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Abstract

This article is the first in a three part study on flow boiling of refrigerants R236fa and R245fa in a silicon multi-microchannel heat
sink. The heat sink was composed of 67 parallel channels, which are 223 lm wide, 680 lm high and 20 mm long with 80 lm thick fins
separating the channels. The base heat flux was varied from 3.6 to 221 W/cm2, the mass velocity from 281 to 1501 kg/m2 s and the exit
vapour quality from 2% to 75%. The working pressure and saturation temperature were set nominally at 273 kPa and 25 �C, respectively.
The present database includes 1217 local heat transfer coefficient measurements, for which three different heat transfer trends were iden-
tified, but in most cases the heat transfer coefficient increased with heat flux and was almost independent of vapour quality and mass
velocity. Importantly, it was found for apparently the first time that the heat transfer coefficient as a function of vapour quality reaches
a maximum at very high heat fluxes and then decreases with further increase of heat flux.
� 2008 Elsevier Ltd. All rights reserved.
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1. Introduction

Heat transfer in microchannels is gaining significant
attention in the heat transfer community, mainly because
the micro-electronics industry is faced with increasingly
high heat fluxes to dissipate. It is expected that in a few
years chips dissipating heat fluxes as high as 300 W/cm2

will have to be cooled while still operating at 85 �C maxi-
mum. Numerous studies are already available on liquid-
phase heat transfer in microchannels. Recent studies [1–5]
showed that a conventional analysis approach can be
employed in predicting single-phase heat transfer behav-
iour in microchannels provided however that surface
roughness and entrance effects, axial conduction and vis-
cous heating are taken into account. While water cooling
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in multi-microchannels seems to be the preferred solution
for micro-electronics cooling for the short term, it has the
disadvantages of large temperature gradients along the
chip, a high freezing point temperature and the dangers
of using water close to electrical connections, problems that
flow boiling of a refrigerant in multi-microchannels does
not have. A state-of-the-art analysis of high heat flux cool-
ing technologies by Agostini et al. [6] showed that flow
boiling in microchannels is a very promising approach
for high heat flux removal for the medium to long term.

Compared to single-phase flow, however, fewer experi-
mental data are available for flow boiling in microchannels.
Furthermore, Agostini et al. [7] demonstrated that out of
13 of the most recent studies on flow boiling in microchan-
nels, 8 exhibited totally different and sometimes contradic-
tory heat transfer trends. Actually many of the studies
presenting flow boiling heat transfer coefficients did not
validate their test setups beforehand with single-phase flow
experiments, meaning there is no way to assess the validity
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Nomenclature

A flow area (m2)
A1, A2 constants in Fig. 13 (W/m2 K)
B = N �W + (N � 1) � 2t multi-channel footprint width

(m)
Bo = q/(G � hlv) boiling number
cp specific heat capacity (J/kg K)
Dh = 2W � H/(W + H) hydraulic diameter (m)
e distance from RTDs to channels base (m)
4f friction factor
G mass velocity (kg/m2 s)
hlv latent heat of vapourisation (J/kg)
H channel height (m)
I current (A)
k thermal conductivity (W/m K)
L channel length (m)
m fin parameter
N number of channels
Nu = a � Dh/k Prandtl number
Pr = l � cp/k Prandtl number
p pressure (Pa)
q heat flux (W/m2)
Re = (G � Dh)/ll Reynolds number
t fin half width (m)
T temperature (K)
U voltage (V)
v specific volume (m3/kg)
W channel width (m)
x vapour quality
z z coordinate (m)
z+ dimensionless z coordinate (m)

Greek symbols

a heat transfer coefficient (W/m2 K)
d roughness (lm)
Dp pressure loss (Pa)
DTsub = Tfl,i � Tsat inlet sub-cooling (K)
� fin efficiency
l dynamic viscosity (Pa s)
q mass density (kg/m3)
r surface tension (N/m)
n singular pressure loss coefficient

Subscripts

a accelerational
b base
f friction
fin fin
fl fluid
hom homogeneous
in inlet
l liquid
m mean
meas measured
out outlet
sat saturation
Si silicon
TP two-phase
v vapour
w wall
z local along z
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of these various heat transfer trends. However, of these
eight different trends, the following two were represented
in 11 out of 13 studies:

� at low to moderate vapour quality (typically for
x < 0.5), the heat transfer coefficient increased with heat
flux and decreased slightly or was constant with increas-
ing vapour quality;
� at higher vapour quality, the heat transfer coefficient

decreased sharply with increasing vapour quality and
did not depend on the heat flux or mass velocity.

Interestingly, experimental studies presenting single-
phase validation of the flow boiling measurements, like
Agostini and Bontemps [8] and Shiferaw et al. [9] typically
show these two dominant trends.

A review of experiments and theory on boiling in micro-
channels by Thome [10] concluded that macroscale models
are not realistic for predicting flow boiling coefficients in
microchannels as the controlling mechanism is not nucleate
boiling nor turbulent two-phase convection but is transient
thin film evaporation. For microchannels, Thome et al. [11]
and Dupont et al. [12] proposed a three-zone model based
on transient thin film evaporation that is able to predict the
two heat transfer trends previously described. Concerning
pressure drop during flow boiling in microchannels, a
recent literature study by Ribatski et al. [13] demonstrated
that the homogeneous model and the Müller-Steinhagen
and Heck [14] correlation were the best two methods for
predicting two-phase pressure drops in microchannels.
Their comparison included pressure drop data from nine
independent laboratories that covered both diabatic and
adiabatic results for eight fluids, mass velocities from 23
to 6000 kg/m2 s and vapour qualities up to 1. Thus, it
seems that for pressure drop the situation is actually sim-
pler in microchannels than in macrochannels and that basic
models like the homogeneous model can be tentatively
used. On the other hand, Revellin et al. [15] have shown
that these methods only work when the two-phase homoge-
neous Reynolds number (calculated using McAdams [16]
viscosity expression) is larger than 8000 and that no
method works below these values. Interestingly, they found
a Moody-like diagram for two-phase flows in microchan-
nels for Reynolds numbers from 1000 to 30,000.
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Recently, Schneider et al. [17] used small orifices to ini-
tiate nucleation at the inlet of a multi-microchannels array
with 227 lm hydraulic diameter channels and refrigerant
R123, with heat fluxes up to 213 W/cm2, and found that
the heat transfer coefficient was enhanced by this method
by up to 84%. The same method was used in the present
study.

Wang et al. [18] have investigated the unstable and sta-
ble flow boiling of water in parallel microchannels and in a
single channel. The hydraulic diameter and length of their
channel was 186 lm and 30 mm, respectively, close to the
geometry of the present study. According their study, sta-
ble flow conditions occurred for q/G < 0.96 kJ/kg, which
corresponds to the present experimental conditions and
indeed no instabilities were observed. Of course results
obtained with water are probably not directly usable for
refrigerant, but the trend that low heat flux and high mass
velocity favours stable flow should hold.

Practical cooling applications will use parallel multi-
microchannels and not single channels so that other issues
like flow instabilities, back flow, possibly early or delayed
critical heat flux, have to be addressed as pointed out by
Bergles and Kandlikar [19]. As a consequence, although
flow boiling in single microchannels helps in understanding
the fundamental processes, the experimental study of flow
boiling in microchannel heat sinks is necessary, which is
the motivation of the present study. To the best of our
knowledge, the only experimental study available for
refrigerant flow boiling at high heat fluxes in microchannel
heat sinks was recently done by Lee and Mudawar [20] in
2005 with refrigerant R134a flowing in 0.231 mm wide
and 0.713 mm high parallel copper microchannels, with
base heat fluxes as high as 93.8 W/cm2. Their heat transfer
coefficients increased with heat flux and decreased with
vapour quality, which seems to be the typical trend in
microchannels as noted earlier. Their test section on the
other hand had only one thermocouple to measure the
multi-channel base temperature, which did not allow them
to investigate local effects along the channels.

Based on the above considerations, it was decided for
the present study to perform local heat transfer coefficient
measurements at five locations along a silicon multi-micro-
channel heat sink with refrigerant R236fa at a nominal sat-
uration temperature of 25 �C and saturation pressure of
273 kPa, with liquid flow at the inlet, heat fluxes up to
221 W/cm2 (limit of the test facility) and mass velocities
between 300 and 1600 kg/m2 s. R236fa was chosen for its
low working pressure and its various other advantages
(low freezing point, saturation pressure above ambient at
ambient temperature and it is inflammable). These are
apparently the first microchannel boiling results to be
obtained with this refrigerant. In order to optimize a
multi-microchannel cooling element with flow boiling, the
influence of every parameter of importance on the heat
transfer coefficient must be accurately known. Thus, the
main purpose of the present study was to investigate the
characteristics of flow boiling of this refrigerant in parallel
multi-microchannels as it seems to be a good candidate for
these applications.

This study is composed of three parts. Part I presents the
test facility, data reduction method, the local heat transfer
coefficients measured for refrigerant R236fa. In part II, the
local heat transfer coefficients measured for R245fa,
another low pressure refrigerant, are presented and then
compared with the refrigerant R236fa data and to several
microscale boiling heat transfer prediction methods.
Finally, in part III, critical heat flux results and pressure
drop data will be presented and analysed.

2. Experimental setup

The experimental setup is shown in Fig. 1. It was built at
the IBM Zürich Research Laboratory. It is composed of a
test section, a condenser with a cooling bath, a liquid pump
(Fluidotech model MGBR2), a pre-heater with a heating
bath, a 7 lm filter and a Coriolis mass flowmeter (Krohne
Optimass 3050F). A reservoir is used to store the refriger-
ant and to accurately control the working pressure. This
reservoir is connected to the loop with a T junction
between the filter and the flowmeter. A helically coiled cop-
per tube runs inside this reservoir and is connected to a
controlled temperature bath so that the refrigerant can be
condensed or evaporated to reach the desired pressure
inside the flow loop. Sight glasses and valves are situated
at various locations in the loop.

This test loop is also instrumented with two K type
thermocouples to measure the fluid inlet and outlet temper-
atures, an absolute pressure transducer (Omega PAA33-V-
30, ±1.5 kPa fullscale) to measure the fluid inlet pressure
and a differential pressure transducer (Omega PD23-V-1,
±0.5 kPa fullscale) to measure the fluid pressure drop
across the entire test section, including the inlet and outlet
headers.

The silicon die used as the test section is shown in Fig. 2.
It is 1 mm thick and 31 � 31 mm in size. Multi-microchan-
nels have been etched into the upper face with an induc-
tively coupled plasma etching process (dry etching) and
are shown highly magnified in Fig. 3 (the magnification is
increased in the successive three pictures starting from
the top. The second and third pictures represent a close-
up on one wall of the channels). There are 67 parallel chan-
nels, which are 20 mm long, 223 lm wide and 680 lm high
with a fin width of 80 lm. The dimensions of the sections of
the channels have been checked with electron microscopy.
As shown in Fig. 4, a LEXAN plate (1 mm thick) is glued
on the top of the silicon die with a 0.5 mm wide inlet slit
and a 1 mm wide outlet slit. The glue is applied at the
periphery of the silicon die only so that no glue can over-
flow into the channels and a force was applied on top
during operation. Thus a tiny gap might exist between
the LEXAN plate and the silicon die. However, since the
flow enters as liquid and the inlet manifold diameter
(6 mm) is much bigger than the channel size, the flow dis-
tribution is expected to be uniform. No bypass flow could



Fig. 1. Flow boiling test loop.
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be detected by visual inspection. On the top of this plate, a
LEXAN cover with one inlet and one outlet plenum is also
added. Overlaying the plate with the slits on the die with
the channels creates an orifice (500 � 223 lm) at the inlet
of each channel, which are useful to inhibit flow instabili-
ties and backflow as advocated by Bergles and Kandlikar
[19]. Note that the inlet singular pressure drop is thought
to be primarily due to the abrupt 90� change in flow direc-
tion rather than to the flow area reduction.

A serpentine multi-layer resistance heater (10 nm of tita-
nium, 1 lm of gold, 30 nm of nickel and 30 nm of gold) was
deposited on the lower face of the die with a lithography
process. As shown in Fig. 2, it is composed of six parallel
strips that are 0.5 mm wide each with five 180� turns, thus
forming six 3 mm wide arms. The refrigerant flows in the
microchannels from left to right across the heater. RTDs
with an electrical resistance of 59 X (same composition as
the heater, 10 lm wide) have been deposited with the same
process at five different locations between two successive
arms of the heater. The sensitive length of these RTDs is
about one-third of the width occupied by the channels
and they are perpendicular to the channels so that they
measure the base temperature at five locations along the
channels, averaged on one-third of the total number of
channels and centered on the middle channel. The distance
between the RTDs and the bottom of the channels is
320 lm. The total width occupied by the 67 channels is
20 mm. The five RTDs are placed at 3.267, 6.534, 9.801,
13.068 and 16.335 mm from the beginning of the channels.

The two thermocouples and five RTDs were calibrated
in a temperature controlled bath with a precision thermom-
eter (Merck AG model 26) between 5 and 70 �C. The elec-
trical resistance of the RTDs was measured with a four
points measurement technique and an independent power
supply providing a 1 mA current source. The uncertainty
on the temperature measurements after calibration was
estimated to be ±0.1 K.

The heater was connected to a Agilent 6674A DC power
supply providing 60 V and 35 A maximum. The voltage
and current were measured by the power supply itself with
an accuracy of 0.05% + 90 mV for voltage and
0.1% + 35 mA for current. The test loop is controlled and
the data recorded with a SCXI National Instruments
acquisition system composed of a SCXI-1102 module with
a 2 Hz filter.

The test loop was evacuated with a vacuum pump for
24 h before being filled. Since the operating pressure is
above the atmospheric pressure, no contaminant can enter
the fluid. The R236fa is shipped in a pressurised bottle and
is free of any contaminant, thus degasing is not necessary
(the measured saturation temperatures and pressures
matched closely those of its vapour pressure curve).

3. Operating conditions

The working pressure was set at 273 kPa and was kept
constant within ±10 kPa due to the temperature control
inside the reservoir. The corresponding saturation temper-
ature variation is ±0.5 K. Note that the pressure was kept
constant at ±2 kPa for 90% of the data, meaning the satu-
ration temperature variation is ±0.1 K. The condenser inlet
temperature was set at 5 �C so that the sub-cooling at the



Fig. 2. Silicon test die photographs. Top: multi-microchannel. Bottom: (a)
cobra heater, (b) connectors for one RTD, (c) the five RTDs.

Fig. 3. Scanning electron microscope photograph of the multi-micro-
channels at three different scales. The middle and bottom figures are close-
ups of the fin wall.
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inlet of the pump is large enough to avoid cavitation. The
pre-heater temperature was set at 25 �C so that the sub-
cooling is 0 K (±0.5 K) at the inlet of the test section. (Note
that the sub-cooling can take small positive values since a
superheat or a pressure drop is necessary to initiate bubble
nucleation.) A small amount of flashing at the inlet of the
channels was created by the small orifices at the inlet of
each channel. Thus, evaporation started without a temper-
ature overshoot that is usually necessary to initiate nucle-
ation in a liquid and the data were more reliable and
reproducible. This process is also interesting for the actual
application for cooling of a microprocessing chip since it
avoids a local temperature overshoot, which would
possibly be harmful to the chip. Note that the saturation
temperature of the system is calculated using the inlet
pressure.
4. Data reduction

First of all, the base heat flux qb is

qb ¼
U � I
L � B ð1Þ

where L is the heated length and B is the heated width.
The two-phase pressure drop is generally high in micro-

channels so that the saturation temperature can decrease
by several degrees along the channels. As a consequence,
the pressure at the location of each RTD must be calcu-
lated in order to know the local saturation temperature.
The measured total pressure drop through the test section
during boiling tests includes the pressure drop of the sin-
gle-phase liquid flow at the inlet, the two-phase flow pres-
sure drop along the channels and the outlet pressure
drop. As shown in Fig. 5, the inlet single-phase pressure



Fig. 4. Test section: (a) assembled view, (b) split view: the manifold block
and plate with slits providing flow restriction are visible, (c) back view with
RTD connections: the serpentine structure of the heater and the location
of RTDs at each fold are visible.

Fig. 5. Singular pressure loss of liquid at inlet versus mass velocity.
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drop can be calculated from a curvefit to the measured
pressure drops taken for a sub-cooled liquid flow. As the
outlet slit is twice as large as the inlet slit, the outlet pres-
sure drop in the completely sub-cooled tests is approxi-
mately one seventh that of the inlet pressure drop
(calculated with Idel’cik [21]) and can be neglected. The
frictional pressure drop of the sub-cooled liquid along the
channels is calculated as
Dpf ¼
G2

2ql

� 4f � L
Dh

ð2Þ
where 4f is the friction factor for a hydrodynamic develop-
ing flow and is calculated with the numerical solution of
Shah and London [22] as

4f ¼ 68:64þ 2:46

z0:74
þ

� �
� 1

Re
ð3Þ

with

zþ ¼
z

Re � Pr � Dh

: ð4Þ

Finally, the inlet pressure drop is

Dpin ¼ Dpmeas � Dpf ¼
G2

2ql

� n; ð5Þ

where n is the inlet singular pressure loss coefficient. With
the polynomial fit shown in Fig. 5, n was found to be equal
to 23 for the present inlet configuration.

The two-phase pressure drop along the channels is then
calculated as follows. The homogeneous model was used to
calculate the pressure drop along the microchannels since
Ribatski et al. [13] demonstrated that the homogeneous
model was suitable for this purpose. The two-phase fric-
tional pressure drop is thus calculated as

� dp
dz

� �
f

¼ G2

2qTP

� 4f TP �
1

Dh

ð6Þ

with

qTP ¼
1

vTP

¼ 1

x � vv þ ð1� xÞ � vl

ð7Þ

ReTP ¼
G � Dh

lTP

ð8Þ

lTP ¼ ð1� xÞ � ll þ x � lv ð9Þ
4f TP ¼ 0:316 � Re�0:25

TP ð10Þ
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where the hydraulic diameter of the channels is 336 lm.
lTP is the two-phase viscosity calculated using the Ciccitti
et al. [23] definition. The accelerational pressure drop gra-
dient is

� dp
dz

� �
a

¼ G2 � dvTP

dz

¼ G2 � ðvv � vlÞ �
dx
dz
þ x � dvv

dp
� dp

dz

� �
hom

� �
ð11Þ

The gravitational pressure drop gradient is null in the pres-
ent case since the flow is horizontal. Thus, the total pres-
sure drop gradient is

� dp
dz

� �
hom

¼
G2 � ðvv � vlÞ � dx

dz þ G2

2qTP
� 4f TP � 1

Dh

1þ G2 � x � dvv

dp

ð12Þ

The term dvv/dp was evaluated with the REFPROP 7.0
software from NIST and is equal to �2 � 10�8 m4 s2/kg2

at the operating saturation temperature. Finally, the local
pressure along the channels can be calculated as

pðzÞ ¼ pin �
G2

2ql

� n�
Z z

0

dp
dz

� �
hom

dz: ð13Þ

The homogeneous pressure gradient depends on the va-
pour quality so that the local vapour quality was calculated
using a heat balance over the length dz taking into account
the flashing effect along the channels, which is not negligi-
ble in microchannels:

B � qb � dz ¼ A � G � ½x � cp;vðT satÞ � dT sat þ ð1� xÞ
� cp;lðT satÞ � dT sat þ hlvðT sat þ dT satÞ � dx� ð14Þ

yielding

dx¼ðB �qb �dzÞ=ðA �GÞ�ðx �cp;vðT satÞþð1� xÞ �cp;lðT satÞÞ �dT sat

hlvðT satþdT satÞ
ð15Þ

Accordingly, the vapour quality variation due to the flash-
ing effect at the rectangular inlet orifices was calculated as

dxin ¼
½x � cp;vðT flð0ÞÞ þ ð1� xÞ � cp;lðT flð0ÞÞ� � dT satð0Þ

hlvðT flð0Þ þ dT satð0ÞÞ
ð16Þ

with

dT sat ¼ T satðpin � n � G2=2qlÞ � T flð0Þ ð17Þ

Tfl(0) being the fluid inlet temperature.
Eqs. (13) and (15) must be solved iteratively starting

from the inlet of the channels. Thus, the flow length was
divided into 100 increments and the fluid pressure and
vapour quality variation is then calculated for each
dz = L/100.

The fluid saturation temperature is calculated from the
vapour pressure curve, knowing the local pressure:

T flðzÞ ¼ T satðpðzÞÞ ð18Þ
For single-phase liquid flow tests, the local fluid tempera-
ture is calculated iteratively along the channels with an en-
ergy balance:

T flðzÞ ¼ T flð0Þ þ
Z z

0

B � qb � dz
A � G � cp;lðzÞ

ð19Þ

The local heat transfer coefficient is calculated by

aðzÞ ¼ qw

T wðzÞ � T flðzÞ
ð20Þ

with Tfl being either the saturation temperature given by
Eq. (18) for flow boiling tests or the liquid fluid tempera-
ture given by Eq. (19) for liquid single-phase tests, respec-
tively. The channel base temperature Tw is calculated from
the measured die base temperature Tb assuming one-
dimensional heat conduction, since the distance between
the base of the chip and the base of the channels is very
small (e = 0.32 mm):

T w ¼ T b �
qb � e

kSi

ð21Þ

The thermal conductivity of silicon depends on tempera-
ture with the following relationship from 27 to 127 �C
(from Shanks et al. [24] adapted for n-doped silicon):

kSi ¼ 0:0018 � T 2 � 0:7646 � T þ 143:25 ð22Þ

so that Eq. (21) is solved iteratively by dividing e into 100
increments. This variation in kSi must be taken into ac-
count because the thermal conductivity of silicon varies
from 124 to 91 W/m K between 27 and 85 �C, which means
that an error of about 2 K would occur at 220 W/cm2 com-
pared to a 5 �C temperature gradient over the thickness of
0.32 mm if the value of kSi at 27 �C was used.

The wall heat flux is calculated with the fin efficiency for-
mula for (N � 1) parallel rectangular fins:

qw ¼ qb �
N � ð2t þ W Þ � 2t

2ðN � 1Þ � ðH þ tÞ � �þ N � W ð23Þ

with

� ¼ tanhðm � ðH þ tÞÞ
m � ðH þ tÞ ð24Þ

m ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
a � ðLþ 2tÞ

kSi � t � L

s
ð25Þ

assuming that the temperature at the base of the channels is
uniform across the channels (i.e., in the direction perpen-
dicular to the flow direction) and that the heat transfer
coefficient is uniform along the perimeter of the channels.
Eqs. (20) and (23)–(25) are solved together iteratively with
a fixed point method since a and � are interdependent. Fur-
thermore, kSi is evaluated at the fin average temperature,
which is estimated as

T fin �
T b þ T finðHÞ

2
ð26Þ

and



Table 1
Operating conditions and measurement uncertainties

Value Error

L (mm) 20 ±0.02
B (mm) 20 ±0.02
N 67 –
W (lm) 223 ±10
H (lm) 680 ±10
e (lm) 320 ±10
2t (lm) 80 ±10
Dh (lm) 336 ±27
Rw (nm) 160 ±50
G (kg/m2 s) 281–1501 ±3%
qb (W/cm2) 3.6–221.7 ±2.6–0.4%
Tb (�C) 22–116 ±0.1–1
Tsat (�C) 25 ±0.1
DTsub (K) 0 ±0.5
pin (kPa) 273 ±1.5
Dp (kPa) 0.3–105 ±0.65
a (kW/m2 K) 1.2–26.8 ±2–22%
xout 0.02–0.75 ±9–0.6%

a

b
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T finðHÞ ¼ T fl þ
ðT b � T flÞ

coshðmHÞ þ a
m�kSi
� sinhðmHÞ ð27Þ

All R236fa properties were calculated with the REFPROP
7.0 software from NIST. The uncertainty analysis was per-
formed with the propagation method proposed by Kline
and Mac Clintock [25] and presented in Table 1.
Fig. 6. Liquid Nusselt number. (a): average Nusselt number versus
Reynolds number. (b): local Nusselt number versus reduced flow length.
5. Single-phase flow validation tests

The first step to validate the test facility and test section
was to perform energy balance tests with a highly sub-
cooled refrigerant flow (DTsub = 18 K). The heat losses to
the surroundings were less than 10% for base heat fluxes
greater than 3.6 W/cm2 and less than 2% for base heat
fluxes greater than 8.3 W/cm2. The heat losses to the ambi-
ent are always less than 2 W so that the heat losses are
mainly due to the thick copper wire connecting the heater
to the power supply.

The second step was to perform single-phase liquid heat
transfer coefficient measurements to validate the measure-
ment technique and the data reduction procedure. The
fluid enters the test section with a sub-cooling of 18 K at
the maximum pressure sustainable by the test facility
and, as the mass flow rate is varied, the heat flux is adjusted
so that the maximum possible outlet fluid temperature is
obtained, i.e., it is ensured that all the RTDs are below
the saturation temperature. This method ensured that for
each Reynolds number the fluid temperature rise was large
enough to have a low uncertainty. The results of these mea-
surements are shown in Fig. 6. The upper graph shows the
average of the five Nusselt numbers measured at the loca-
tion of each RTD versus the average Reynolds number,
with the estimated errors in both directions included in
the size of the symbol, compared with the numerical solu-
tion of Shah and London [22] for a hydrodynamically and
thermally developing laminar flow with three sides subject
to a uniform heat flux. The lower graph shows a set of local
Nusselt numbers plotted versus the reduced flow length
defined by Eq. (4) for a fixed Reynolds number. These
experimental Nusselt numbers show a very good agreement
with the theoretical solutions and in particular for the
development of the boundary layer on the lower graph of
Fig. 6. The deviation from the theoretical solution at the
lowest Reynolds number (<350) is probably due to axial
heat conduction since the heat transfer coefficient is very
low in this region and the heat balance is not as good as
noted earlier. Nonetheless, the agreement is very good
and validates the integrity of the test facility, measurement
system and data reduction method.
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6. Flow boiling experimental results

Ten mass velocities between 280 and 1500 kg/m2 s were
tested. For each mass velocity, the system pressure was set
at 273 kPa and the sub-cooling to 0 K ± 0.5 K. Boiling was
first initiated in adiabatic conditions by increasing the flow
rate until the inlet orifices produced bubbles by cavitation.
Then the lowest heat flux (3.6 W/cm2) was applied to main-
tain boiling and the flow rate was reduced to the desired
value. Data were acquired after steady state was reached.
Then 100 data sets were recorded and averaged. The stan-
Fig. 7. Reproductibility of the flow boiling heat transfer coefficient
measurements.

Fig. 8. Local flow boiling heat transfer coefficient versus local vapour q
dard deviation was used for the uncertainty calculation as
advised by Kline and Mac Clintock [25]. Then, the heat
flux was increased by steps of 1 V on the power supply until
the maximum possible heat flux for that mass velocity was
reached (not CHF, however). The heat flux limitation was
due to the maximum pressure drop sustainable by the
pump. Steady state could be reached in less than 4 minutes
between two successive heat fluxes thanks to the controlled
pressure in the reservoir and the small thermal mass of the
test section.

Fig. 7 shows the results of the reproducibility test for the
flow boiling heat transfer measurements. The two sets of
data were recorded at a two week interval and the test sec-
tion and manifold cover had been disassembled and reas-
sembled between the two tests. Furthermore, the inlet
pressure drop for the second test was half that for the first
test because the size of the inlet slit was increased. As a con-
sequence, it can be concluded that (i) the data are repro-
ducible and (ii) the inlet pressure drop is correctly taken
into account in the data reduction procedure.

Figs. 8–12 show the entire local heat transfer database as
a function of the local vapour quality for the 10 different
mass velocities, with up to 31 base heat flux steps between
3.6 and 221 W/cm2. These are believed to be the highest
heat fluxes used in heat transfer measurements to date
for a refrigerant boiling in a microchannel.

Fig. 13a, for fixed vapour qualities between 2% and 8%,
shows the heat transfer coefficient as a function of the wall
heat flux qw. The heat transfer coefficients and wall heat
fluxes qw are defined with respect to the effective heat trans-
fer area calculated using the fin efficiency of the fins sepa-
rating the channels, with Eqs. (20) and (23), respectively.
The so-called ‘‘boiling curve” yields an exponent of 0.67
at high heat flux and a heat transfer coefficient that is
uality for increasing base heat fluxes. Mass velocity of 281 kg/m2 s.



Fig. 9. Local flow boiling heat transfer coefficient versus local vapour quality for increasing base heat fluxes. Mass velocity of 550 kg/m2 s.

Fig. 10. Local flow boiling heat transfer coefficient versus local vapour quality for increasing base heat fluxes. Mass velocity of 811 kg/m2 s.
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nearly constant or slightly increasing with heat flux at
lower heat flux. From an application point of view it is
important to know the junction temperature, i.e., where
the heater and the thermal paste are in contact. Thus,
Fig. 13b shows the local heater base temperature versus
local vapour quality for increasing heat fluxes. Finally,
Fig. 14 shows the local heat transfer coefficient as a func-
tion of the local vapour quality, for various mass velocities
between 281 and 1501 kg/m2 s, for fixed heat fluxes of 37.7
and 103.3 W/cm2.
Fig. 8 shows the heat transfer coefficient versus vapour
quality at mass velocities of 280.7 kg/m2 s. At low heat flux
(q < 27 W/cm2) the heat transfer coefficient increases with
vapour quality and increases very little with heat flux.
For moderate heat fluxes (27 6 q 6 49.5 W/cm2, the heat
transfer coefficient varies little with vapour quality and
increases with heat flux. At higher heat fluxes
(q > 49.5 W/cm2, the heat transfer coefficient decreases
strongly with the vapour quality and decreases slightly with
heat flux.



Fig. 11. Local flow boiling heat transfer coefficient versus local vapour quality for increasing base heat fluxes. Mass velocity of 988 kg/m2 s.

Fig. 12. Local flow boiling heat transfer coefficient versus local vapour quality for increasing base heat fluxes. Mass velocity of 1370 kg/m2 s.
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Fig. 9 shows the heat transfer coefficient versus vapour
quality at mass velocities of 550 kg/m2 s. At low heat flux
(q < 27 W/cm2) the heat transfer coefficient increases with
vapour quality and increases very little with heat flux. For
moderate heat fluxes (27 6 q 6 95.6 W/cm2, the heat trans-
fer coefficient varies little with vapour quality and increases
with heat flux. At higher heat fluxes (q > 95.6 W/cm2, the
heat transfer coefficient decreases strongly with the vapour
quality and decreases with the heat flux.

Figs. 10 and 11 show the heat transfer coefficient versus
vapour quality at mass velocities of 810.7 and 988.3 kg/
m2 s. At low heat flux (q < 27 W/cm2) the heat transfer
coefficient increases with vapour quality and increases very
little with heat flux. For moderate heat fluxes (27 6 q 6
134.6 W/cm2), the heat transfer coefficient varies little with
vapour quality and increases with heat flux. At higher heat
fluxes, the heat transfer coefficient decreases strongly with
the vapour quality and is independent of the heat flux.
For q > 189.4 at 988.3 kg/m2 s and 166.1 at 810.7 kg/
m2 s, the heat transfer coefficient versus vapour quality
curve presents a maximum around x = 0.2, then decreases
steeply with vapour quality and heat flux.

Fig. 12 shows the heat transfer coefficient versus vapour
quality at mass velocities of 1370.1 kg/m2 s. At low heat



B. Agostini et al. / International Journal of Heat and Mass Transfer 51 (2008) 5400–5414 5411
flux (q < 27 W/cm2) the heat transfer coefficient increases
very slightly with vapour quality and increases little
with heat flux, although more than in the preceding
figures. For higher heat fluxes the heat transfer coefficient
varies little with vapour quality and increases with heat
flux.

Analysis of all these figures leads to the identification of
three characteristic trends:

(i) At very high heat fluxes, the heat transfer coefficient
increases with mass velocity and decreases with
increasing heat flux (situation reached only in Figs.
8–11). It was found that the transition heat flux at
a

b

Fig. 13. (a) Flow boiling heat transfer coefficient versus channel wall heat flux a
vapour quality for increasing base heat fluxes.
which this behaviour is noticeable is proportional to
the mass velocity and occurs when qb > 0.14 � G W/
cm2 (correlation coefficient of 0.97). Furthermore,
two sub-trends can be identified in this region:
(a) for Bo < 1.35 � 10�2 the heat transfer coefficient

decreases monotonically with the vapour quality;
(b) for Bo > 1.35 � 10�2 and 800 < G < 1100 kg/m2 s,

a peak in the heat transfer coefficient curve
appears at x � 0.2.
(ii) At medium heat fluxes (60 < qb < 0.14 � G W/cm2) the
heat transfer coefficient is almost independent of
vapour quality and increases with heat flux.
Fig. 13a shows that in this region a increases like
t low vapour quality (2–8%). (b) Local base temperature of die versus local
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q0:67
w . Besides, a is independent of G for low and med-

ium G (<1200 kg/m2 s) and decreases with increasing
G at high G (>1200 kg/m2 s).

(iii) At low vapour quality (x < 0.1), low heat flux
(qb < 60 W/cm2 in Fig. 13a) and low to medium mass
velocities (G < 1200 kg/m2 s), the heat transfer coeffi-
cient increases with vapour quality and is slightly
dependent on heat flux and mass velocity.

For trend (i) the peak and subsequent steep decline in
the heat transfer coefficient corresponds to the appearance
of larger fluctuations in the measured base temperatures
a

b

Fig. 14. Flow boiling heat transfer coefficient versus local vapour quality for i
(b).
and an increase of the heater base temperatures as shown
in Fig. 13b. Actually, for trends (ii) and (iii) the statistical
fluctuation in the five base temperature measurements is
constant with vapour quality, heat flux and mass velocity,
approximately equal to 0.02 K. However, at the same time
as the heat transfer coefficient starts decreasing quickly
with vapour quality, these fluctuations increase up to
0.3 K for the RTD nearest to the exit of the channels but
the amplitude of the fluctuations decreases for RTDs closer
to the channel inlet. This behaviour is consistent with the
occurrence of partial and intermittent dry-out near the exit
of the channels, where the vapour quality is higher (but
ncreasing mass velocities, for base heat fluxes of 37.7 (a) and 103.3 W/cm2
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should have no influence on the operation of microproces-
sor chip). This is much smaller than the 30 K fluctuations
observed for water by Prasher et al. [26]. Besides, the
increase of the heat transfer coefficient with mass velocity
is limited, since for a 5.3 times increase in mass velocity
the corresponding increase in heat transfer coefficient is
only 1.3 at most.

At first glance trend (ii) could be assimilated to nucleate
boiling, since the relationship a / q0.67 is characteristic of
nucleate boiling on macrotubes. Actually, an analysis
totally different from macroscale models has been pre-
sented by Thome et al. [11], who proposed a three-zone
model for the elongated bubble flow regime, which is dom-
inant in microchannels. This new model was shown to pre-
dict the same heat flux dependence of the heat transfer
coefficient as in Fig. 13a with a more realistic heat transfer
mechanism. A quantitative comparison of this model with
the present data is provided in part II. In this region the
heater base temperature is very uniform as shown in
Fig. 13b. For example the maximal temperature variation
along the channels is only 3 K at 200 W/cm2 (before the
onset of dry-out), which is a big advantage over liquid
cooling.

It is not clear why the heat transfer coefficient reaches a
maximum and starts to decrease with increasing mass
velocity for G > 1200 kg/m2 s. However, this is not very
significant since for a 5.3 times increase in mass velocity
the corresponding decrease in the heat transfer coefficient
is only 30% at most.

The transition from trend (iii) to trend (ii) occurs for a
constant base heat flux in the range of 18–22 W/cm2 what-
ever the mass velocity. Trend (iii) happens at low heat flux
and low vapour quality so that in this region the heat trans-
fer should be strongly dependant on the bubble formation
mechanism. Notably, in the present study the bubbles are
not generated by a classical wall nucleation process but
by cavitation induced by the constrictions at the entrance
of each channel. As a consequence, the bubble frequency
and therefore the heat transfer coefficient should not
depend on the heat flux in this region. If there were no such
inlet constrictions this region would correspond to the
superheated liquid occurring before classical nucleation
starts. At higher heat fluxes, bubbles could also be created
by classical wall nucleation, which could explain this tran-
sition of the heat transfer trend. Furthermore, one must
also consider that the flow enters the channel as a jet
through the orifice, impinging on the base of the micro-
channel before turning and flowing downstream.

7. Conclusions

Local heat transfer coefficients were measured for refrig-
erant R236fa boiling in a silicon multi-microchannel heat
sink for a large range of heat fluxes, mass velocities and
vapour qualities. Three main heat transfer trends were out-
lined. At low heat flux, vapour quality and mass velocity,
the heat transfer coefficient increased with vapour quality
and was independent of heat flux and mass velocity. At
medium heat fluxes the heat transfer coefficient was almost
independent of the vapour quality and increased with heat
flux. Besides, the heat transfer coefficient was weakly
dependant on the mass velocity. At very high heat fluxes
the heat transfer coefficient increased weakly with mass
velocity and decreased with increasing heat flux. This later
trend is probably due to intermittent dry-out before reach-
ing CHF. These results contrast significantly with macro-
scale flow boiling trends. In particular, the convective
boiling regime does not seem to exist in microchannels.
The predominance of heat transfer coefficients mainly
dependent on heat flux reported by an increasing number
of studies is confirmed.
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