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Abstract
Flow boiling in arrays of parallel microchannels is investigated using a silicon test piece with imbedded discrete heat sources and integrated local temperature sensors. The microchannels considered range in width from 102 lm to 997 lm, with the channel depth being
nominally 400 lm in each case. Each test piece has a footprint of 1.27 cm by 1.27 cm with parallel microchannels diced into one surface.
Twenty ﬁve microsensors integrated into the microchannel heat sinks allow for accurate local temperature measurements over the entire
test piece. The experiments are conducted with deionized water which enters the channels in a purely liquid state. Results are presented in
terms of temperatures and pressure drop as a function of imposed heat ﬂux. The experimental results allow a critical assessment of the
applicability of existing models and correlations in predicting the heat transfer rates and pressure drops in microchannel arrays, and lead
to the development of models for predicting the two-phase pressure drop and saturated boiling heat transfer coeﬃcient.
Ó 2007 Elsevier Ltd. All rights reserved.
Keywords: Microchannel; Electronics cooling; Flow boiling; Heat sink; Local heat transfer coeﬃcient

1. Introduction
Flow boiling in microchannels has attracted much attention in recent years due to its potential for extremely high
heat transfer rates in compact spaces. Utilizing the latent
heat of the coolant, ﬂow boiling can dissipate signiﬁcantly
higher heat ﬂuxes while requiring smaller rates of coolant
ﬂow than its single-phase counterpart. Another advantage
of the convective boiling process is the greater temperature
uniformity across the microchannel heat sinks as the phasechange process takes place at the ﬂuid saturation temperature. In spite of these appealing attributes, the complex
nature of convective boiling and two-phase ﬂow in microchannels is still not well understood and this has impeded
their wide implementation in practical applications [1–4].
Among the unresolved issues, of particular importance is
the quantitative prediction of the saturated ﬂow boiling
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heat transfer coeﬃcient in microchannels of diﬀerent sizes
over a wide range of mass and heat ﬂuxes. Liu and Garimella [5] conducted a literature survey and pointed out that
there was a lack of consensus on the understanding and
prediction of boiling heat transfer and two-phase ﬂow in
microchannels. In addition, although ﬂow-pattern-based
models [6,7] have been proposed to correlate boiling data,
these models are typically applicable over a narrow range
of experimental conditions. There is thus a clear need for
additional systematic studies which carefully address the
experimental characterization and modeling of ﬂow boiling
in microchannel ﬂows.
The objective of the present work is a comprehensive
experimental investigation of saturated ﬂow boiling heat
transfer in microchannel heat sinks over a range of channel
dimensions. Heat ﬂux, temperature and pressure drop measurements are used to construct boiling curves. Saturated
boiling heat transfer and two-phase pressure drop correlations developed for conventional channels are critically
appraised for their applicability to the prediction of ﬂow
boiling behavior in microchannels. Correlations suitable
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Nomenclature
A
Ach
Aman
At
Bo
cp
C
Co
D
Dh
f
F
Fconv
Fnb
FPF
G
h
H
i
k
K
l
L
L+
m_
MW
N
Nu
pr
P
Pr
q
q00
qss
qloss
DP
Q
q00
Re
S
t
T
u
Vd
w
ww
W
We
x
xe
xexit

heat sink base area, cm2
channel cross-sectional area, lm2
manifold ﬂow cross-sectional area, lm2
total convection heat transfer area, m2
q00
Boiling number, Bo ¼ Gh
fg
speciﬁc heat, kJ/kg °C
Martinelli–Chisholm constant
 0:8 qv 0:5
Convection number, Co ¼ 1x
x
qf
diameter, lm
hydraulic diameter, lm
friction factor
convective boiling enhancement factor
convective boiling enhancement factor
nucleate boiling correction factor
pressure correction factor
mass ﬂux, kg/m2
convective heat transfer coeﬃcient, W/m2 °C
channel height, lm
enthalpy, J/kg
thermal conductivity, W/m °C
loss coeﬃcient
perimeter, lm
channel length, mm
dimensionless hydrodynamic length
mass ﬂow rate, kg/s
molecular weight
number of microchannels
Nusselt number ðNu ¼ hDh =kÞ
reduced pressure
pressure, Pa
Prandtl number ðPr ¼ lcp =kÞ
eﬀective heat input, W
eﬀective heat ﬂux, W/cm2
input power, W
heat losses, W
pressure drop, Pa
volumetric ﬂow rate, m3/s
heat ﬂux, W/m2
channel Reynolds Number ðRe ¼ quDh =lÞ
nucleate boiling suppression factor
substrate thickness, lm
temperature, °C
velocity, m/s
voltage drop across diode, V
channel width, lm
channel wall thickness, lm
chip width, mm
2
Weber number, We ¼ vf Gr Dh
x-coordinate, mm
local thermodynamic equilibrium quality
exit quality

X
y
z
z*

Martinelli parameter
y-coordinate, mm
z-coordinate (axial distance), mm
dimensionless axial distance

Greek
a
ao
l
q
g
m
r
s
/f

channel aspect ratio ða ¼ H =wÞ
void fraction
dynamic viscosity, N s/m2
density, kg/m3
ﬁn eﬃciency
speciﬁc volume, m3/kg
surface tension, N/m
shear stress, N/m2
two-phase multiplier

Subscripts
3
3-side heating
4
4-side heating
ave
average
b
bulk
ch
channel
ci
channel inlet
co
channel outlet
con
contraction
d
diode
dev
developing
exp
expansion
expt
experimental
f
liquid
fd
fully developed
fo
liquid only
g
vapor
h
heater
i
manifold inlet
man
manifold
nb
nucleate boiling
o
manifold outlet
r
reduced
s
substrate
sat
saturated
sp
single-phase
sub
subcooled
t
thermal
tp
two-phase
tp,a
two-phase accelerational component
tp,f
two-phase frictional component
vv
laminar liquid–laminar vapor
w
wall
z
local
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for the prediction of pressure drop and saturated boiling
heat transfer coeﬃcient are proposed.
2. Experiments
2.1. Experimental setup
A schematic diagram of the test setup is presented in
Fig. 1. A three-gallon pressure vessel serves as a reservoir
for the deionized water. The deionized water is driven
through the test loop with a gear pump (Micropump
GA-T23. PFSA). The ﬂuid ﬁrst encounters an inline
15 lm ﬁlter (Swagelok SS-4FW-15) and then passes
through a turbine ﬂow meter (McMillan 106-4-D-T4-C6HT) with a measurement range of 20–200 ml/min. A back
ﬂush loop is included with the ﬁlter section for periodic
back ﬂushing of the ﬁlter to prevent clogging. Next, the
ﬂuid enters a water-to-water heat exchanger that is hooked
up to an external loop. The external loop consists of a
1200 W inline ﬂow heater, gear pump, temperature controller and reservoir. The temperature controller adjusts the
power level of the inline ﬂow heater (Lytron LL520G04)
such that the desired inlet subcooling (10 °C nominally) is
maintained at the testpiece inlet; this allows for saturated
boiling, the focus of this work, to occur along much of
the microchannel length.
The preheated water then enters the test section containing the microchannel heat sink. Constant-voltage power is
supplied to the integrated heaters on the backside of the
chip to provide the desired heat ﬂux for the ﬂow boiling
experiment. Water enters the microchannels as a singlephase liquid and ﬁrst heats up to its saturation temperature
before undergoing phase change. The inlet and outlet ﬂuid
pressures and temperatures are measured just upstream
and downstream of the microchannels using absolute pressure transducers (Wika S10-4106000) and 0.5 mm sheath
diameter T-type thermocouple probes (Omega TMTSS020U-6), respectively. Holes are drilled into the top cover
of the test section for locating the pressure taps and ther-

mocouples. These taps are positioned as close as possible
to the microchannels (2.54 mm from both inlet and exit).
The temperature distribution on the chip is measured using
an integrated 5  5 diode temperature sensor array. The
readings from the pressure transducers and all 25 diode
sensors are captured using a high speed PC-based data
acquisition system (National Instruments NI-6225) with a
maximum scan rate of 250,000 samples per second. The
thermocouples used for measuring the ﬂuid temperatures
and the heater power supply are read using a stand-alone
data acquisition unit (Agilent 34970A). All data are then
analyzed and stored in a desktop computer.
After exiting the test section, the two-phase ﬂuid enters a
water-to-air heat exchanger (Lytron 4210G10SB) which
cools it before returning to the reservoir. The ﬂuid is then
recirculated through the ﬂow loop.
2.2. Test section
The test section consists of a microchannel test piece, a
clear Zelux lid, a quick-connect board and an insulating
G10 bottom piece as shown in Fig. 2a. The microchannel
test piece is fabricated from a test chip which includes a
5  5 array of heat sources and temperature-sensing diodes
as shown in Fig. 2b. A numbering scheme for the 25 heater/
temperature sensor elements is also indicated in the ﬁgure.
Each of the 25 heater/temperature sensor elements is
2.54 mm  2.54 mm in size and incorporates a heating element and integrated diode sensors for on-die temperature
monitoring. Resistive heating in the die is accomplished
by driving a current through a doped silicon well between
a pair of bus bars. At the top and bottom of the die is a pair
of pads which connect a serial ﬁve-diode temperature sensor network [8]. The thermal test dies are fabricated using a
ﬁve-inch type-P silicon wafer with orientation 111. The dies
are 625 lm thick and are diced in arrays of 5  5, resulting
in chips of dimension 12.7 mm  12.7 mm. The diced chips
are mounted on printed circuit boards (PCB) using 63Sn/
37Pb solder bumps. The microchannels are cut into the
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Fig. 1. Schematic diagram of experimental test set-up.
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Fig. 2. (a) Microchannel test section, (b) test piece with 5  5 array of heating elements and integrated diode temperature sensors, and (c) schematic
illustration of spring-loaded probe making contact with via hole.

top surface (back side) of the chip using a wafer dicing saw
with a 100 lm wide blade. The surface roughness within
the microchannels was measured with an optical proﬁlometer (Phase Shift Technologies) to be approximately 1 lm,
yielding a relative roughness (deﬁned as the ratio of measured absolute roughness to the characteristic length,
which is hydraulic diameter in the present study) of well
below 3%. The eﬀects of surface roughness are thus not
likely to be critical in inﬂuencing the ﬂow ﬁeld [9]. Depending on the width of the microchannels to be created, single

or multiple passes of the saw were made. Table 1 includes
the ﬁnished dimensions (measured) of the microchannels
and the test conditions used.
A transparent Zelux (a type of polycarbonate) cover is
used to seal the tops of the microchannels and to provide
the plumbing connections. Appropriately designed inlet
and outlet manifolds are formed within this cover to minimize the ﬂow mal-distribution across the heat sink. In
addition, the manifolds are designed such that any remaining air or vapor entering the test section is trapped in the
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Table 1
Test matrix used for ﬂow boiling pressure drop and heat transfer study
N

Q (ml/min)

T f;i (°C)

q00ss (W/cm2)

xexit (%)

98

60

46
50
60
76
101
126

95.1
93.6
92.7
91.9
91.1
90.6

10–230
10–240
10–231
10–251
10–301
10–310

1.19
1.14
1.35
1.48
1.61
1.72

to
to
to
to
to
to

19.87
17.51
14.37
11.63
9.73
7.18

365

108

35

52
63
84
104
126

94.1
93.2
92.3
92.0
91.4

10–151
10–161
10–181
10–221
10–231

1.40
1.57
1.60
1.65
1.71

to
to
to
to
to

11.30
9.71
7.73
7.27
5.83

398

100

24

50
75

94.5
92.2

10–190
10–220

1.47 to 14.75

101
125

91.3
90.9

10–260
10–280

1.64 to 10.61
1.64 to 8.82
1.72 to 7.07

51
76
101
126

92.2
90.8
90.7
90.6

10–234
10–289
10–320
10–340

1.40
1.27
1.55
1.65

Case

w (lm)

H (lm)

1–1
1–2
1–3
1–4
1–5
1–6

102

367

2–1
2–2
2–3
2–4
2–5

242

3–1
3–2

400

ww (lm)

3–3
3–4
4–1
4–2
4–3
4–4

997

369

243

10

recessed region of the inlet manifold instead of propagating
into the microchannels and aﬀecting the boiling process.
Two set-screws are included in the recessed regions in the
inlet and outlet manifolds which may be loosened to bleed
any trapped air/vapor. Taps are also included for the inlet
and outlet pressure transducers and thermocouple probes.
A square O-ring seals the test piece while a somewhat ﬂexible, transparent silicone rubber sheet (508 lm thick) of the
same size as the chip is used as the interface material
between the cover and the chip to ensure good sealing of
the microchannels. This thin ﬂexible layer accommodates
the very slight bowing of the silicon chip at the center
due to its mismatch in coeﬃcient of thermal expansion
(CTE) with the PCB, and prevents ﬂow bypass over the
microchannels.
All electrical connections to the heaters and diode sensors (power input and signal output) are made using a
quick-connect board with spring-loaded probes that are
pressed against the PCB to establish good contact to the
via holes (shown in Fig. 2c). Such a design eliminates the
need to make solder connections with each test piece and
signiﬁcantly reduces the setup time.
The test section is assembled by bolting at the four corners as shown in Fig. 2a.

2.3. Calibration and heat loss characterization
Before the diode temperature sensors can be used for
temperature measurement, their voltage–temperature
response is characterized through calibration. The calibration is performed in a convection oven over temperature
settings from room temperature to 105 °C, in steps of
10 °C. When the temperature in the oven reaches each

to
to
to
to

17.94
13.79
10.94
8.58

desired steady-state value, typically in 45–60 min, the voltage drop across each diode is recorded. By correlating the
voltage drop to temperature, the temperature response of
each diode can be established as is illustrated in Fig. 3a.
This response is clearly seen to be very linear.
To establish the fraction of the total heat input that is
dissipated via the ﬂow boiling process, heat losses via other
paths, i.e., natural convection, radiation, and conduction
via the PCB, are experimentally determined as follows.
The test piece is ﬁrst completely drained of water. The chip
is then heated by applying a constant voltage source to the
heaters. A steady state is reached after about 20–30 min in
these heat loss tests, at which time readings from all diode
temperature sensors are within ±0.1 °C. The temperature
readings from the 25 diodes are then recorded over a
2-min period and averaged. Tests are repeated for diﬀerent
levels of input power. The average diode temperature is
then correlated to the input power and a linear relationship
is obtained as shown in Fig. 3b. This relationship,
qloss ¼ 0:09001 T d;ave  2:00863, is then used during the
ﬂow boiling experiment to account for the heat losses.

2.4. Experimental procedure
The ﬂuid is degassed prior to each experimental run.
Degassing is achieved by boiling the water in the reservoir
vigorously using an imbedded 1000 W cartridge heater for
one and a half hours. The dissolved oxygen (DO) content
at the end of this degassing process is 2.4 ppm, as measured by a DO sensor (Honeywell DL424). This amount
of residual gas is expected not to aﬀect the boiling behavior
[10]. In each experiment, the power supply to the heaters is
set to the desired value after the ﬂow rate and the inlet ﬂuid
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in the inlet and outlet manifolds are small compared to
the other components and thus can be neglected.
As mentioned earlier, water enters the heat sink in a
purely liquid state. The pressure loss associated with the
liquid ﬂow contraction at the entrance of the microchannel
is given by [11]
"
#

2
NAch
1
þ K con  G2 V f
ð1Þ
DP con ¼ 1 
2
Aman

120

100

o

Td ( C)

80

60

where Kcon is the non-recoverable loss coeﬃcient for laminar ﬂow given by
K con ¼ 0:0088a2  0:1785a þ 1:6027

40

ð2Þ

The microchannel inlet pressure is then given by
20
2.25

2.5

2.75

3

3.25

V d (V)

ð3Þ

The pressure recovery due to ﬂow expansion at the exit
must be considered separately for single and two-phase
ﬂows. For single-phase laminar ﬂow, the exit pressure
recovery is given by [11]

12

10

1
DP exp;sp ¼ K exp;sp G2 vf;o
2

8

qloss (W)

P ci ¼ P i  DP con

ð4Þ

where
K exp;sp

6





NAch
NAch
¼ 2  1:33
1
Aman
Aman

ð5Þ

For two-phase ﬂow, the exit pressure recovery is given by
[12]




NAch NAch
5
1
DP exp;tp ¼ G2
 1 V f;o ð1  xe;o Þ2 1 þ
þ 2
X vv X vv
Aman Aman

4

2

ð6Þ
0
20

40

60

80

100

o

120

140

160

Td,ave ( C)
Fig. 3. (a) Typical calibration curve of a silicon diode temperature sensor,
and (b) heat loss characterization.

temperature are stabilized. Steady state is reached after
about 20–30 min in each test run, when all temperature
readings are within ±0.5 °C. All power, temperature, pressure and ﬂow rate measurements are averaged over a 2-min
period. The heat ﬂux is then increased for the next test, in
increments of 10 W/cm2, and the experimental procedure
repeated.

In both cases, the microchannel outlet pressure is then given by
P co ¼ P o þ DP exp

ð7Þ

Neglecting the pressure drop in the manifolds, the pressure
drop across the microchannels can then be obtained from
DP ch ¼ P ci  P co

ð8Þ

2.6. Heat transfer data reduction
The heat transfer rate to the ﬂuid in the microchannels is
obtained by subtracting heat loss from the input power:

2.5. Pressure drop data reduction

q ¼ qss  qloss

As the pressure taps are located upstream and downstream of the microchannels, the measured pressure drop
is the sum of pressure drops across the inlet and outlet
manifolds, microchannels, and the pressure loss and recovery resulting from the inlet contraction and outlet expansion. Due the close proximity of the pressure taps to the
inlet and outlet of the microchannels, the pressure drops

For the range of conditions considered in this study, over
90% of the input power is transferred to water once boiling
commences in all the experiments.
The associated eﬀective heat ﬂux q00 is calculated using
the footprint of the heater which is the same as that of
the base of the microchannel heat sink, A ¼ W  L. This
is also the reported heat ﬂux that the heat sink can
dissipate:

ð9Þ
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q00 ¼

q
A

795

Tf

ð10Þ

A diﬀerent deﬁnition for wall heat ﬂux is used for calculating the heat transfer coeﬃcient, and is deﬁned as
q
q00w ¼
ð11Þ
N ðw þ g2H ÞL

Flui temperature
Fluid
Tsat(Pi)

Tsat, 0

where g is the ﬁn eﬃciency assuming an adiabatic tip
condition
tanh mH
g¼
mH

2h
where m ¼
kww
2

Tsat(Po)

ð12Þ

It should be noted that the calculation of the ﬁn eﬃciency
requires knowledge of the heat transfer coeﬃcient which is
not yet available. An initial guess of the heat transfer coefﬁcient obtained by assuming 100% ﬁn eﬃciency is fed into
Eq. (11) and an updated value for the heat transfer coeﬃcient is then obtained. This approach is repeated until a
prescribed tolerance is met.
Since water enters the microchannels as single-phase
liquid ðT f;i < T sat;i Þ, the length of the channel can be
divided into two regions: an upstream single-phase liquid
region and a downstream saturated region. It is noted that
such a division neglects the presence of a subcooled region,
as is accepted practice in the literature [5,15,20]; since the
inlet ﬂuid temperature is close to its saturated value (subcooling of 4.9–9.4 °C) the subcooled boiling region extends
only over a short distance. The demarcation between the
two regions is the location of zero thermodynamic quality
where thermodynamic quality is deﬁned as
xe ¼

i  if
ig  if

ð13Þ

The single-phase liquid region is that over which the thermodynamic quality is negative. The converse applies for
the saturated region. The lengths of the two regions can
be evaluated from
Lsp ¼

_ p ðT sat; 0  T f;i Þ
mc
q00 W

ð14Þ

and
Lsat ¼ L  Lsp

ð15Þ

where T sat;0 is the saturation temperature at the location of
zero thermodynamic quality ðxe ¼ 0Þ. Fig. 4 schematically
illustrates the temperature of the ﬂuid along the length of
the microchannel.
To determine T sat;0 , the following approach is used. The
saturation temperature of the ﬂuid is assumed to vary linearly with distance, as

z
z
T sat ¼ 1  T sat ðP i Þ þ T sat ðP o Þ
ð16Þ
L
L
where the saturation temperatures at the inlet and outlet
are determined based on the pressure measurements. For
uniform heat ﬂux conditions, the temperature of the ﬂuid
in the single-phase region will also vary linearly according
to the energy balance

Tf,i
Subcooled
region
0

Saturated
Satur
region
Lsub

L

xe

Fig. 4. Schematic representation of the ﬂuid temperature along the
microchannel.

T f ¼ T f;i þ

q00 Wz
ðSingle-phase regionÞ
_ p
mc

ð17Þ

Solving Eqs. (16) and (17) simultaneously allows T sat;0 and
Lsp to be determined. Within the saturated region, the local
ﬂuid temperature is simply the local saturation temperature
T f ¼ T sat ðSaturated regionÞ

ð18Þ

The local heat transfer coeﬃcient is determined from
hz ¼

q00w
Tw  Tf

ð19Þ

in which Tf is the local ﬂuid temperature as deﬁned by Eq.
(17) or (18) depending on the region. Tw is the local wall
temperature which can be obtained by assuming onedimensional heat conduction through the substrate
Tw ¼ Td 

q00 ðt  H Þ
ks

ð20Þ

where Td is the temperature of the diode at position 23,
which is the location furthest downstream along the center
row (as shown in Fig. 2b). All the heat transfer results presented in this work are based on this position in the microchannel heat sink as it corresponds to the greatest degree of
saturated boiling.
2.7. Measurement uncertainties
The uncertainties in individual temperature measurements are ±0.3 °C for both the T-type thermocouples
and the diode temperature sensors employed. The measurement errors for the ﬂow meter and pressure transducers are
1% and 0.25% of full scale, respectively. The uncertainty
associated with the heat ﬂux measurement is estimated to
be 1%. The channel dimensions are measured at a large
number of locations along diﬀerent microchannels for each
test piece, and the standard deviation of the measured
dimensions was found to range from 2.4% for the smallest
channels to 2.7% for the largest. A standard error analysis
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[13] revealed uncertainties in the reported heat transfer
coeﬃcients to be in the range of 1.8–9.0%.
fsp;dev ¼
3. Results and discussion

8
0:57 2
2 0:05
f½3:2=ð0:5  Lþ
 þ ðffd Resp Þ g =Resp
>
sp Þ
>
>
>
< if Lþ < 0:05
sp
0:57 2
2 0:05
>
f½3:2=ð0:5  0:05Þ  þ ðffd Resp Þ g =Resp
>
>
>
:
if Lþ
sp P 0:05

ð23Þ

3.1. Pressure drop
The measured pressure drop between the inlet and exit
of the microchannels is shown in Fig. 5 as a function of
imposed heat ﬂux, and covers the range from purely single-phase ﬂow in the entire microchannel at low heat ﬂuxes
to two-phase ﬂow at the higher ﬂuxes. When the incipient
heat ﬂux (for the onset of nucleate boiling) is exceeded,
the pressure drop increases rapidly with heat ﬂux as the
acceleration eﬀect of the generated vapor becomes
pronounced.
As discussed in the previous section, the measured pressure drop can be divided into single-phase and saturated
two-phase components. The single-phase region can further be sub-divided into a developing and a fully developed
region. For the present tests, the Reynolds number based
on conditions at the channel inlet is well within the laminar
range. The lengths of the developing and fully developed
portions of the single-phase region are determined from
the following equations
(
if Lþ
Lsp
sp < 0:05
Lsp;dev ¼
ð21Þ
0:05  ðResp Dh Þ if Lþ
sp P 0:05
and
Lsp;fd ¼ Lsp  Lsp;dev

ð22Þ

where Lsp is obtained from Eq. (14) and Lþ
sp ¼ Lsp =ðReDh Þ is
the dimensionless hydrodynamic distance. The associated
friction factors are evaluated as follows [14]

Pressure Drop (Pa)

6000

4000

2000
ONB

0

50

100

q eff"( W/cm2)

150

200

Fig. 5. Pressure drop over the length of the microchannels for Case 3-3
(w = 400 lm, H = 398 lm, Tf,i = 91.3 °C and G = 432 kg/m2 s).

where
ffd ¼



96
1:3553 1:9467 1:7012 0:9564 0:2537
þ
1

þ

Resp
a
a2
a3
a4
a5
ð24Þ

is the fully developed friction constant for rectangular
channel. The pressure drop in the single-phase region can
then be obtained from
1
ðfsp;dev Lsp;dev þ fsp;fd Lsp;fd Þ
DP sp ¼ G2 vf
2
Dh

ð25Þ

The two-phase pressure drop can be expressed as the
sum of accelerational and frictional components, as
DP tp ¼ DP tp;f þ DP tp;a

ð26Þ

A large number of correlations are available for evaluating
these two components [15]. The widely used correlation
proposed by Lockhart and Martinelli [16] for macroscale
channels, and four correlations [17–20] developed for
mini/microchannels as listed in Table 2 are used for comparison with the experimental measurements obtained.
The Lockhart–Martinelli correlation was based on adiabatic two-phase two-component ﬂow, and can be used to
evaluate the frictional pressure drop component using the
Martinelli void fraction correlation [15]. While the original
Lockhart–Martinelli correlation was developed for turbulent liquid–turbulent vapor ﬂow, which is common for
macrochannels, the low coolant ﬂow rate and small dimensions of microchannels often result in laminar liquid–laminar vapor ﬂow, as was encountered in the present study.
The Lockhart–Martinelli correlation was therefore modiﬁed with the appropriate Martinelli–Chisholm constant
and Martinelli parameter for use in the laminar–laminar
regime. The remaining four correlations [17–20] were developed from mini-/microchannel pressure drop data, and
employ the Zivi void fraction correlation [21] to evaluate
DP tp;a . The Zivi void fraction correlation [21] was developed for macrochannels, but is used nonetheless because
of the lack of a generally accepted void fraction models
for mini- and microchannels.
Predictions of the saturated boiling pressure drop from
the ﬁve correlations [16–20] are compared in Fig. 6 against
the experimental data from Case 1-5. It is clear that there is
little agreement between the experimental data and the
models in the range of heat ﬂux considered, with the correlations either under-predicting [17–19] or over-predicting
[16,20] the data.
Fig. 7a–e further compares DP expt and DP pred under all
experimental conditions in the present study which allows

Table 2
Two-phase pressure drop correlations
Reference
Lockhart and
Martinelli [16]

Frictional component, DP tp;f

DP tp;f ¼ Lsat =xe;o

Z

xe;o

Accelerational component, DP tp;f
2

2/2f ff G2 ð1  xe Þ mf =Dh dxe

2

DP tp;a ¼ G2 mf ½x2e;o =ao ðmg =mf Þ þ ð1  xe;o Þ =ð1  ao Þ  1

(39)

ao ¼ 1  1=

ff ¼ 96=Ref ð1  1:3553a1 þ 1:9467a2  1:7012a3

Ref ¼ Gð1  xe ÞDh =lf

0:5

C¼5
0:5

X vv ¼ ðlf =lg Þ ½ð1  xe Þ=xe  ðmf =mg Þ
DP tp;f ¼ Lsat =xe;o

Z

xe;o

DP tp;f ¼ Lsat =xe;o

Z

xe;o

(44)

(41)

0:5

2

2/2f ff G2 ð1  xe Þ mf =Dh dxe

(42)

C ¼ 21ð1  e319Dh Þ
2

2/2f ff G2 ð1  xe Þ mf =Dh dxe

2

(45)

DP tp;a ¼ G2 mf ½x2e;o =ao ðmg =mf Þ þ ð1  xe;o Þ =ð1  ao Þ  1

(46)

ao ¼ 1=½1 þ ð1  xe;o Þ=xe;o ðmf =mg Þ

(49)

DP tp;a ¼ G2 mf ½x2e;o =ao ðmg =mf Þ þ ð1  xe;o Þ =ð1  ao Þ  1

(50)

ao ¼ 1=½1 þ ð1  xe;o Þ=xe;o ðmf =mg Þ

0

/2f ¼ 1 þ C=X vv þ 1=X 2vv ;
Lee and Lee [18]

27.3

(40)

/2f ¼ 1 þ C=X vv þ 1=X 2vv ;

Mishimi and
Hibiki [17]

qﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
1 þ 20=X vv;o þ 1=X 2vv;o

(43)

2=3



(47)

22.7

(48)

2

(53)

34.5

0

/2f ¼ 1 þ C=X vt þ 1=X 2vt ;

C ¼ 6:185  102 Re0:726
fo

Refo ¼ GDh =lf

2=3



(54)

(51)

P.-S. Lee, S.V. Garimella / International Journal of Heat and Mass Transfer 51 (2008) 789–806

(38)

0

þ 0:9564a4  0:2537a5 Þ

MAE (%)

ff ¼ 96=Ref ð1  1:3553a1 þ 1:9467a2  1:7012a3
þ 0:9564a4  0:2537a5 Þ

(52)

797

(continued on next page)

798

Table 2 (continued)

Yu et al. [19]

Frictional component, DP tp;f

DP tp;f ¼ Lsat =xe;o

Z

xe;o

Accelerational component, DP tp;f
2

2/2f ff G2 ð1  xe Þ mf =Dh dxe

0:5

X vt ¼ ðff Re0:2
g =0:046Þ ½ð1  xe Þ=xe ðmf =mg Þ

0:5

DP tp;a ¼ G2 mf ½x2e;o =ao ðmg =mf Þ þ ð1  xe;o Þ =ð1  ao Þ  1

(59) 55.1

(56)

ao ¼ 1=½1 þ ð1  xe;o Þ=xe;o ðmf =mg Þ2=3 

(60)

(61)

h
i
2
DP tp;a ¼ G2 mf x2e;o =ao ðmg =mf Þ þ ð1  xe;o Þ =ð1  ao Þ  1

(63) 16.4

(62)

ao ¼ 1=½1 þ ð1  xe;o Þ=xe;o ðmf =mg Þ2=3 

(64)

(65)

h
i
2
DP tp;a ¼ G2 mf x2e;o =ao ðmg =mf Þ þ ð1  xe;o Þ =ð1  ao Þ  1

(67) 11.4

(57)

Reg ¼ Gxe Dh =lg
Qu and
Mudawar [20]

DP tp;f ¼ Lsat =xe;o

(58)

Z

xe;o

2/2f ff G2 ð1  xe Þ2 mf =Dh dxe

0

/2f ¼ 1 þ C=X vv þ 1=X 2vv ;

Present work

2

(55)

0

/2f ¼ 1=X 1:9
vt

MAE (%)

DP tp;f ¼ Lsat =xe;o

Z

xe;o

C ¼ 21ð1  e319Dh Þð0:00418G þ 0:0613Þ

2/2f ff G2 ð1  xe Þ2 mf =Dh dxe

0

/2f

¼ 1 þ C=X vv þ

1=X 2vv ;

C ¼ 2566G

0:5466

D0:8819
ð1
h

e

319Dh

Þ

h
i
2=3
a
¼
1=
1
þ
ð1

x
Þ=x
ðm
=m
Þ
e;o
e;o f
g
(66) o

(68)
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introduced to more adequately account for the channel size
eﬀect. This new correlation is listed as Eq. (66) in Table 2.
Predictions of the saturated boiling pressure drop from
the correlation developed in the present work are included
in Fig. 6. Clearly, the proposed correlation is in very good
agreement with the experimental pressure drop for Case 1–
5. The validity of the proposed model is further examined
in Fig. 8 by comparing its predictions for all the test cases
listed in Table 1. The MAE of 11.4% from the proposed
correlation is signiﬁcantly better than that of any of the
tested correlations and more than 90% of the data are gathered to within ±30% of the prediction. Hence, this correlation is suitable for predicting saturated ﬂow boiling
pressure drop in microchannels of the dimensions considered in this work.

50000
Experiment
Lockhart and Martinelli [14]
Qu and Mudawar [18]

40000

Mishima and Hibiki [15]
Lee and Lee [16]
Yu et al. [17]

ΔP ch (Pa)

Present Work

30000

20000

10000

0
0

20

40

799

60

80

qw" (W/cm2)
Fig. 6. Assessment of correlations in the literature based on comparison
with pressure drop over the length of the microchannels for Case 1-5
(w = 102 lm, H = 367 lm, Tf,i = 91.1 °C and G = 738 kg/m2 s).

a critical assessment of the applicability of these ﬁve correlations. The mean absolute error (MAE) deﬁned as
1 X jDP ch; expt  DP ch; pred j
MAE ¼
ð27Þ
N
DP ch; expt
was computed for each correlation and is provided in Table
2 and in the ﬁgure. The comparison with the Lockhart–
Martinelli correlation [16] based on laminar liquid and
laminar vapor ﬂow yields a MAE of 27.3%, with a consistent trend of over-prediction. The Mishima and Hibiki correlation [17] is based on a combination of laminar liquid
and laminar vapor ﬂow, and also accounts for the channel
size eﬀect by incorporating channel hydraulic diameter into
the Martinelli–Chisholm constant C, i.e., in Eq. (46). This
correlation agrees reasonably well with the present data
with a MAE of 22.7%. Correlations in [18,19] utilize a combination of laminar liquid and turbulent vapor ﬂow and
generally tend to under-predict the pressure drop data,
with MAE values of 34.5% and 55.1%, respectively. Qu
and Mudawar [20] modiﬁed the Mishima and Hibiki correlation [17] by incorporating a mass ﬂux term. With a MAE
of 16.4%, and with more than 90% of the data gathered
within ±30% of the prediction, this correlation yields the
best agreement among the correlations tested. However,
it is observed from Fig. 7e that this correlation tends to
over-predict the pressure drop data. This may be due to
the fact that the mass ﬂux term was based on a single
microchannel size of 231  713 lm in [20].
3.2. Proposed correlation
In order to improve the predictive capability for microchannels of various sizes, regression analysis is performed
on the present data to obtain a more representative mass
ﬂux term. An additional channel size correction term is also

3.3. Boiling curve
Fig. 9 shows representative boiling curves measured at
ﬁve streamwise locations along the center row with the
diode sensors 3, 8, 13, 18 and 23 (locations shown in
Fig. 2b). The onset of nucleate boiling can be identiﬁed
in the ﬁgure as the point where the wall temperature exhibits a sudden change in slope from its single-phase dependence. In the two-phase region, the heat ﬂux increases
rapidly for a modest rise in wall temperature. In addition,
the temperature across the chip is more uniform in the twophase region as can be seen from the converging of the
boiling curves. It may be noted that both Figs. 9 and 5 provide consistent predictions of the incipience heat ﬂux for
the ONB, i.e., q00eff ¼ 35 W=cm2 .
3.4. Local heat transfer coeﬃcient
The presence of local temperature sensors allows the
local heat transfer coeﬃcients to be computed. Fig. 10
shows the local heat transfer coeﬃcient as a function of
wall heat ﬂux at position 23 (central diode in the most
downstream location as indicated in Fig. 2b). For low to
medium heat ﬂuxes, the local heat coeﬃcient increases
almost linearly with heat ﬂux. At higher heat ﬂuxes, the
saturated heat transfer coeﬃcient becomes largely insensitive to heat ﬂux for the range tested. This may indicate a
change in the dominant boiling mechanism, from nucleate
to convective boiling. However, additional ﬂow boiling
visualization studies are needed before ﬁrm conclusions
can be drawn with respect to the dominant boiling
mechanism.
Predictions from a number of correlations from the literature [19,22–25] as listed in Table 3 are compared to
the experimental measurements for saturated boiling
obtained in the present work. The Chen correlation [22]
assumed that both nucleate and two-phase forced convective mechanisms occur to some degree in saturated boiling
and that the contributions from the two mechanisms are
simply additive. This correlation was developed for turbulent liquid–turbulent vapor ﬂow, which is common for

800

P.-S. Lee, S.V. Garimella / International Journal of Heat and Mass Transfer 51 (2008) 789–806
180000
50000

50000

Experiment
+45%
Kandlikar and Balasubramanian
[21]

+60%

160000
40000

Warrier et al. [23]
Steiner and Taborek [22]

MAE = 27.3%

MAE =
22.7%
Chen
[20]

40000
140000

Yu et al.[ 17]
Present Work

hz (W/m K)
ΔP pred (Pa)

30000

2

ΔP pred (Pa)

120000
30000
100000
-45%

80000
20000

20000

60000

-60%

40000
10000

10000

20000
0

0

10000

20000

30000

40000

ΔP expt (Pa)

00
100

50000

50000

2010000

30 20000 40

70
50000

+70%

MAE = 34.5%

40000

MAE = 55.1%

40000

30000

ΔP pred (Pa)

ΔP pred (Pa)

60
40000

50000
+50%

-50%

20000

10000

0

50
30000

2
(Pa)
q wΔP
"( W/cm
)
expt

30000

20000

-70%

10000

0

10000

20000

30000

40000

ΔP expt (Pa)

0

50000

0

10000

20000

30000

ΔP expt (Pa)

40000

50000

50000
+30%

MAE = 16.4%

ΔP pred (Pa)

40000

30000

-30%

20000

10000

0

0

10000

20000

30000

ΔP expt (Pa)

40000

50000

Fig. 7. Comparison of two-phase pressure drop data with predictions by correlations of (a) Lockhart and Martinelli [16], (b) Mishimi and Hibiki [17], (c)
Lee and Lee [18], (d) Yu et al. [19], and (e) Qu and Mudawar [20] for all test conditions.
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Fig. 8. Comparison of two-phase pressure drop experimental data with
predictions by proposed prediction for all test conditions.

200

0
10

120

130

T w (C)
Fig. 9. Typical boiling curves measured at ﬁve streamwise locations along
the center of the chip for Case 3-3 (w = 400 lm, H = 398 lm,
Tf,i = 91.3 °C and G = 432 kg/m2 s).

macrochannels. While Kandlikar [26] proposed a correlation for saturated ﬂow boiling heat transfer coeﬃcient
based on data for tubes of 3–25 mm diameter with ﬂow
in the turbulent regime, this was extended in more recent
work [23] to laminar ﬂows in minichannels and microchannels by simply substituting the single-phase laminar fully
developed heat transfer coeﬃcient for its turbulent counterpart. Steiner and Taborek [24] developed an asymptotic
model utilizing a power-law relationship (with an exponent
of 3) for the nucleate and convective dependence as in Eq.
(80). According to them, there was no evidence for the suppression of nucleate boiling and hence a suppression factor
was not needed. Instead, a nucleate boiling correction factor that accounts for the diﬀerences between pool and ﬂow

Fig. 10. Assessment of correlations in the literature based on comparison
with experimental data from the present work at position 23 for Case 1-2
(w = 102 lm, H = 367 lm, Tf,i = 93.6 °C and G = 368 kg/m2 s).

boiling was introduced. This correlation was again based
on turbulent liquid–turbulent vapor ﬂow boiling in macroscale (vertical) tubes. The two remaining correlations
[19,25] were based on mini/microchannels.
Predictions of the local saturated boiling heat transfer
coeﬃcient from these ﬁve correlations [19,22–25] are compared in Fig. 10 against the experimental data in Case 1-2.
It is clear that there is little agreement over the range of
heat ﬂuxes considered, with four of the tested correlations
[22–25] over-predicting the experimental data. Fig. 11a–e
further compares hz;expt and hz;pred under all operating conditions of the present study, allowing a critical assessment
of the applicability of these six correlations. As for the
pressure drop comparisons, the mean absolute error
(MAE) is deﬁned as
1 X jhz;expt  hx;pred j
MAE ¼
ð28Þ
N
hz;expt
The MAE of each of the tested correlations is provided in
Table 3 and also indicated in Fig. 11a–e. Chen’s correlation
[22] deviates from the present data with a MAE of 55.0%.
This is because this correlation was developed based on turbulent liquid–turbulent vapor ﬂow in macroscale channels
while the low coolant ﬂow rate and small channel size of
microchannels encountered in the present study result in
laminar liquid–laminar vapor ﬂow. Although the correlation of Kandlikar and Balasubramanian [23] did take into
account the laminar ﬂow condition encountered in microchannels, it over-predicts the saturated boiling data with a
high MAE of 92.3%. This could be due to the boiling mechanism in microchannels being substantially diﬀerent from
that at the macroscale. The Steiner and Taborek [24]
correlation deviates by a MAE of 68.0% since the original
two-phase enhancement factor and the nucleate boiling
corrector factor were developed based on ﬂow boiling in
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Table 3
Saturated boiling correlations
Reference

Correlation

MAE (%)

Chen [22]

hsat ¼ Nu3 =Nu4  ðFhsp þ Shnb Þ

(69)

1:78
;
F ¼ ð1 þ X 0:5
tt Þ

(70)

S ¼ 0:9622  0:5822 tan1 ðRef F 1:25 =6:18  104 Þ

1=3
hsp ¼ 0:023Re0:8
f Prf ðk f =Dh Þ

hnb ¼ 0:0122

Kandlikar and Balasubramanian [23]

0:49
k 0:79
c0:45
f
p;f qf

55.0

(71)
!
ðT w  T s Þ0:24 ½P sat ðT w Þ  P f 0:75

0:24
r0:5 l0:29
h0:24
fg qv
f

hsat ¼ Nu3 =Nu4  maxðhsat;NBD ; hsat;CBD Þ

(72)

(73)

92.3

hsat ¼ Nu3 =Nu4  ðFhsp þ Shnb Þ

(74)

33.5

1:78
;
F ¼ ð1 þ X 0:5
tt Þ

(75)

hsat;NBD ¼ ð0:6683Co0:2 þ 1058:0Bo0:7 F fl Þð1  xe Þ0:8 hsp;fd
hsat;CBD ¼ ð1:136Co0:9 þ 667:2Bo0:7 F fl Þð1  xe Þ0:8 hsp;fd
where F fl ¼ 1:00 for water

Yu et al. [19]

S ¼ 0:9622  0:5822 tan1 ðRef F 1:25 =6:18  104 Þ

1=3
hsp ¼ 0:023Re0:8
f Prf ðk f =Dh Þ

hnb ¼ 0:0122

Warrier et al. [25]

0:49
k 0:79
c0:45
f
p; qf
0:24
r0:5 l0:29
h0:24
fg qv
f

!
ðT w  T s Þ0:24 ½P sat ðT w Þ  P f 0:75

hsat ¼ Nu3 =Nu4  ðFhsp Þ

F ¼ 1 þ 6Bo1=16 þ f ðBoÞx0:65
e ;

Steiner and Taborek [24]

(76)

(77)

(78)

f ðBoÞ ¼ 5:3ð1  855BoÞ

(79)

hsat ¼ Nu3 =Nu4  ½ðF conv hsp Þ3 þ ðF nb hnb Þ3 1=3

(80)

0:35 1:1

F conv ¼ ½ð1  xe Þ1:5 þ 1:9x0:6
e ðvg =vf Þ

(81)

F nb ¼ 0:72F PF ðq00ch =1:5  105 Þ0:80:1e

1:75P r

ðDh =0:01Þ0:4

þ ½3:4 þ 1:7=ð1  P 7r ÞP 3:7
F PF ¼ 2:816P 0:45
r
r

0:4
hsp ¼ 0:023Re0:8
fo Prf ðk f =Dh Þ;

hnb ¼ 25; 581 W=m2 K

88.6

(82)

(83)

(84)

68.0
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Table 3 (continued)
Reference

Correlation

MAE (%)

Present Work

hsat ¼ Nu3 =Nu4  ½ðF conv hsp Þ3 þ ðF nb hnb Þ3 1=3

(85)

F conv ¼ ð/2f Þ0:2743 ðcp;tp =cp;f Þ0:2743 ðk tp =k f Þ0:7257

(86)


F nb ¼ 4:6809  0:6705 log

q00w
1  106





Dh
þ 3:908
0:001

14.7

(87)

hsp as given in Lee and Garimella [29]

hnb ¼ 5600F PF

0:90:3P 0:15
r
q00w
20; 000

F PF ¼ 1:73p0:27
þ ð6:1 þ
r

(88)

0:68 2
Þp
1  pr r

macroscale channels. The Yu et al. correlation [19] showed
the lowest MAE of 33.5% (with more than 90% of the data
within ±55% of the prediction) among the tested correlations. However, the correlation does not correctly capture
the experimental trend, and generally under-predicts the
data. One possible reason is that this correlation was based
on laminar liquid–turbulent vapor ﬂow which is diﬀerent
from the laminar liquid–laminar vapor encountered in the
present work. In previous work [27], the authors found that
predictions from the empirical correlation of Warrier et al.
[25] were in good agreement with the experimental data obtained with microchannels of 400 lm width and 398 lm
depth. However, when tested against experimental results
from microchannels over a larger size range, the agreement
is found to diminish. This may be attributed to the fact that
this correlation was developed based on a curve-ﬁt to experimental results obtained from microchannels with a hydraulic diameter of 750 lm, which appears to have restricted
applicability to other microchannel sizes, especially smaller
ones as shown in Fig. 11e.
In an eﬀort to improve the predictive capability of correlations, the asymptotic model of Steiner and Taborek
[24] was modiﬁed to account for the speciﬁc features of
ﬂow through microchannels. This model was chosen
because it is physically sound and does not require the
introduction of adjustable parameters that are often arbitrary. In addition, its form allows for further improvement
(by substituting individual correlations or data) without
necessarily aﬀecting other parts of the model.

(89)

3.5.1. Convective boiling enhancement factor Fconv
Following the approach of Liu and Garimella [5], it is
assumed that the convective component in Eq. (80) can
be written in its single-phase form even in two-phase ﬂow.
In Chen’s original work [22], hsp is the single-phase heat
transfer coeﬃcient for turbulent ﬂow. Since the ﬂow in
microchannels is typically laminar and thermally developing in nature [28], Lee and Garimella [29] proposed a correlation suitable for predicting laminar and thermally
developing heat transfer in rectangular microchannels.
For ease of subsequent manipulation, this correlation is
re-cast in the following more convenient form
"
#

0:378
Dh
0:1224 k f
hsp ¼ 1:766 Ref Prf
a
ð29Þ
L
Dh
Following the procedure described in [5], the convective
enhancement factor F can then be obtained as

0:2743  0:7257
k tp
2 0:2743 cp;tp
F conv ¼ ð/f Þ
ð30Þ
cp;f
kf
The two-phase multiplier can be related to the Martinelli
parameter as
/2f ¼ 1 þ

C
1
þ 2
X vv X vv

ð31Þ

3.5. Proposed model

in which the Martinelli–Chisholm constant C is determined
from the previous discussion on pressure drop, i.e., Eq.
(66). For laminar ﬂows, the Martinelli parameter is
!0:5

0:5  0:5
1  xe
vf
lf
X vv ¼
ð32Þ
xe
vg
lg

New correlations for the convective enhancement factor
Fconv and the nucleate boiling correction factor Fnb are
derived as follows:

Thus, Eqs. (30)–(32) can be used to determine the convective enhancement factor, Fconv, for microchannel ﬂow
boiling. The two-phase thermophysical properties in the
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Fig. 11. Comparison of saturated boiling heat transfer data with predictions from the correlations of (a) Chen [22], (b) Kandlikar and Balasubramanian
[23], (c) Steiner and Taborek [24], (d) Yu et al. [19], and (e) Warrier et al. [25] for all test conditions.
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model can be estimated as the arithmetic mean of those of
the liquid and vapor phases weighted by the local thermodynamic quality xe

150000
+30%
MAE=14.7%

ð33Þ

in which w is any thermophysical property.

100000

3.5.2. Nucleate boiling correction factor Fnb
The nucleate boiling correction factor, Fnb, is obtained
from regression analysis once the convective enhancement
factor Fconv is known. As the nucleate boiling component
is dependent on wall heat ﬂux and is expected to be inﬂuenced by the channel size for microchannel ﬂow, Fnb is correlated as

1=3
3
3
4
htp;expt Nu

ðF
h
Þ
conv
sp
Nu3
F nb ¼
/ f ðq00w ; Dh Þ
ð34Þ
hnb
In Eq. (34), htp;expt is the measured saturated boiling heat
transfer coeﬃcient and hnb is the nucleate boiling heat
transfer coeﬃcient which, according to Gorenﬂo [30] for
water, is
 00 0:90:3P 0:15
r
qw
hnb ¼ 5600F PF
ð35Þ
20; 000
where the pressure correction factor FPF for water is


0:68
0:27
F PF ¼ 1:73pr þ 6:1 þ
ð36Þ
p2
1  pr r
and pr is the reduced pressure.
This approach is applied to the experimental data
obtained in the present work to propose the following
empirical correlation for the nucleate boiling correction
factor, Fnb, for saturated ﬂow boiling in microchannels




q00w
Dh
F nb ¼ 4:6809  0:6705 log
þ
3:908
0:001
1  106
ð37Þ
Predictions of the saturated boiling heat transfer coeﬃcient from this correlation are compared with the experimental data in Fig. 10, and show very good agreement
for the heat ﬂuxes considered (Case 1-2 shown in the ﬁgure). The validity of the proposed model is further demonstrated in Fig. 12 for all the test cases listed in Table 1. The
MAE of 14.7% obtained between the experiments and this
correlation is signiﬁcantly better than that for all of the
tested correlations and more than 90% of the data agree
to within ±30% of the prediction. Therefore, this correlation is suitable for predicting the local saturated boiling
heat transfer coeﬃcient in microchannels of the dimensions
considered in this work.
The proposed model was further validated by comparison with the ﬂow boiling experimental data of Liu and
Garimella [5] obtained using copper microchannels of
dimensions 275  636 lm and 406  1063 lm. The predictions from the proposed model were found to agree with
the data from [5] with a MAE of 40%. The high thermal

hsat,pred (W/m2K)

wtp ¼ xe /g þ ð1  xe Þwf
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Fig. 12. Comparison of saturated boiling heat transfer data with
predictions by proposed correlation for all test conditions.

conductivity of the copper substrate considered in [5]
would lead to some smearing of the local heat transfer
data, which may explain the deviation.
4. Conclusions
Flow boiling of water in a microchannel array made of
silicon is experimentally investigated. An array of integrated
micro-temperature sensors allows local heat transfer coeﬃcients to be determined. The ﬂuid temperatures and pressure
drop across the microchannel array are also measured.
Two-phase pressure drop and saturated boiling heat transfer correlations from the literature are assessed critically
for applicability to microchannels. New correlations suitable for the predicting two-phase pressure drop and local
saturated boiling heat transfer coeﬃcient are developed
for use in the design two-phase microchannel heat sinks.
Key ﬁndings from this work are summarized as follows:
1. The pressure drop across the microchannels increases
rapidly with heat ﬂux when the incipience heat ﬂux
(for the onset of nucleate boiling) is exceeded.
2. At low to medium heat ﬂuxes, the local heat coeﬃcient
increases almost linearly with heat ﬂux. At higher heat
ﬂuxes, the saturated heat transfer coeﬃcient becomes
largely insensitive to heat ﬂux for the range tested. This
may indicate a change in the dominant boiling mechanism, from nucleate boiling to convective boiling.
3. A critical review of correlations in the literature suggests
that existing correlations in the literature do not match
the experimental results obtained for two-phase pressure
drop and heat transfer associated with ﬂow boiling in
microchannels.
4. A new pressure drop correlation based on the model
of Mishima and Hibiki [17] is developed to predict the
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frictional component, while the Zivi void fraction correlation [21] is employed to evaluate the accelerational
component. Comparison with the experimental data
shows very good agreement.
5. A new heat transfer correlation, based on the asymptotic model of Steiner and Taborek [24], is developed
to predict the local saturated boiling heat transfer coefﬁcient. Comparison with the experimental data again
shows satisfactory agreement.
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