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Abstract

This paper investigates flow boiling of water in microchannels with a hydraulic diameter of 227 lm possessing
7.5 lm wide reentrant cavities on the sidewalls. Average two-phase heat transfer coefficients and CHF conditions have
been obtained over a range of effective heat fluxes (28–445 W/cm2) and mass velocities (41–302 kg/m2 s). High Boiling
number and Reynolds number have been found to promote convective boiling, while Nucleate Boiling dominated at
low Reynolds number and Boiling number. A criterion for the transition between nucleate and convective boiling
has been provided. Existing correlations did not provide satisfactory agreement with the heat transfer coefficient but
did predict CHF conditions well.
� 2005 Elsevier Ltd. All rights reserved.
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1. Introduction

The last few years have witnessed a surge in research
activities on boiling in microchannels [1–7]. This research
thrust has provided immense knowledge and insight into
heat transfer and fluid flow mechanisms governing boil-
ing in microchannels, and has resulted in heat transfer
correlations and flow pattern identifications. Although
there remain many challenges within the current genera-
tion of microchannels, the state-of-the-art knowledge in
the field is such that the heat transfer community is ready
to take new challenges and advance the development of
more sophisticated second-generation microchannels.
0017-9310/$ - see front matter � 2005 Elsevier Ltd. All rights reserv
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Perhaps the most significant advances in enhanced
heat transfer technology for conventional scale channels
have been made in special surface geometries that pro-
mote high-performance nucleate boiling. These special
surfaces can significantly reduce the boiling inception
superheat (DTsat), substantially increase the heat transfer
coefficient (h) and the CHF (critical heat flux) condi-
tions. Enhanced heat transfer surfaces are known to im-
prove heat transfer coefficients by a factor of four at low
to medium vapor quality [8–16], produce a twofold
increase in CHF values [17,18], and reduce incipient
superheat by 80–90% [18,19].

On roughened surfaces boiling enhancement occurs
due to the increased number of active cavities that trap
vapor and provide more and larger sites for bubble
growth. However, under prolonged boiling, the effect
of surface roughness generally diminishes, due to a
phenomenon known as ‘‘aging’’. Cavities formed by
ed.
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Nomenclature

A 0 parameter in Correlation 11
C 0 parameter in Correlation 11
Af fin surface area, m2

As surface area, m2

Ap planform area, m2

At total heat transfer area, m2

Bo Boiling number,
q00
ch

GhFG
C constant
Co convection number, qG

qL

� �0.5
1�x
x

� �0.8
const constant
dh hydraulic diameter, m
E parameter in Correlation 7
f friction factor
F correction factor,

1�1.883bþ3.767b2�5.814b3þ5.361b4�2.0b5
1�2.042bþ3.085b2�2.477b3þ1.058b4�0.186b5

FB1, FB2, FB3, FB4 parameters in Correlation 11
Fnb, Ftp parameters in Correlation 8
G mass flux, kg/m2 s
h heat transfer coefficient, W/m2 K
�h average heat transfer coefficient, W/m2 K
hFG latent heat of vaporization, kJ/kg
H channel height, m
I electrical current, A
k thermal conductivity, W/m K
K parameter in Correlation 12

kI dimensionless parameter, q00

GhFG

� �2
qL
qG

L microchannel length, m
m defined in Eq. (7)
M number of data points
MW molecular weight, kg/kmol
MAE mean absolute error
n constant
N number of microchannels
p pressure, kPa
P power, W
Pr reduced pressure, p/pcr
Pr Prandtl number
q00 heat flux, W/cm2

_Q volumetric flow rate, ml/min
S parameter in Correlation 7
R electrical resistance, X
Re Reynolds number, Gdh

l
t thickness between the heater and micro-

channel base, m

T temperature, �C
T average temperature, �C
DT temperature difference, �C
U quantity under consideration
V voltage, V
W microchannel width, m
Wb fin width, m
We Weber number, G2dh

qLr
x mass quality
X parameter in Correlation 12
Xvt Lockhardt–Martinelli parameter

Greek symbols

b aspect ratio, w
H

g efficiency
l viscosity, kg/ms
q density, m3/s
r surface tension, N/m
t specific volume, m3/kg
/F two-phase frictional multiplier

Subscripts

amb ambient
CHF critical heat flux
cr critical
e exit
eff effective
exp experimental
f fin
F fluid
G gas
i inlet
LO liquid only
nb nucleate boiling
o overall
pool pool boiling
s surface
sat saturation
se surface at the exit
si surface at the inlet
sp single-phase
sub subcooled flow
theo theoretical
tp two-phase
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roughening the surface are often not stable vapor
traps and slowly degas with time, leaving no vapor to
sustain the nucleation process. For this reason there
have been very few studies on that topic for nearly
35 years following the early work by Jakob and Fritz
in 1931 [20].
To overcome the ‘‘aging’’ effect, extensive studies in
the late fifties and early sixties were made to understand
the characteristics of nucleation sites necessary to form
stable vapor traps. Consequently, various porous sur-
faces, containing reentrant type cavity geometries, were
developed and patented that were shown to be stable
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for prolonged enhanced boiling heat transfer. A compre-
hensive review of such geometries has been given by
Webb [21,22]. Griffith and Wallis [23] showed that cavity
geometry for naturally occurring surface pits and
scratches is important in two respects: the mouth dia-
meter determines the superheat needed to initiate boil-
ing, and its shape determines its stability once boiling
has begun.

Benjamin and Westwater [24] were the first to con-
struct reentrant cavities and demonstrated their superior
performance as a vapor trap. Yatabe and Westwater [25]
showed that the interior shape of a reentrant cavity is
not important. Gottzmann et al. [26] theorized that in
reentrant cavities all vaporization occurs within the por-
ous matrix, and the high performance is the result of two
factors: (1) The porous structure entraps large radius
vapor–liquid interfaces, compared to the very small
nuclei in naturally occurring pits and scratches, which
considerably reduces the theoretical superheat required
for nucleation. (2) The porous structure provides a much
larger surface area for thin film or microlayer evapora-
tion than exists with flat surfaces.

From the aforementioned discussion it is clear that
enormous advantages are ingrained in reentrant cavities
for enhanced boiling heat transfer in conventional scale
channels. However, reentrant cavities in microchannels
have not been studied before. This study aims at provid-
ing evidence on the enhanced heat transfer performance
of reentrant cavities formed on the surface of micro-
channels (Fig. 1) for the very first time. Additionally,
results have been compared with both existing micro-
channel boiling data as well as large-scale data. Existing
correlations have been assessed in terms of their ability
to predict heat transfer coefficients and CHF condition.
Finally, a modified correlation based on the experimen-
tal data obtained in the current experiments is proposed
for boiling flows in microchannels with reentrant
cavities.
2. Experimental device, apparatus and procedure

2.1. Microchannel device

Fig. 1 shows a CAD image of the microchannel de-
vice consisting of five 1 cm long, 200 lm wide and
264 lm deep, parallel microchannels, spaced 200 lm
apart. On each channel wall the array of 100 intercon-
nected reentrant cavities (Fig. 1b and c) are 100 lm
apart. An acute angle connects the 7.5 lm mouth to
the reentrant body (Fig. 1e) and ensures its stability
[22]. In order to minimize ambient heat losses an air
gap is formed on the two ends of the side walls
(Fig. 1), and an inlet and exit plenum are etched on
the thin silicon substrate (�150 lm). Pyrex substrate
seals the microchannels device from the top, and allows
flow visualization. Five 20-lm wide orifices are installed
(Fig. 1d) at the entrance of each channel to suppress
flow instabilities. Flow distributive pillars have been
employed to provide homogeneous distribution of flow
in the inlet (Fig. 1f). They are arranged in 2 columns
of 12 circular pillars having a diameter of 100 lm. The
transverse pitch between the pillars is 150 lm and equal
to the longitudinal pitch. A heater (Fig. 2) is deposited
on the back side to deliver the heating power, and also
serves as a thermistor for temperature measurements.

2.2. Fabrication of the MEMS device

The MEMS (microelectromechanical sysytems) de-
vice is micromachined on a polished double-sided n-type
h1 0 0i single crystal silicon wafer employing techniques
adapted from IC manufacturing. It is equipped with
pressure ports at the inlet and the exit to obtain accurate
static pressure measurements. A schematic representa-
tion of the primary steps in the process flow is displayed
in Fig. 3.

A 1.5 lm thick high quality oxide is deposited on both
sides of the silicon wafer to shield the bare wafer surface
during processing. The heater and the via�s are formed on
the backside of the wafer by CVC sputtering. A 70 Å
thick layer of titanium is initially deposited to enhance
adhesion characteristics and is followed by sputtering a
1 lm thick layer of aluminum containing 1% silicon
and 4% copper. Subsequent photolithography and con-
comitant wet bench processing create the heater on the
backside of the wafer. A 1 lm thick PECVD (plasma
enhanced chemical vapor deposition) oxide is deposited
to protect the heater during further processing.

Next, the microchannels are formed on the top side
of the wafer. The wafer is taken through a photolithog-
raphy step and an oxide removal process (reactive ion
etching) to mask certain areas on the wafer, which are
not to be etched during the DRIE (deep reactive ion
etching) process. The wafer is consequently etched in a
DRIE process and silicon is removed from places not
protected by the photoresist/oxide mask. This creates
an array of microchannels along with the reentrant cav-
ities. The DRIE process forms deep vertical trenches on
the silicon wafer with a characteristic scalloped sidewall
possessing a peak-to-peak roughness of �0.3 lm. A pro-
filometer and SEM are employed to measure and record
various dimensions of the device.

The wafer is flipped and the backside is then pro-
cessed to create an inlet, outlet, side air gap, and pres-
sure port taps for the transducers. A photolithography
followed by a BOE (6:1) oxide removal process is carried
out to create a pattern mask. The wafer is then etched-
through in a DRIE process to create the fluidic ports.
Thereafter, electrical contacts/pads are opened on the
backside of the wafer by performing another round of
photolithography and RIE processing. Finally, the



Fig. 1. (a) CAD model of the microchannel device, (b) dimensions of reentrant cavities, (c) SEM image of reentrant cavities, (d)
geometry of the inlet region, (e) geometry of the reentrant cavity, and (f) flow distributive pillars.
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processed wafer is stripped of any remaining resist or
oxide layers and anodically bonded to a 1 mm thick
polished Pyrex (glass) wafer to form a sealed device.
After successful completion of the bonding process,
the processed stack is die-sawed to separate the devices
from the parent wafer.

2.3. Experimental apparatus

In Fig. 4b, a schematic of the experimental setup is
shown. It consists of a refrigeration loop including a
pump, filter, flowmeters (rotameters), packaging mod-
ule, and the MEMS device. While the working fluid
circulates in the loop, resistance, pressure, and flow
measurements are made at various locations. The
MEMS device is packaged by sandwiching it between
two plates, as shown in Fig. 4a. The fluidic seals are
forged using miniature ‘‘o-rings’’, while the external
electrical connections to the heater are achieved from be-
neath through spring-loaded pins, which connect the
heater to electrical pads residing away from the main
microchannels� body.



Fig. 2. CAD model of the heater (dimensions in mm).
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The electrical power is supplied to the device with an
INSTEK programmable power supply, which enables
the measurement of electrical current and voltage. A
HNP Mikrosysteme microannular gear pump capable
of generating flowrates from 0.3 to 18 ml/min is used to
propel the liquid from a reservoir through the MEMS
device at various flow rates. A Welch vacuum pump is
employed to evacuate air in the system prior to any liquid
circulation. Flow data is measured via pressure transduc-
ers and an Omega F-111 flow meter, and is acquired to-
gether with the voltage and current data using an IBM
PC. The microchannel heat sink is continuously scanned
using a microscope and flow images are recorded via a
Vision Research Phantom V-4 series high-speed camera,
which has the ability to capture frames with a rate up to
90,000 frames/s, a maximum resolution of 512 · 512 pix-
els, and a minimum exposure time of 2 ls.

2.4. Experimental procedure

Prior to the experiments, an identical device to the
one tested without a flow restrictor has been hydro-
dynamically tested to obtain pressure drops across
microchannels. Pressure drops measurements of the
orificeless device have yielded 0.4, 0.8, 1.7, and 3.0 kPa
for G = 41, 83, 166, 302 kg/m2 s, respectively.

The flow rate is fixed at the desired value, and exper-
iments are conducted after steady flow conditions are
reached under atmospheric exit pressure. The flow rate
is read from the Omega FL-111 flowmeter, while the
pressure difference is recorded through a LabView�

interface to a spreadsheet file. All experiments are per-
formed under ambient room temperature. DI water is
utilized as the working fluid, and enters to the micro-
channel device at room temperature. First, the electrical
resistance of the device is measured at room tempera-
ture. Thereafter, voltage is applied in 1 V increments
across the heater, and the current/voltage data is re-
corded once steady state has been reached. Flow visuali-
zation through the high-speed camera and microscope
compliments the measured data. The procedure is re-
peated for different flow rates.

In order to estimate heat losses, electrical power is
applied to the test section after evacuating water from



Fig. 3. Process flow of the microfluidic device.
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the test loop. Once the temperature of the test section
becomes steady, the temperature difference of the ambi-
ence and test section is recorded with the corresponding
power. The plot of power versus temperature difference
is used to calculate the heat loss associated with each of
experimental data point. The corresponding values have
been used in subsequent analysis of the data reduction.
3. Data reduction

The data obtained from the voltage, current and
pressure measurements are used to derive the average
single- and two-phase temperatures, heat transfer coeffi-
cients, and CHF conditions. The electrical input power
and resistance can be found as, respectively,

P ¼ V � I ; ð1Þ

and

R ¼ V =I . ð2Þ
Prior to the experimental runs, the device is placed in
a well insulated and temperature controlled oven. As the
temperature of the oven is increased, the resistance
across the device is recorded, so that the heater electrical
resistance-temperature calibration curve is generated.
The temperature resistance curve of the aluminum hea-
ter is linear and therefore, the electrical resistance is an
accurate measure of the average temperature. The fol-
lowing curve is used in subsequent analysis to adjust
the temperature measurement obtained during the
experimental tests:

T ¼ 394.2
R

6.63
� 1

� �
. ð3Þ

The surface temperature at the base of the micro-
channels is then calculated using the average surface
temperature of the heater as

T ¼ T heater �
q00eff t
ks

; ð4Þ



Fig. 4. (a) Device package and (b) experimental setup.
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where

q00eff ¼
P
Ap

.

3.1. Single phase heat transfer

The exit single-phase fluid temperature is found by
calorimetric balance, and the average fluid temperature
is expressed as

T F ¼ T i þ T e

2
. ð5Þ
The power input is related to the average single-
phase heat transfer coefficient in terms of the average
surface and fluid temperatures as (assuming adiabatic
fin tip):

P ¼ goAt
�hðT � T FÞ; ð6Þ

where go is the overall efficiency of the microchannels
configuration and is expressed as

go ¼
NgfAf þ ðAt � NAfÞ

At

; ð7Þ



Table 1
Uncertainties in variables used in uncertainty analysis

Uncertainty Error

Flow rate, Q (for each reading) 1.0%
Voltage supplied by power source, V 0.5%
Current supplied by power source, I 0.5%
Ambient temperature, Tamb 0.1 �C
Electrical power, P 0.7%
Electrical resistance, R 0.7%
Average temperature, T 1.0 �C
Two-phase heat transfer coefficient, �htp 9.0%
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where

gf ¼
tanhðmHÞ

mH
;

m ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
�h2ðLþ W Þ

ksWL

s
;

Af ¼ 2HL.

ð8Þ

Eqs. (6)–(8) can be solved for �h with an iterative scheme.

3.2. Boiling heat transfer

Under boiling conditions, the microchannels are di-
vided into two length regions: single-phase (Lsp), and
two-phase (Ltp). Ltp and Lsp are obtained by flow visual-
ization. The single-phase length Lsp was defined as the
distance between the inlet of microchannels and
the location of first active nucleation sites detected in
the reentrant cavities of microchannels, while the two-
phase length Ltp is the difference between the microchan-
nel length and the single-phase length. Using fin analysis
on a single microchannel (Fig. 5), the average two-phase
heat transfer coefficient, �htp, can be expressed as follows:

�htpðT tp � T satÞðW þ AfgfÞL

¼ q00ðW þ AfgfÞL ¼ P ðW þ W bÞL
Ap

. ð9Þ

The inlet and the exit surface temperatures are given
as

T si;sp ¼ T i þ
P
�hAs

; ð10Þ

T se;sp ¼ T sat þ
P
�hAs

. ð11Þ
Fig. 5. Cross-section of a single microchannel.
The average temperature in the single-phase region is the
mean value of the above surface temperatures:

T sp ¼
T si;sp þ T se;sp

2
. ð12Þ

With T sp, Lsp, and Lsp known T tp is obtained using the
weighted average method in terms of the single-phase
and average wall temperatures:

T tp ¼
TL� T spLsp

Ltp

. ð13Þ

Finally, the exit quality can be calculated with the
known mass flow rate and net power supplied to the
device as

xe ¼
P � _mcpðT sat � T iÞ

_mhFG
. ð14Þ

Mean absolute error is used to compare the experimen-
tal results with various correlations according to the fol-
lowing expression:

MAE ¼ 1

M

XM
i¼1

jU exp � U theoreticalj
U exp

� 100%. ð15Þ
3.3. Uncertainty analysis

The uncertainties of the measured values, given in
Table 1, are obtained from the manufacturer�s specifica-
tion sheets, while the uncertainties of the derived param-
eters are calculated using the method developed by Kline
and McClintock [27].
4. Results and discussion

4.1. Boiling curve

Fig. 6 shows the average surface temperature as a
function of the heat flux at different mass velocities. As
expected, during single-phase flow the curves follow
the same slope for all mass velocities. The abrupt change
in the slope at temperatures in the vicinity of 100 �C sig-
nifies the transition from single-phase to boiling flow. As
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the heat flux is further increased above a certain value
the surface temperature abruptly surges with a meager
rise of heat flux, indicating the emergence of critical heat
flux (CHF) conditions, which is verified by flow visual-
izations of dry spots at the channel exit region.

4.2. Two-phase heat transfer coefficient

Fig. 7 shows two-phase heat transfer coefficient as a
function of heat flux. The data for all mass velocities ex-
cept for G = 302 kg/m2 s shows very weak dependence
on the mass velocity for q00 = 41–49 W/cm2. For G =
41 kg/m2 s the two-phase heat transfer coefficient drops
sharply at q00 = 50 W/cm2 indicating CHF conditions as
a result of the complete dry-out (xe � 1). The heat trans-
fer coefficients for G = 83 kg/m2 s and G = 166 kg/m2 s
appear to follow the same trend qualitatively as well as
quantitatively for a much broader range (q00 from 41 to
71 W/cm2). For q00 > 80 W/cm2, heat transfer coefficient
starts to decrease sharply with heat flux for G = 83 kg/
m2 s because of the impending CHF condition. The heat
transfer coefficient for G = 166 kg/m2 s at higher heat
fluxes (q00 > 80 W/cm2) declines with heat flux. For
G = 302 kg/m2 s, heat transfer coefficient monotonically
decreases throughout the boiling flow starting from the
onset of nucleate boiling to CHF conditions.
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Fig. 8 shows the variation of two-phase heat transfer
coefficient with exit quality for different mass velocities.
For G = 41 kg/m2 s, relatively large fluctuations in htp
have been recorded. This is attributed to the oscillatory
flow pattern observed in this low mass velocity during
flow visualizations, which continuously shifts between
confined bubble moving back and forth along the chan-
nels. For G = 83 kg/m2 s, a sharp increase in heat trans-
fer coefficient is observed at low qualities (xe < 0.2),
whereas for higher qualities htp initially slightly increases
with xe, and drops slightly after the exit quality exceeds
0.47. While a similar trend is observed for G = 166 kg/
m2 s at low qualities, at higher qualities the heat transfer
coefficient displays a continuous decline with exit quality
until dry-out condition is reached. At G = 302 kg/m2 s,
htp monotonically decreases with exit quality over the
entire range.

4.2.1. Comparison with existing correlations

The two-phase heat transfer coefficients obtained in
the current study are compared with eight published
and two new (developed through the results of this
study) empirical correlations. The results are summa-
rized in Table 2. Four correlations (1, 2, 3, 4) have been
developed based on results from minichannels, one from
microchannels (5) and the remaining from conventional
scale channels. Correlation (1), (2), (4), (5), (6a), and (9)
are for nucleate boiling, (3), (6b), and (10) for convective
flow, and (7) and (8) for both. Comparisons between
experimental heat transfer coefficients and the predic-
tions of minichannel and microchannel correlations are
presented in Figs. 9 and 10. Similar to Qu and Mudawar
[4] the correlations of Lazarek and Black [28], Tran et al.
[29], and Yu et al. [30] overpredict most of the experi-
mental data. It should be noted however that they are
recommended for channel size more than 10 times larger
than the microchannels in this study. The only correla-
tion that has been specifically developed for microchan-
nels [31] underpredicted the results within 48.5% (MAE).
This might suggest that reentrant cavity surfaces do in



Table 2
Two-phase heat transfer coefficient correlations

Correlation
number

Reference Recommended channel size and
heat transfer mechanism

Correlation MAE (%)

1 Lazarek and
Black [28]

Circular, dh = 3.15 mm
htp ¼ 30F ðReLOÞ0.857Bo0.714

kF
dh

101.9
Nucleate boiling

2 Tran et al. [29] Circular, dh = 2.46 mm

htp ¼ 8.4� 105F ðBo2WeFÞ0.3
qF

qG

� ��0.4 80.9
Rectangular dh = 2.4 mm
Nucleate boiling

3 Lee and
Lee [32]

Rectangular,
dh = 0.78–3.63 mm htp ¼

F
xe

Z xe

0

10.3b0.398/0.598
F hsp dx

/F ¼ 1þ C
X vt

þ 1

X 2
vt

� �
; C ¼ 6.185� 10�2Re0.726Lo

X vt ¼
fF
fG

� �0.5 1� x
x

� �
tf
tG

� �0.5
; fG ¼ 0.079

Re0.25G

; ReG ¼ Gdhx
lG

fF ¼ 24

ReF
ð1� 1.355bþ 1.947b2 � 1.701b3 þ 0.953b4 � 0.254b5Þ

hsp ¼ 8.235ð1� 2.042bþ 3.085b2 � 2.477b3 þ 1.058b4 � 0.186b5Þ kF
dh

608

Convective boiling

4 Yu et al. [30] Circular, dh = 2.98 mm

htp ¼ 6.4� 106F ðBo2WeFÞ0.24
qF

qG

� ��0.2 48.5
Nucleate boiling

5 Warrier et al. [31] 5 parallel rectangular
channels, dh = 0.75 mm htp ¼

F
xe

Z xe

0

1þ 6Bo1=16 � 5.3ð1� 855BoÞx0.65
� �

hsp dx
48.4

where
Nucleate boiling

hsp ¼ 8.235ð1� 2.042bþ 3.085b2 � 2.477b3 þ 1.058b4 � 0.186b5Þ kF
dh

6a Kandlikar [33] Conventional channels
htp ¼

F
xe

Z xe

0

ð0.6683Co�0.2ð1� xÞ0.8hLO þ 1058.0Bo0.7ð1� xÞ0.8hLOÞdx
32.7

Nucleate boiling

where

hLO ¼ 0.023ðReFÞ0.8ðPrFÞ0.4
kF
dh
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6b Kandlikar [33] Conventional channels
htp ¼

F
xe

Z xe

0

ð1.136Co�0.9ð1� xÞ0.8hLO þ 667.2Bo0.7ð1� xÞ0.8hLOÞdx
29.4

Convective boiling

where

hLO ¼ 0.023ðReFÞ0.8ðPrFÞ0.4
kF
dh

7 Liu and
Winterton [35]

Conventional channel
htp ¼

F
xe

Z xe

0

ðEhLOÞ2 þ ðShpoolÞ2
� �0.5

dx
50.9

Nucleate and convective boiling

where

hLO ¼ 0.023ðReFÞ0.8ðPrFÞ0.4
kF
dh

; E ¼ 1þ xPrF
qF

qG

� 1

� �� �0.35

S ¼ ð1þ 0.055E0.1Re0.16LO Þ�1
; hpool ¼ 55

p
pcr

� �0.12
�log10

p
pcr

� �� ��0.55
M�0.5

W q000.67

8 Steiner and
Taborek [36]

Conventional channel
htp ¼

F
xe

Z xe

0

ððF tphLOÞ3 þ ðF nbhnbÞ3Þ1=3 dx
71.9

Nucleate and
convective boiling
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Fig. 9. Predictions of Correlations 1 to 4 (a–d).

Fig. 10. Predictions of Correlation 5.
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fact provide significant enhancement at least with re-
spect to the heat transfer coefficient. The correlation of
Lee and Lee [32], recommended for convective boiling,
excessively overpredicted the results by 608% (MAE).
This might be because turbulent flow is assumed, while
the Reynolds numbers in the current study are well
below the laminar-turbulent transition value.

Although Kandlikar correlation [33] has been devel-
oped for conventional scale channels it has been used
in various studies such as Qu and Mudawar [4] and
Wambsganns et al. [34] to correlate microchannel and
minichannel boiling flow with moderate agreement.
Generally, the correlation overpredicted the results.
For example, the correlation overpredicted Qu and
Mudawar [4] heat transfer coefficients by up to 300%.
The prediction of the nucleate and convective versions
of the Kandlikar correlation are shown in Fig. 11a
and b, respectively, for the entire set of experimental
data. Since a portion of the data agrees well with the
correlations, the data is further divided into two sets:
one for low heat fluxes and low to moderate mass veloc-
ities (which is designated as dominated by nucleate boil-
ing in the following section) and the other for high heat
fluxes and moderate to high mass velocities (designated
in the subsequent section as convective boiling domi-
nated). As can be seen in Fig. 12a and b the nucleate
boiling version of the correlation for the most part
underpredicts the data for G = 41 and 83 kg/m2 s with
MAE of 25.2%, while it overpredicts the data for
G = 166 kg/m2 s by 35.0%. The prediction of the convec-
tive version of the correlation to the experimental data,
which has been designated as dominated by convective
boiling, has an MAE of 36.78% (Fig. 12d), while the pre-
diction of the nucleate boiling experimental data has an
MAE of 40.29% (Fig. 12c). Although the agreement of
the moderate to high mass velocities to the correlation



(a)

(b)

Fig. 11. Predictions of Correlations 6a (a) and 6b (b) [entire
data].
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is reasonably well with respect to the MAE value, the
htp trend is not well captured. On the other hand, the
htp does follow the correlation trend at low to moder-
ate mass velocities. The correlations of Liu and Winter-
ton [35] and Steiner and Taborek [36] considerably
underpredicted all the data (Fig. 13a and b). This
could be associated with the reentrant cavities, which
may have provided enhancement in heat transfer coeffi-
cient. It should be noted, however, that Steiner and
Taborek correlations agreed very well with htp trend
and showed consistent error throughout most of applied
heat fluxes.

In general the agreement of the current experimental
results is not within satisfactory limits. There are very
limited correlations for microchannels and deviations be-
tween existing data, and available correlations are
relatively large and inconsistent. The correlations devel-
oped for microchannels considerably underpredicted
the experimental data, while, similar to other microchan-
nel studies, minichannel correlations considerably over-
predicted the data. Therefore, at this point it is difficult
to make good quantitative conclusions regarding the
capabilities of reentrant cavities in enhancing heat trans-
fer coefficient. However, the foregoing discussion and
heat transfer coefficients trends provide valuable clues
to assess the dominant boiling mechanism.
4.3. Nucleate versus convective boiling

The debate on the heat transfer mechanism predom-
inating boiling in microchannels has still not been fully
resolved. Kandlikar [7] has been strongly advocating
that nucleate boiling is the dominating mechanism gov-
erning boiling in microchannels, whereas Qu and Muda-
war [4] provided supporting evidence of convective
dominant. While making his arguments, Kandlikar
states that experimental results from various mini chan-
nel investigation [32,24] of two-phase heat transfer
coefficient are well correlated with conventional scale
nucleate boiling dominant correlations. He also stresses
that flow visualizations made by various researchers re-
veal that flow patterns in microchannels exhibit tran-
sient characteristics similar to a bubble ebullition cycle,
which is distinctive in nucleate boiling. Two dimension-
less parameters are said to be indicative of nucleate boil-
ing: the k1 and the Reynolds number. Although no
numerical value is given for k1 in which the flow transits
from one mechanism to another it is argued that higher
k1 values and ReLO < 300 (from [37]) correspond to
nucleate boiling dominant region. Qu and Mudawar
[4] on the other hand, make their argument based on
the dependence of the two-phase heat transfer coefficient
on heat flux, liquid subcooling, mass velocity, and mass
quality. The Boiling number, Bo, is given as the criterion
to identify the dominant flow pattern, where low Boiling
numbers correspond to a convective dominant mecha-
nism. Two-phase heat transfer coefficient during nucle-
ate boiling typically increases with heat flux, and is
independent of liquid subcooling, mass velocity and
mass quality. Convective boiling heat transfer coeffi-
cient, on the other hand, increases with quality and mass
velocity, but is weakly dependent on heat flux.

In the present study the Reynolds number range is
lower than 300 and the k1 are above 1.4 · 10�3 which
by Kandlikar criteria is clearly well within the nucleate
boiling dominant region. The Boiling number is in the
range of 3.65 · 10�4–6.3 · 10�3 which according to Laz-
arek and Black [28] and Wambsganns et al. [34] is in the
nucleate boiling region. In the foregoing discussion var-
ious aspects, namely the dependence of the heat transfer
coefficient on the thermo-hydraulic conditions and the
agreement with available nucleate or convective domi-
nant correlation, which provide clues for the governing
boiling mechanism have been examined and summarized
in Table 3.

(a) Effect of heat flux
The data provided in Fig. 7 can be classified into

three regions of heat flux dependence: (i) increasing htp
with heat flux, (ii) htp independent of heat flux, (ii)
decreasing htp with heat flux. For low mass velocity a
consistent trend of increasing htp with heat flux is nota-
ble, while the heat transfer coefficient for the high mass
velocity (G = 302 kg/m2 s) monotonically declines with
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(c) (d)

Fig. 12. Predictions of nucleate and convective boiling data provided by Correlations 6a (a,b) and 6b (c,d) [(a,c) nucleate boiling data;
(b,d) convective boiling data].
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q00. For moderate mass velocity (G = 166 kg/m2 s) the
heat transfer initially increases with q00 and then reaches
a plateau. As far as the dependence on heat flux the data
strongly suggests that at low mass velocities and all heat
fluxes (up to CHF) and moderate mass velocities under
low heat fluxes nucleate boiling dominates, while for
moderate mass velocities under high heat fluxes and high
mass velocities under all heat fluxes convective boiling
dominates.

(b) Effect of mass velocity

Although the data for G = 41 kg/m2 s is somewhat
scattered, the heat transfer coefficient for all heat fluxes
at low mass velocities and moderate mass velocities
under low heat fluxes does not seem to be strongly
dependent on the mass velocity. However, a significant
increase is observed when the mass velocity is increased
to 302 kg/m2 s. This again supports the existence of
nucleate boiling at low mass velocities and convective
boiling at high mass velocities.

(c) Effect of exit quality
From Fig. 8 it is evident that htp is weakly dependent

on the exit quality for moderate mass velocities and low
to moderate qualities, and for low flow rates prior to
CHF conditions, indicating nucleate boiling dominating
mechanism. At moderate mass velocities with high qual-
ities and high mass velocities for all mass qualities the
heat transfer coefficient decreases with xe. As noted by
Qu and Mudawar [4], this is not a characteristic of
conventional boiling flows. However, various studies
[4,7,31,34] have reported similar trend in microchannel
boiling.

From the aforementioned discussion it is clear that as
mass velocity increases the boiling mechanism tendency
to transition from a nucleate to a convective dominant
mechanism increases. Furthermore, convective boiling
tends to predominate as heat flux increases. Since the
Reynolds and Boiling numbers have been previously
suggested as criteria which determine the boiling mech-
anism, a flow map based on these two dimensionless
parameters is shown in Fig. 14. The identification of
the boiling mechanism of each data point is based on
the observed trends of htp in Figs. 7 and 8. Emphasis
is given to points where the heat transfer coefficient
stops increasing and a continuous or a sudden decrease
begins. The data for low mass velocities (G = 41 and
83 kg/m2 s) are considered to be included in the nucleate
dominant region except the last two data points, which
apparently correspond to dry-out conditions. The data
for the moderate mass velocity (G = 166 kg/m2 s) at
low heat flux (q00 < 88 W/cm2) is included in the nucleate
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Fig. 13. Predictions of Correlations 7 (a) and 8 (b).
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boiling region, whereas all the remaining data (the other
portion of G = 166 kg/m2 s and G = 302 kg/m2 s) is
considered to be convective boiling dominant.

As can clearly be seen, low Bo and low Re corre-
spond to nucleate boiling dominated boiling flow, while
high Bo and high Re promote convective boiling. While
the critical Reynolds number for transition is below 300,
the increasing dominance of nucleate boiling at low
Reynolds number is in accordance with Kandlikar and
Balasubramanian [37]. Although, the flow map clearly
shows the dependence of the boiling mechanism on
the Boiling number as indicated by Qu and Mudawar
it does deviate from their suggested trend (lower Boiling
number associated with convective boiling). However,
further examination of their argument, which is based
on earlier work, does suggest that higher heat fluxes cor-
respond to convective boiling. The flow mechanism
transition can be readily obtained from the map. The
linear relation between the Boiling and Reynolds num-
ber provides a simple measure for the transition criteria
in the following form:

Recr ¼ 163.59� 2.73� 104Bo. ð16Þ

It should be noted that other dimensionless parame-
ters (especially those that are connected with the surface
tension forces, such as the Weber or Capillary numbers)
might be of significant importance, and can provide
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Fig. 16. CHF data in this study and predictions of correlations:
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additional insight to the physical phenomena deriving
the thermal-hydraulic mechanism. However, experi-
ments have been performed with water and currently
insufficient data is available to form reliable transition
correlations, which account for the Weber number,
along with other possible dimensionless parameters.

4.3.1. Development of nucleate and convective boiling

correlation

A direct result of the flow map is the realization that
a correlation that considers the nucleate boiling or the
convective boiling mechanism alone is insufficient to re-
late the entire data obtained in the current study. It is
rationale to either use a more universal correlation of
(a)

(b)

Fig. 15. Predictions of Correl
the Kandlikar type or use a correlation for each region
of dominance. Stephan and Abdelsalam [38] type corre-
ations 9 (a) and 10 (b).
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lation, listed in Table 2 (correlation 9), recommended for
nucleate boiling is modified to represent the experimen-
tal data for Re < Recr. The method of least squares has
been employed in fitting the experimental data and re-
sulted in the following correlation:

htp ¼ 1.068ðq00Þ0.64 ½in W=m2 K�. ð17Þ

As shown in Fig. 15a the agreement between experi-
ments and the correlation resulted in MAE of 17.5%.
When excluding the G = 41 kg/m2 s data (which is some-
what scattered) the correlation predicts the data with
MAE of 10.6%. The excellent agreement reinforces the
assessment that nucleate boiling is indeed prevailing
for Reynolds number below the critical value.

For Re > Recr, the following correlation in the form
of the Kandlikar�s convective term correlation [33] was
used to correlate the experimental data:
Table 4
CHF correlation

Correlation
number

Reference Recommended
channel size and fluid

11 Bowring [40] Circular, conventional
channels

12 Katto and Ohne [41] Circular, conventional
channels

13 Bowers and
Mudawar [5]

Square,
dh = 2 mm
R-113

14 Ammerman and
You [42]

Rectangular,
dh = 0.78–3.63 mm
FC-87

15 Qu and
Mudawar [43]

Rectangular,
dh = 0.38–2.54 mm
R-113, water

16 Current study 5 parallel rectangular
channels, dh = 0.223 mm
Convective boiling
htp ¼ 4.068� 104ðReLOÞ0.12

� ð1� xeÞ0.8
1� xe
xe

� �0.02
½in W=m2 K�. ð18Þ

As shown in Fig. 15b the prediction is excellent with
MAE of 8.9%, indicating convective boiling dominance.

4.4. Critical heat flux

Critical heat flux condition is reached for all mass
fluxes once a significant increase in the wall temperature
has been detected upon a slight increase in the power
delivered to the device. As shown in Fig. 16, the depen-
dence of CHF on the mass velocity and heat flux are evi-
dent, and are in accordance with many conventional
scale correlations� trends [39]. That is CHF increases
with G and decreases with xe. Furthermore, as detailed
Correlation MAE (%)

q00CHF ¼ A0 þ dhGðhF � hiÞ=4
C0 þ L

A0 ¼ 0.579F B1dhGhFG
1.0þ 0.0143F B2d

1=2
h G

C0 ¼ 0.077F B3dhG
1.0þ 0.347F B4ðG=1356Þn

n ¼ 2.0� 0.00725p

14.9

q00CHF ¼ XGðhFG þ KðDhsubÞiÞ

where

X ¼
0.098ðqG=qFÞ

0.133 rqF
G2L

� �0.433
ðL=dhÞ0.27

1.0þ 0.0031ðL=dhÞ

K ¼ 0.261

0.25 rqF
G2L

� �0.0433

20.0

q00 ¼ 0.16GhFGWe�0.19 L
dh

� ��0.54 643

q00CHF ¼ 0.52GhFGWe�0.37 qG

qL

� �0.6
ð�xiÞ0.1

244

q00CHF ¼ 33.43GhFGWe�0.21 qG

qL

� �1.1 L
dh

� ��0.36 17.1

q00CHF ¼ 0.0035GhFGWe�0.12 7.4



4884 A. Kos�ar et al. / International Journal of Heat and Mass Transfer 48 (2005) 4867–4886
in Table 4, comparison of current data to large scale cor-
relations shows good agreement with the correlation
developed based on water boiling studies. For example,
Bowring [40] correlation predicted the data with MAE
of 14.7%, while Katto and Ohne [41] correlation had a
MAE of 20.0%. The correlation of Qu and Mudawar
[43] developed for mini-and microchannels also pro-
vided a good prediction of the experimental data
(MAE = 17.1%). From Table 4 it is also notable that
Ammerman and You [42] and Bowers and Mudawar
[5] correlation provided excessive overprediction of the
data, primarily because they were developed for refriger-
ants possessing vastly different properties than water. In
fact, these two correlations provided CHF values corre-
sponding to superheated vapor.

In order to further improve the representation of the
experimental data a correlation having a similar form of
the Bowers and Mudawar [5] correlation has been devel-
oped. The correlation predicted the data with a MAE of
7.4% and has the following form:

q00CHF ¼ 0.0035GhFGWe�0.12. ð19Þ
5. Conclusions

In this study, boiling heat transfer experiments in
flow through microchannels with reentrant cavities have
been conducted. In the light of these experiments, gov-
erning heat transfer mechanisms have been identified
and evaluated for different operating conditions. More-
over, the trends for Critical Heat Flux have been inves-
tigated at different mass flux and exit qualities. The main
conclusions drawn from this study are presented below:

• It is difficult to draw any quantitative conclusions
regarding the capabilities of reentrant cavities, such
as the ones presented in this paper, to enhance heat
transfer, since deviations between existing data and
available correlations are relatively large and incon-
sistent. Furthermore, there is still a disagreement
within the heat transfer community on the dominant
boiling mechanism in microchannels. Therefore, a
comparison of the current results with available
microchannels boiling literature will not assist in
determining the potential of reentrant cavities to
promote nucleate boiling. However, there are extre-
mely limited critical heat flux data and correlations,
which pose additional difficulties once comparison
attempt is made. To better evaluate the capabilities
inherent in reentrant cavities for enhancing heat
transfer in microchannels, it is imperative to perform
experiments on two microchannel devices with iden-
tical global geometrical configurations, i.e., one hav-
ing reentrant cavities and one with plain smooth
walls.
• Depending on the mass velocity, and heat flux, both
nucleate and convective dominant boiling mecha-
nisms have been detected. A transition between
nucleate and convective boiling is apparent, and has
been quantified in terms of the Reynolds and the
Boiling number. Nucleate boiling is dominant for
low Re and Bo. A flow map has been developed to
distinguish two regions with convective and nucleate
boiling dominance.

• Experimental heat transfer coefficients show trends
similar to the predictions of nucleate dominant corre-
lations pertinent to minichannels for nucleate boiling
dominant zone of the data. However, the magnitudes
displayed large deviations.

• Among the correlations used to represent the exper-
imental data, Kandlikar correlation [33] provided
the best prediction. Two correlations were developed
to represent the experimental data for both nucleate
boiling and convective boiling dominant regions.

• CHF data has been compared with conven-
tional as well as minichannel correlations. Conven-
tional correlations correlated the experimental data
within reasonable agreement. The CHF correlation,
which best fits the experimental results, has been
specified.
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