfer coefficient is independent of
mass flux regardless of the flow pattern.

Flow regime maps on mass flux-vapor quality and superficial
velocity coordinates are developed based on the visualized flow
patterns. It is seen that as the microchannels become smaller,
the transition from bubbly or slug flow to intermittent churn/
wispy-annular or churn/annular flow occurs at a larger vapor
quality or a larger vapor superficial velocity. Comparison of flow
transitions to those from the literature shows that flow regime
maps developed for large channels or for adiabatic two-phase
flow are not appropriate for predicting boiling regimes in
microchannels.

In ongoing work, the influence of microchannel depth (or aspect
ratio) on the flow patterns and heat transfer coefficients are being
investigated. Surface roughness effects should also be examined.
The development of predictive models for the boiling heat transfer
coefficients based on the observed flow regimes will represent the
next important advance in this field.
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