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Flow boiling heat transfer in a single circular micro-channel of 0.19 mm ID has been experimentally
investigated with R123 and R134a for various experimental conditions: heat fluxes (10, 15, 20 kW/m2),
mass velocities (314, 392, 470 kg/m2 s), vapor qualities (0.2–0.85) and different saturation pressures
(158, 208 kPa for R123; 900, 1100 kPa for R134a). The heat transfer trends between R123 and R134a
are clearly distinguished. Whether nucleate boiling is suppressed at low vapor quality or not determines
the heat transfer trend and mechanism in the flow boiling of micro-channels. High convective heat trans-
fer coefficients in the two-phase flow of micro-channels enables nucleate boiling to be suppressed even at
low vapor quality, depending on the wall superheat requirement for nucleate boiling. In the case of early
suppression of nucleate boiling, specifically R123, heat transfer is dominated by evaporation of thin liquid
films around elongated bubbles. In the contrary case, namely R134a, nucleate boiling is dominant heat
transfer mechanism until its suppression at high vapor quality and then two-phase forced convection
heat transfer becomes dominant. It is similar to the heat transfer characteristic of macro-channels except
the enhancement of nucleate boiling and the short forced convection region.

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

Micro-channels have their intrinsic advantages in heat exchan-
ger application. They have larger contact area with fluid per unit
volume and withstand higher pressure than macro-channels. The
heat transfer coefficient inside them is, moreover, much higher at
similar operating condition than that of macro-channels. An evap-
orative compact heat exchanger with micro-channels has been
applied to many fields which need large heat transfer in limited
space. It is used in a micro heat pump for microprocessor cooling
or a portable cooling device (Munkejord et al., 2002), small scale
stationary auxiliary power units (APU) based upon fuel cell tech-
nology (Kolb et al., 2007), a CO2 transcritical system (Yun et al.,
2005), and a cryosurgical probe for ablating tumors or treating
heart arrhythmia (Marquardt et al., 1998).

Many researches have been done on the topic of flow boiling
heat transfer in a micro-channel which is essential to design such
an evaporative compact heat exchanger. Bao et al. (2000) mea-
sured local flow boiling heat transfer coefficients for R11 and
R123 in a smooth copper tube with an inner diameter of
1.95 mm. Their experimental conditions were heat fluxes from 5
to 200 kW/m2, mass velocities from 50 to 1800 kg/m2 s, vapor
qualities from 0 to 0.9 and system pressures from 200 to
ll rights reserved.
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500 kPa. They observed that heat transfer coefficients were strong
functions of heat flux and system pressure but had very small mass
velocity and vapor quality effects. They concluded that nucleate
boiling was the dominant heat transfer mechanism in a micro-
channel. Owhaib et al. (2004) investigated flow boiling heat trans-
fer of R134a in vertical tubes with inner diameters of 1.7, 1.224 and
0.826 mm. They measured heat transfer coefficients for the heat
flux range of 3–34 kW/m2, the mass velocity range of 50–400 kg/
m2 s, vapor qualities up to 0.6 and two different system pressures
of 645.8 and 862.6 kPa. It was found that heat transfer coefficients
were highly dependent on heat flux and system pressure but mod-
erately independent on mass velocity and vapor quality. Addition-
ally, the heat transfer coefficients increased with decreasing inner
diameter. Similar to Bao et al. (2000), they suggested nucleate boil-
ing as the main heat transfer mechanism. Yun et al. (2005)
reported local flow boiling heat transfer coefficients for CO2 in rect-
angular micro-channels with hydraulic diameters from 1.08 to
1.54 mm. The experiment was performed at heat fluxes from 10
to 20 kW/m2, mass velocities from 200 to 400 kg/m2 s and satura-
tion temperatures of 0, 5 and 10 �C. Their results indicated signifi-
cant effects of heat flux and saturation pressure on a heat transfer
coefficient like previous studies. The decrease of hydraulic diame-
ter also increased the heat transfer coefficient. Many experimental
studies together with Bao et al. (2000), Owhaib et al. (2004) and
Yun et al. (2005) have shown that flow boiling heat transfer coef-
ficients in micro-channels are mainly dependent on heat flux and
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Table 1
Macro-to-micro channel threshold diameter for present experimental conditions
(unit: mm).

Refrigerant Kew and
Cornwell
(1997)

Kandlikar
and
Grande
(2003)

Kutateladze
and
Gogonin
(1979)

Jensen and
Memmel
(1986)

Borishanskiy
et al. (1981)

R123 1.905–1.961 0.2 0.243–0.267 0.272–0.295 0.417–0.473

R134a 1.475–1.561 0.2 0.185–0.196 0.208–0.220 0.211–0.232
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saturation pressure with small effect of mass velocity and vapor
quality and suggested the nucleate boiling as a dominant heat
transfer mechanism in micro-channel (Ribatski et al., 2006).
Several studies such as Yan and Lin (1998) and Ohta et al.
(2006), however, reported the existence of a two-phase forced con-
vection region at high vapor quality where the heat transfer coef-
ficient increased in proportion to mass velocity and had no effect
of heat flux. Despite of many experimental studies, the heat trans-
fer trends among them showed a little or large difference depend-
ing on the experimental conditions and the reason has not been
clearly explained yet (Ribatski et al., 2006). It prevents us from
finding out a general correlation for the flow boiling heat transfer
coefficient in micro-channels. Further experimental researches
are still necessary to understand the physical phenomena of vari-
ous heat transfer trends.

Another important problem about flow boiling heat transfer
in micro-channels is how small a channel can be classified as
a micro-channel where the characteristics of heat transfer,
two-phase flow patterns and pressure drops start to deviate
from those of conventional channels. The macro-to-micro chan-
nel threshold diameter tells us the lower limit where the predic-
tion methods of macro-channels for heat transfer coefficients,
two-phase flow patterns and pressure drops can be applied with
reliability. Moreover, the criterion helps to select correct micro-
channel data among numerous experimental data for the analy-
sis of micro-channel flow boiling. It reduces the confusion result-
ing from the mixed data of micro-channels and macro-channels
in the analysis. Kew and Cornwell (1997) introduced a confine-
ment number, Co and suggested the threshold criterion with
limited data as

Co ¼ r
gðqL � qVÞD

2
h

" #1=2

> 0:5 ð1Þ

where r is surface tension, g is the gravitational acceleration, Dh is
the hydraulic diameter of a flow channel and qL and qV are fluid
densities of liquid and vapor phases, respectively. Jacobi and Thome
(2002) proposed the conceptual criterion that bubble growth is con-
fined by the channel wall, i.e. the channel diameter is similar to the
bubble departure diameter. They, however, didn’t present any prac-
tical correlation. In spite of several attempts, the reliable correlation
for the threshold criterion has not been established yet due to lack
of reliable experimental data to deduce the criterion and different
trends among experimental data. Further experimental studies for
the threshold criterion are also required together with those on heat
transfer characteristics.

This paper describes an experimental investigation on the
flow boiling heat transfer of R123 and R134a in a single circular
micro-channel with the inner diameter of 0.19 mm. The test flu-
ids of R123 and R134a have considerable differences of proper-
ties at ambient saturation temperature, such as saturation
pressure, surface tension and liquid viscosity. Surface tension
and liquid viscosity of R123 are nearly twice as large as those
of R134a at ambient saturation temperature. Those properties
have a direct influence on the fluid dynamic behavior of liquid
and vapor flows in the flow boiling of micro-channels. Further-
more, saturation pressure and surface tension are important
properties determining the wall superheat requirement for
nucleate boiling. The change of heat transfer trends according
to test fluid is investigated for various experimental conditions:
heat fluxes (10, 15, 20 kW/m2), mass velocities (314, 392,
470 kg/m2 s), vapor qualities (0.2–0.85) and different saturation
pressures. The heat transfer mechanism for each heat transfer
trend, main parameters responsible for the variation of trends
and its physical significance in the flow boiling heat transfer of
micro-channels are also discussed.
2. Experimental apparatus and test conditions

2.1. Determination of channel diameter

It is very important to determine test channel diameter to use
the data obtained from the experiment as fundamental data for
the analysis of flow boiling heat transfer characteristics and mech-
anisms in micro-channels. The inner diameter of the test channel,
therefore, was determined to satisfy the micro-channel criterion in
consideration of the macro-to-micro channel threshold diameters
which were suggested by several typical previous studies. The
threshold diameters proposed by Kew and Cornwell (1997), Kan-
dlikar and Grande (2003) and Jacobi and Thome (2002) were used
for the purpose. Table 1 shows the threshold diameters which cor-
respond to present experimental conditions. Kandlikar and Grande
(2003) classified the range from 10 to 200 lm as micro-channels
for two-phase flow applications; it was extended from the channel
classification for gas flow. The threshold diameters suggested by
Kew and Cornwell (1997) and Jacobi and Thome (2002) are already
presented in the introduction section of this paper. The correla-
tions for the bubble departure diameter in nucleate pool boiling,
namely Kutateladze and Gogonin (1979), Jensen and Memmel
(1986) and Borishanskiy et al. (1981), were used for the conceptual
threshold diameter which Jacobi and Thome (2002) proposed.
Dupont and Thome (2004) suggested that the bubble departure
diameter in nucleate pool boiling can be considered as the approx-
imation of the conceptual threshold diameter of Jacobi and Thome
(2002). The correlations for the bubble departure diameter in
nucleate pool boiling are summarized in Appendix A. The present
channel diameter (0.19 mm) satisfies most of the micro-channel
criterions as shown in Table 1.
2.2. Experimental setup and conditions

Fig. 1 shows the schematic diagram of an experimental appara-
tus. The experimental apparatus consisted of a closed loop: the res-
ervoir, the subcooler, the magnetic gear pump, the sintered metal
filter, the Coriolis mass flow controller, the temperature-adjusted
entrance, the preheater, the test section and the condenser. Test
fluid flowed along this closed loop in the direction of arrow. The
reservoir had two thermoelectric modules attached on its opposite
sides. The system pressure was controlled by adjusting the temper-
ature of test fluid in the reservoir with thermoelectric modules
because the test fluid was at a saturation state. The subcooler with
a thermoelectric module made test fluid fully subcooled to prevent
cavitation at the magnetic gear pump. Some of the test fluid
pushed by the magnetic gear pump came back to the reservoir
through a bypass line and the rest flowed into the test section.
The mass flow rate of the test fluid passing the test section was
controlled and simultaneously measured by the Coriolis mass flow
controller (Brooks Instrument, QMBC2L). The test fluid past the
mass flow controller became a moderately subcooled state by the
temperature-adjusted entrance with a thermoelectric module
and flowed into the preheater. The preheater controlled the vapor



Fig. 1. Experimental apparatus.
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quality of the test fluid which went into the test section. The test
fluid returned to the reservoir past the condenser after heat trans-
fer coefficients were measured in the test section.

The preheater and the test section were thermally insulated by
a vacuum chamber. A great deal of attention was paid to the heat
loss minimization because the mass flow rate was so small that the
measured results were very sensitive to heat loss. Multilayer insu-
lation was applied around the preheater and the test section to
reduce heat loss by radiation. Band and plate heaters were also
installed on the top flange and the side wall of the vacuum cham-
ber to make its temperature similar to that of experimental condi-
tions and reduce heat loss by free molecular conduction and
radiation. The heat loss in the test section was measured by a pre-
liminary heating experiment. While the inside of the test section
was maintained at a vacuum, the heat was applied to the test sec-
tion in the experiment. The total heat applied to the test section, is
transferred to the outside because the inside of the test section is in
a vacuum and no fluid flow taking the heat exists. The heat applied
to the test section, therefore, can be considered as the heat going
Fig. 2. Test
outside, namely heat loss in the test section. The temperature dif-
ferences between the outer wall of the micro-channel and the out-
side of the vacuum chamber were measured according to the
amount of heat applied to the test section. The correlation of heat
loss was obtained as the function of the temperature difference
between the outer wall of the micro-channel and the outside of
the vacuum chamber. The heat loss in the flow boiling experiment
was estimated approximately within 11.8 mW, 4.7–9.5% of heat
input. Details of the test section are shown in Fig. 2. The inner
and outer diameters of the micro-channel were 0.19 and
1.59 mm, respectively. It was made of stainless steel (Stainless
steel 316) and the length was 31 mm. Both ends of the micro-chan-
nel were connected with thin stainless steel tubes with the thick-
ness of 0.3 mm, the length of 35 mm and the outer diameter of
1.59 mm to reduce heat loss by conduction. The heat input was
applied to the test section by the indirect heating method that uses
the Joule heating of the nichrome wire (OD: 0.2 mm) wound
around the outside wall as shown in Fig. 2. Thermally conductive
silicon adhesive (Dow Corning, SE4485) was filled for better
section.



Table 2
Error of sensors and measuring instruments.

Sensor or measuring instrument Error

Coriolis mass flow controller ±1.4 � 10�7 kg/s
Absolute pressure transducer ±0.3 kPa (for R123), ±3.4 kPa (for R134a)
Differential pressure transducer ±0.9 kPa
E-type thermocouple ±0.1 K
Voltmeter (Keithley 175A) ±3 mV
Ammeter (Fluke 187) ±0.4 mA

Table 3
Experimental conditions.

Parameter Condition

Heat flux 10, 15, 20 kW/m2

Mass velocity 314, 392, 470 kg/m2 s
Vapor quality 0.2–0.85
Saturation pressure (saturation

temperature)
R123: 158 kPa (40.7 �C), 208 kPa
(49.3 �C)
R134a: 900 kPa (35.5 �C), 1100 kPa
(43.0 �C)

990 S. In, S. Jeong / International Journal of Multiphase Flow 35 (2009) 987–1000
thermal contact between the outer wall of the channel and the ni-
chrome wire, which were fixed by Stycast 2850FT epoxy. The indi-
rect heating method was also applied to the preheater where the
nichrome wire was wound around the stainless steel tube
1.59 mm in outer diameter, 0.3 mm in thickness and 43 mm in
length. The currents applied to the nichrome wires of the preheater
and the test section were provided by the precision DC power sup-
ply (FinePower, FD-1508D). A single E-type thermocouple with the
outer diameter of 0.127 mm was soldered on the outer surface of
the micro-channel for the measurement of channel surface tem-
perature. Three E-type thermocouples with the outer diameter of
0.025 mm were inserted into the preheater inlet, the test section
inlet and the test section outlet for the measurement of test fluid
temperatures, respectively. The cold junctions of thermocouples
were maintained at 0 �C by an ice point calibration reference
chamber (OMEGA, TRCIII). The pressures of test fluid were also
measured at the same places with inserted thermocouples by
two absolute pressure transducers (Sensotec, FPA-1-KH for R123,
FPA-1-CR for R134a) and one differential pressure transducer (Val-
idyne, DP10-42). The thermocouples used in the experiment had
been calibrated for the temperature range of experimental condi-
tions with ASTM certified glass thermometers (OMEGA; ASTM-
63C, 64C, 65C, 66C). In addition, the calibration of the pressure
transducers had been carried out for the pressure range of experi-
mental conditions with the internal pressure modules of a MC5
multifunction calibrator (Beamex; Module INT60, Module INT1C).
Voltage drops and currents in the nichrome wires wound around
the preheater and the test section were measured by digital mul-
timeters (Keithley 175A for voltage drop, Fluke 187 for current).
The accuracy of sensors and measuring instruments which makers
guarantee and the standard estimation errors of thermocouples
and pressure transducers after calibration are shown in Table 2.
The experiment was performed for each test fluid (R123, R134a)
with the variation of four parameters: heat flux, mass velocity, va-
por quality and saturation pressure. The experimental conditions
are summarized in Table 3.

3. Data reduction

The local flow boiling heat transfer coefficient, h, is defined as
the heat flux into test fluid divided by wall superheat.

h ¼ q00

Twi � TSAT
ð2Þ
where q00 is the heat flux into test fluid, Twi is the inner wall temper-
ature of the micro-channel and TSAT is the saturation temperature of
test fluid. The heat flux is calculated by dividing the rate of heat
generation in the test section by the heated inner surface area of
the micro-channel. The rate of heat generation is determined by
the product of voltage drop, Vt, and current, It, measured at the ni-
chrome wire wound around the test section.

q00 ¼ It � V t

p � Di � Lh
ð3Þ

where Di and Lh are the inner diameter and the heating length of the
micro-channel, respectively. The inner wall temperature is calcu-
lated from the measured outer wall temperature using a one-
dimensional heat conduction equation as

Twi ¼ Two � _qt �
lnðDo=DiÞ

2 � p � Lh � kc
ð4Þ

where Two is the outer wall temperature of the micro-channel, _qt is
the rate of heat generation in the test section and, Do and kc are the
outer diameter and the thermal conductivity of the micro-channel,
respectively. The saturation temperature of test fluid is determined
by its saturation pressure calculated from the inlet pressure and the
pressure drop measured in the test section. The followings are de-
tails for the calculation of the saturation pressure. As shown in
Fig. 2, the test section has a sudden contraction and a sudden
enlargement at the inlet and the outlet of the micro-channel with
a sharp edge respectively. The pressure drop measured in the test
section, therefore, includes the pressure drop by the sudden con-
traction at the micro-channel inlet and the pressure recovery by
the sudden enlargement at the micro-channel outlet as well as
the pressure drop in the micro-channel; the pressure drop in the
thin stainless steel tubes connected with both ends of the micro-
channel is negligible. The micro-channel inlet pressure (pressure
just downstream of the sudden contraction) and the micro-channel
outlet pressure (pressure just upstream of the sudden enlargement)
are calculated from the inlet pressure and the pressure drop mea-
sured in the test section using pressure correlations for a sudden
contraction and a sudden enlargement. Finally, the local saturation
pressure is determined from the micro-channel inlet pressure and
the micro-channel outlet pressure with the assumption that the
pressure drop in the micro-channel is linear. The pressure drop
and the pressure recovery at the sudden contraction and the sudden
enlargement are determined by the pressure correlations which
Collier and Thome (1994) suggested, respectively. The pressure
drop at the sudden contraction is calculated as

DPC ¼
G2

2 � qL

1
CC
� 1

� �2

þ 1� R2
A

� �" #
� 1þ qL

qV
� 1

� �
� x

� �
ð5Þ

where G is mass velocity in the micro-channel, qL and qV are liquid
density and vapor density, respectively, x is vapor quality and RA is a
cross sectional area ratio, a small cross sectional area divided by a
large cross sectional area. The contraction coefficient, CC is deter-
mined from the following equation proposed by Chisholm (1983).

CC ¼
1

0:639 � ð1� RAÞ0:5 þ 1
ð6Þ

The pressure recovery at the sudden enlargement is calculated as

DPE ¼
G2

qL
� RA � ð1� RAÞ � 1þ qL

qV
� 1

� �
� x

� �
ð7Þ

Though the pressure drop and the pressure recovery at the sudden
contraction and the sudden enlargement were considered for calcu-
lation of the saturation pressure, the pressure changes by the sud-
den contraction and the sudden enlargement were very small
compared with the pressure drop in the micro-channel.



Fig. 3. Comparison of experimental data with theoretical values in single phase
heat transfer.
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The vapor quality is determined on a thermodynamic basis with
saturation pressure and specific enthalpy at the measuring point.
The specific enthalpy is calculated from an energy balance equa-
tion as follows.

imp ¼ ipre þ
_qpre

_m
þ

_qt

_m
� xh

Lh
ð8Þ

where imp is specific enthalpy at the measuring point, ipre is specific
enthalpy at the preheater inlet determined by the temperature and
the pressure measured at that point, _qpre is the rate of heat generation
by the Joule heating of the nichrome wire in the preheater, _m is the
mass flow rate of test fluid and xh is the distance from the upstream
end of the heating region to the measuring point in the test section.

All the thermodynamic, transport and physical properties of
R123 and R134a, including density, enthalpy, viscosity, thermal
conductivity, and so on, were obtained from software REFPROP
version 8.0 developed by the National Institute of Standards and
Technology (NIST). The propagation of the measurement uncer-
tainties through data reduction was estimated by software EES
(F-chart software, version 7.952). Based on the calculation method
suggested by Taylor and Kuyatt (1994), the EES software estimates
the uncertainty of the resultant variable through data reduction
from the uncertainties of measured variables. The measurement
uncertainties in the present experiment are shown in Table 2. Fur-
thermore, the uncertainty of heat input was considered in the cal-
culation of uncertainty propagation. From the preliminary heating
experiment, the heat loss in the flow boiling experiment was esti-
mated within 11.8 mW, 4.7–9.5% of heat input as mentioned in the
Section 2.2. The maximum uncertainty of heat transfer coefficients
in the flow boiling heat transfer was estimated at ±13.8% from the
analysis of uncertainty propagation.
Fig. 4. Effect of mass velocity on flow boiling heat transfer coefficients of R123 with
respect to vapor quality at different heat fluxes and saturation pressures.
4. Experimental results and discussion

4.1. Single phase heat transfer

The validity of the present experimental apparatus was exam-
ined by the experiment with subcooled R123 in single phase heat
transfer. Single phase heat transfer coefficients were measured at
mass velocities of 392 and 470 kg/m2 s with two different heat
fluxes of 7 and 9 kW/m2. The mass velocity conditions are the same
as those given in the flow boiling experiment except the mass
velocity condition of 314 kg/m2 s. The heat loss was considered
in data reduction for heat transfer coefficients because the error
by heat loss was large compared with flow boiling heat transfer.
The heat transfer coefficient in single phase heat transfer is much
smaller than that in flow boiling heat transfer and the fluid tem-
perature in single phase heat transfer increases according to ap-
plied heat flux contrary to flow boiling heat transfer. It leads to
high test section surface temperature and large heat loss compared
with flow boiling heat transfer. Fig. 3 shows the comparison of
experimental data with theoretical values where NuD and GzD rep-
resent Nusselt number and Graetz number based on the inner
diameter of the micro-channel, respectively. The theoretical values
are for laminar flow in a uniform heat flux condition and given by
Kays and Crawford (1993). The experimental data shows a good
agreement with the theoretical values.

4.2. Flow boiling heat transfer characteristics

4.2.1. Heat transfer characteristics in flow boiling of R123
Fig. 4 shows the effect of mass velocity on the flow boiling heat

transfer of R123, which is plotted along the vapor quality at differ-
ent heat fluxes and saturation pressures. The strong effect of mass
velocity is found at low saturation pressure, while insignificant at
high saturation pressure. At low vapor quality, the heat transfer
coefficient generally increases according to the increase in mass
velocity, which is remarkable at the high heat flux condition of
low saturation pressure as shown in Fig. 4(a). The increase in mass
velocity, however, results in the deterioration of heat transfer at
high vapor quality, which results from the intermittent dry-out
of the liquid film surrounding elongated bubbles. Its detail will
be discussed in the next section of the heat transfer mechanism.

The effect of heat flux on flow boiling heat transfer at several
mass velocities and saturation pressures is shown in Fig. 5. The
heat transfer coefficient is increased by heat flux. The effect is more
significant at high vapor quality than at low vapor quality. The heat



Fig. 5. Effect of heat flux on flow boiling heat transfer coefficients of R123 with
respect to vapor quality at different mass velocities and saturation pressures.

Fig. 6. Effect of saturation pressure on flow boiling heat transfer coefficients of
R123 with respect to vapor quality at different mass velocities and heat fluxes.

Fig. 7. Effect of mass velocity on flow boiling heat transfer coefficients of R134a
with respect to vapor quality at different heat fluxes of saturation pressure,
1100 kPa.
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transfer trend with regard to vapor quality, however, changes at
the high mass velocity condition of low saturation pressure and
the deterioration of heat transfer coefficients by heat flux also oc-
curs. The change of the heat transfer trend and the deterioration of
heat transfer coefficients result from the intermittent dry-out
which is promoted by high mass velocity as mentioned in the
above paragraph.

The saturation pressure effect is examined through the rear-
rangement of experimental data as shown in Fig. 6. The change
of heat transfer coefficients by saturation pressure depends on
experimental conditions: mass velocity and heat flux. The change
is significant at the high mass velocity condition, while small at
the low mass velocity condition.

4.2.2. Heat transfer characteristics in flow boiling of R134a
The heat transfer characteristics of R134a are substantially dif-

ferent from those of R123. Fig. 7 shows the effect of mass velocity
on the flow boiling heat transfer coefficient of R134a at different
heat fluxes. The mass velocity effect is small except high vapor
quality where the relatively large increase in heat transfer coeffi-
cients by mass velocity rise is observed. The heat transfer coeffi-
cients, moreover, have almost constant values at low and
intermediate vapor quality which means the insignificant vapor
quality effect.

Fig. 8 indicates the effect of heat flux on flow boiling heat trans-
fer at different mass velocities. The definite increase in heat trans-
fer coefficients is found by heat flux rise at low vapor quality. The
heat flux effect, however, becomes smaller and smaller as vapor
quality increases, and finally disappears at high vapor quality. In
addition, the decline of the heat flux effect becomes more obvious
at high mass velocity. It resembles the suppression of nucleate
boiling at high vapor quality of macro-channels; the suppression
effect also gets larger at high mass velocity.

The saturation pressure effect at different mass velocities is
shown in Fig. 9. The heat transfer coefficients increase with the in-
crease in saturation pressure. Like the heat flux effect, the satura-
tion pressure effect becomes smaller and smaller as vapor quality
increases, and insignificant at high vapor quality. It is also similar
to the feature resulting from the suppression of nucleate boiling
at high vapor quality of macro-channels.

The boiling heat transfer coefficients of R134a indicate insignif-
icant mass velocity and vapor quality effects but strong depen-



Fig. 8. Effect of heat flux on flow boiling heat transfer coefficients of R134a with
respect to vapor quality at different mass velocities of saturation pressure,
1100 kPa.
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dence on heat flux and saturation pressure at low and intermediate
vapor quality. The heat transfer characteristics are similar to those
of a nucleate boiling region in macro-channels. The features of
two-phase forced convection, on the other hand, appear at high va-
por quality with large effects of mass velocity and vapor quality.
4.3. Flow boiling heat transfer mechanism

4.3.1. Heat transfer mechanism for the flow boiling of R123
The flow pattern of two-phase flow is closely related with the

flow boiling heat transfer in micro-channels as it is so in macro-
channels. Especially, the flow pattern has a critical effect on the
flow boiling heat transfer of R123 in micro-channels. The details
Fig. 9. Effect of saturation pressure on flow boiling heat transfer coefficients of
R134a with respect to vapor quality at different mass velocities and heat fluxes.
about it will be given at next paragraphs. Many flow pattern maps
for micro-channels have been reported in the literature, but they
were tentative (Thome, 2004) and had a disagreement on flow pat-
tern transition boundaries among them (Kawahara et al., 2002). It,
therefore, is still difficult to predict the flow pattern in the flow
boiling of micro-channels with reliability. Nevertheless, it is recog-
nizable what flow pattern is predominant in micro-channels from
the flow pattern observations reported in previous studies. Since
no stratification of the liquid occurs in micro-channels due to the
dominant surface tension force, the flow pattern observations in
micro-channels indicate that the flow pattern is represented by
the bubbly flow, the elongated bubble flow (intermittent flow),
the annular flow and the flow with partial dry-out (Thome, 2004;
Kandlikar, 2002). The bubbly flow only appears at subcooled boil-
ing or very low vapor quality, and the flow with partial dry-out
mainly exists at high vapor quality. The elongated bubble flow
and the annular flow, therefore, are considered as the primary flow
regimes in micro-channels. Lee and Mudawar (2005) observed the
flow pattern in the rectangular channel of 231 � 713 lm during
the flow boiling process of R134a. Their mass velocity range was
127–654 kg/m2 s similar to that in the present experiment. They
found that the transition from the slug flow (elongated bubble
flow) to the annular flow occurred at higher vapor quality than
in macro-channels where the transition mostly occurs at the vapor
quality of 0.25–0.35. The transition was sometimes observed even
beyond the vapor quality of 0.5 in their experiment. In addition,
Kawahara et al. (2002) investigated the two-phase flow pattern
in a 100 lm diameter circular tube with de-ionized water and
nitrogen gas. The superficial velocity ranges of liquid and gas were
jL = 0.02–4 m/s and jG = 0.1–60 m/s, respectively, in their experi-
ment. The ranges include the superficial velocities of liquid and va-
por applied to the present experiment. They observed that the
alternate flows of the liquid slug and the gas core with a liquid film
appeared with some time fraction according to their experimental
conditions. The time fraction and the liquid film shape depended
on the superficial velocities of liquid and gas. The authors classified
the flow pattern into four flow regimes based on the time fraction
and the liquid film shape: slug-ring flow, ring-slug flow, multiple
flow and semi-annular flow. Although the authors defined the flow
with very small time fraction of the liquid slug as a semi-annular
flow, all flow regimes in their experiment can be considered as
the elongated bubble flow in that the liquid slug exists between
gas cores with a liquid film. The studies by Lee and Mudawar
(2005) and Kawahara et al. (2002) suggest that the elongated bub-
ble flow is the dominant flow regime in the two-phase flow of mi-
cro-channels. The flow boiling heat transfer characteristics of R123
in the present experiment are well described by the heat transfer
model based on the elongated bubble flow regime. The behavior
of the liquid film thickness surrounding elongated bubbles in the
elongated bubble flow explains the effects of mass velocity, heat
flux and saturation pressure on the heat transfer coefficient in
the present experiment for R123. The details will be given at the
following paragraphs.

The heat transfer characteristics of R123 mentioned in the Sec-
tion 4.2.1 are clearly distinguished from those of macro-channels.
The heat transfer coefficients of macro-channels are dependent
on heat flux and saturation pressure at low vapor quality, but mass
velocity and vapor quality at high vapor quality. The heat transfer
features of R123 have a good qualitative agreement with the heat
transfer model based on the evaporation heat transfer of thin li-
quid films around elongated bubbles successively passing the mi-
cro-channel, namely elongated bubble flow regime. The heat
transfer model was suggested by Jacobi and Thome (2002) and
developed into the sophisticated model applicable to the flow boil-
ing in micro-channels by Thome et al. (2004). They made a theoret-
ical description of the transient variation of a local heat transfer
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coefficient in the elongated bubble flow, specifically the cyclic pas-
sage of a liquid slug, an elongated bubble and a vapor slug in case
that the liquid film around the elongated bubble is completely
evaporated. A time-averaged local heat transfer coefficient is ob-
tained from the transient local heat transfer coefficients predicted
by the model during the period of the cycle. The model, however,
includes three parameters which are difficult to predict theoreti-
cally, but have a strong effect on the heat transfer coefficient. They
are the minimum thickness of the liquid film at dry-out (dmin), the
correction factor for the initial thickness of the liquid film (Cd) and
the pair frequency of the bubble (f). Dupont et al. (2004) empiri-
cally optimized the values of the parameters according to the
experimental database taken from several independent studies
concerning the flow boiling heat transfer in micro/mini-channels.
The specific equations with respect to the heat transfer model
and the optimized parameters will not be given here because they
consist of a considerable number of equations which need the
explanation for a basic understanding. For the detailed equations,
the reader is recommended to refer to Thome et al. (2004) and Du-
pont et al. (2004). Though the use of the empirical parameter val-
ues in the model led to good predictions of heat transfer
coefficients for their experimental database, the general applica-
tion of the heat transfer model using the empirical parameter val-
ues seems to be difficult because the parameters are determined
only from the limited experimental database without the physical
base. In this section, we, therefore, focus on how the heat transfer
model can qualitatively describe our experimental results rather
than the direct comparison with the heat transfer model using
the empirical parameter values. Thome et al. (2004), in addition,
used a homogeneous model to calculate void fraction and two-
phase velocity at the desired vapor quality due to the absence of
a reliable void fraction model. The homogeneous model may be
acceptable because it made relatively good predictions of frictional
pressure drop in the two-phase flow of micro-channels according
to Ribatski et al. (2006). Ribatski et al. (2006) compared the exten-
sive experimental database for two-phase frictional pressure drop
in mini/micro-channels with various existing prediction methods
including the homogeneous model. The discussion on the heat
transfer mechanism of R123 in this section is also based on the
homogeneous model. The homogeneous model assumes that the
velocities of vapor phase and liquid phase are same. The equation
for void fraction is derived from the assumption as the function of
vapor quality (x), liquid density (qL) and vapor density (qV). Void
fraction (a) is expressed as

a ¼ AV

A
¼ qL � qV

ð1� xÞ � qV þ x � qL
� x
qV
¼ q

qV
� x ð9Þ

where A and AV are the cross sectional areas of the channel and
occupied by vapor phase, respectively, and q is average density of
two-phase fluid defined as

1
q
¼ 1� x

qL
þ x

qV
ð10Þ

The key parameter to determine heat transfer coefficients in this
heat transfer model is the liquid film thickness surrounding elon-
gated bubbles because the heat transfer in the vapor or liquid slugs
following the bubbles is very small. The heat transfer coefficients
are in inversely proportion to film thickness. Liquid film thickness
depends on mass velocity, heat flux, saturation pressure and vapor
quality. The three following paragraphs will explain how liquid film
thickness in the elongated bubble flow changes with respect to
mass velocity, heat flux, saturation pressure and vapor quality, what
effect the change of liquid film thickness has on heat transfer coef-
ficients and how well it describes our experimental results. The
explanations will be given in the order of the effects of mass veloc-
ity and vapor quality, the heat flux effect and the saturation pres-
sure effect on the heat transfer coefficient.

From fluid dynamics of the elongated bubble flow without
phase change by heat transfer, liquid film thickness at high bubble
velocity is determined by viscous boundary layer thickness (Aussil-
lous and Quéré, 2000). Its order of magnitude was presented by
Moriyama and Inoue (1996) and Thome et al. (2004) as follows.

d
D
� mL

Ub
� D

� �0:42

for
qL � D

r
� U2

b > 2 ð11Þ

where d and D are liquid film thickness and the channel diameter
respectively, mL is the kinematic viscosity of liquid, Ub is bubble
velocity, qL is liquid density and r is surface tension. In homoge-
nous flow, bubble velocity is calculated from Eq. (9) as

Ub ¼
G � x
qV � a

¼ G � x
qV
þ 1� x

qL

� �
ð12Þ

where G is mass velocity. The present experimental conditions sat-
isfy the criterion of Eq. (11). (qL�D�Ub

2/r > 549 in the present exper-
iment) Eqs. (11) and (12) indicate that the increase in mass velocity
or vapor quality leads to the decrease in liquid film thickness. The
heat transfer coefficient, therefore, increases with the increase in
mass velocity or vapor quality. Excess decrease in liquid film thick-
ness by mass velocity or vapor quality, however, gives rise to its
intermittent dry-out in flow boiling heat transfer where a portion
of the liquid film is completely evaporated by heat flux. Once the
intermittent dry-out occurs, the increase in mass velocity or vapor
quality decreases the heat transfer coefficient because the intermit-
tent dry-out region is expanded by heat flux according to the de-
crease in liquid film thickness. It explains that the heat transfer
coefficient decreases with the increase in mass velocity or vapor
quality at high vapor quality or high mass velocity where film thick-
ness is very thin as shown in Fig. 4. The change of liquid film thick-
ness by mass velocity or vapor quality in the elongated bubble flow
well describes the effects of mass velocity and vapor quality ob-
served in the experiment.

Liquid film thickness in flow boiling heat transfer is also af-
fected by heat flux because the evaporation by heat transfer occurs
at the liquid film. As the rear of the elongated bubble is ap-
proached, film thickness decreases more and more from its initial
thickness formed at the front meniscus of the bubble due to the
evaporation by heat flux. The initial thickness of the liquid film is
determined by Eq. (11). The relation between liquid film thickness
and heat flux is examined in detail with the analytic expression for
the decrement of liquid film thickness at the rear end of the elon-
gated bubble. With the assumption that liquid film thickness is
very thin compared with the inner radius of the channel and inter-
mittent dry-out of the film does not occur, the decrement of liquid
film thickness is expressed as

Dd ¼ q00

qL � ifg
tb ð13Þ

where q00 is heat flux, ifg is the enthalpy of vaporization and tb is the
bubble passing time which means the time it takes for an elongated
bubble to pass the position. Bubble passing time in Eq. (13) is deter-
mined as follows. When the main heat transfer mechanism is not
nucleate boiling but evaporation of thin liquid films around elon-
gated bubbles, the additional nucleation of bubbles does not occur
during a flow boiling process except for low vapor quality near zero
where elongated bubbles are formed. The bubble departure fre-
quency at the low vapor quality, therefore, determines the period
of pairs (liquid slug and elongated bubble) or triplets (liquid slug,
elongated bubble and vapor slug, namely intermittent dry-out)
which pass the channel successively. When intermittent dry-out
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R123 and R134a (q00: 15 kW/m2, PSAT: 158 kPa for R123, PSAT: 1100 kPa for R134a).
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does not take place, bubble passing time is consequently calculated
for homogeneous flow as follows.

tb ¼ s � q
qV
� x ¼ q

qV � f
� x ð14Þ

where s is the period of pairs, q is the average density of two-phase
fluid and f is the bubble departure frequency at the low vapor qual-
ity. With regard to the bubble departure frequency, the general cor-
relation in the flow boiling of micro-channels does not exist yet. Lie
and Lin (2005) performed some experiment about the saturated
flow boiling heat transfer of R134a in a horizontal narrow annular
duct with the gap of 1 and 2 mm, and suggested the empirical cor-
relations for the bubble departure diameter and its frequency. Their
correlations are used as alternatives in this paper. The correlations
are as follows.

dpffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
r=fg � ðqL � qVÞg

p ¼ 0:353 � qL

qV

� �0:5

Re�0:2
L � Bo0:2 � Co0:19 ð15Þ

f � dp

lL=ðqL � DhÞ
¼ 3:7 � Re1:33

L � Pr2
L � Bo0:725 � Co0:59 ð16Þ

where dp and f are the bubble departure diameter and its frequency
respectively, r is surface tension, g is the gravitational acceleration,
lL is the viscosity of liquid and Dh is the hydraulic diameter. ReL, PrL,
Bo and Co represent the Reynolds number of liquid flow, the Prandtl
number of liquid, the Boiling number and the Confinement number
defined as

ReL ¼
G � Dh � ð1� xÞ

lL
ð17Þ

PrL ¼
cP;L � lL

kL
ð18Þ

Bo ¼ q00

G � ifg
ð19Þ

Co ¼ r
gðqL � qVÞD

2
h

" #1=2

ð20Þ

where G is mass velocity, x is vapor quality, cp,L is the specific heat of
liquid at constant pressure, kL is the thermal conductivity of liquid,
q00 is heat flux and ifg is the enthalpy of vaporization. Eqs. (14) and
(16) indicate that bubble passing time is in inverse proportion to
heat flux. When heat flux increases, the bubble passing time term
in Eq. (13), therefore, decreases. The change rate of bubble passing
time, however, is less than the half of the heat flux change rate for
present experimental conditions. The decrement of liquid film
thickness at the rear end of the elongated bubble (Dd) in Eq. (13),
therefore, gets larger when heat flux is increased. Consequently,
average liquid film thickness becomes thinner and heat transfer
coefficients are increased by heat flux rise. Furthermore, the heat
flux effect gets larger at high vapor quality because the bubble pass-
ing time in Eq. (13) is proportional to vapor quality; the relation be-
tween bubble passing time and vapor quality is found in Eq. (14).
The heat flux effects shown in Fig. 5 except for the high mass veloc-
ity case of Fig. 5(a), therefore, are well described by the behavior of
liquid film thickness estimated from Eq. (13). On the other hand, the
high mass velocity case of Fig. 5(a) shows the different heat transfer
feature that the heat transfer coefficient sharply increases at low
vapor quality and then decreases at intermediate and high vapor
quality. The different heat transfer feature results from the inter-
mittent dry-out mainly by high mass velocity mentioned in the pre-
vious paragraph. The intermittent dry-out can occur by heat flux as
well as mass velocity and the deterioration of heat transfer coeffi-
cients by heat flux is found at low vapor quality of the high mass
velocity case of Fig. 5(a). The experimental results for the effects
of mass velocity and heat flux, however, indicate that the mass
velocity is more critical to the intermittent dry-out at present
experimental conditions.

Another factor affecting liquid film thickness is saturation pres-
sure, which changes the physical properties of fluid and the bubble
departure frequency. The density of saturated vapor is sensitive to
the change of saturation pressure while that of saturated liquid is
not; the density of saturated vapor increases as saturation pressure
rises. The bubble velocity, therefore, is faster for identical mass
velocity at low saturation pressure than at high saturation pressure
and consequently has a larger increment for the identical increase
in mass velocity because average density is smaller at low satura-
tion pressure. It makes the effect of mass velocity on liquid film
thickness larger at low saturation pressure. With regard to the
bubble departure frequency, it is found from Eq. (16) that the bub-
ble departure frequency decreases for identical conditions (mass
velocity, heat flux and vapor quality) as the saturation pressure de-
creases. When the saturation pressure decreases, the bubble pass-
ing time, therefore, increases from Eq. (14) because the bubble
departure frequency is proportional to the saturation pressure;
the change of the density ratio (q/qV) by pressure in Eq. (14) is neg-
ligible compared with that of the bubble departure frequency. The
increase in bubble passing time by the reduced saturation pressure
leads to the decrease in average liquid film thickness from Eq. (13);
the change of the denominator (qL�ifg) in Eq. (13) by pressure is
very small compared with that of the bubble passing time (tb). Li-
quid film thickness, therefore, gets thinner for identical heat flux at
low saturation pressure and the effect of heat flux on liquid film
thickness gets larger. As a consequence, the effects of mass velocity
and heat flux on liquid film thickness around the elongated bubble
become larger at low saturation pressure because the average den-
sity of fluid and the bubble departure frequency decrease in pro-
portion to saturation pressure. It means that the effects of mass
velocity and heat flux on heat transfer coefficients also become lar-
ger at low saturation pressure because heat transfer coefficients
are determined by liquid film thickness. It explains why the effects
of mass velocity and heat flux on heat transfer coefficients are
much larger at low saturation pressure as shown in Fig. 4 and 5.

As discussed up to now, the heat transfer characteristics of R123
in present experimental conditions are well described by the behav-
ior of liquid film thickness around elongated bubbles in the elon-
gated bubble flow. It suggests that the flow boiling heat transfer of
R123 in the present experimental conditions is dominated by the
evaporation of the thin liquid film around the elongated bubble.
4.3.2. Heat transfer mechanism for the flow boiling of R134a
The experimental results of R134a show that the heat transfer

characteristics are clearly different from those of R123 even for
the same micro-channel size. Fig. 10 indicates the difference by
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comparing mass velocity effects in the flow boiling heat transfer of
R123 and R134a. As shown in Figs. 7–9, the flow boiling heat trans-
fer of R134a have insignificant dependence on mass velocity and
vapor quality while strong dependence on heat flux and saturation
pressure at low and intermediate vapor quality, which are similar
to the characteristics of nucleate boiling. The features of two-phase
forced convection, on the other hand, appear at high vapor quality
with the large effects of mass velocity and vapor quality. Neverthe-
less, it is necessary to check whether the heat transfer mechanism
applied to the flow boiling heat transfer of R123, namely evapora-
tive heat transfer of thin liquid films around elongated bubbles,
also dominates that of R134a, because the experimental data of
R123 sometimes show the heat transfer characteristics of R134a
at a specific experimental condition. For example, the high mass
velocity case of Fig. 5(a) indicates insignificant vapor quality and
strong heat flux effects on heat transfer coefficients. Liquid film
thickness between R123 and R134a for identical mass velocity
and heat flux conditions is compared to check whether the heat
transfer mechanism by the evaporation of a liquid film is applied
to the flow boiling heat transfer of R134a in the present experi-
ment. The initial liquid film thickness ratio and the liquid film
thickness decrement ratio of R134a to R123 are calculated for the
comparison. The ratio of the initial liquid film thickness formed
at the front meniscus of an elongated bubble is determined by
Eq. (11). The decrement of liquid film thickness by heat flux at
the rear end of the elongated bubble is calculated from Eqs. (13)
and (14). In the comparison, the saturation pressures of R123
and R134a are 158 and 1100 kPa, respectively, and the vapor qual-
ity is 0.2. The initial liquid film thickness ratio and the liquid film
thickness decrement ratio of R134a to R123 are 1.5 and 0.45 from
the calculation, respectively. The calculation results indicate that
the liquid film thickness is thicker in the flow boiling of R134a than
R123 because the initial film thickness is thicker and the decre-
ment is smaller in the flow boiling of R134a. In addition, the ther-
mal conductivities of liquid phase are similar between R123 and
R134a at each saturation pressure. The heat transfer coefficients,
therefore, must be smaller in the flow boiling of R134a, if the iden-
tical heat transfer mechanism with R123 is applied to the case of
R134a. Experimental results, however, show that the heat transfer
coefficients of R134a are much higher than those of R123. It defi-
nitely implies that another physical mechanism different from that
of R123 plays an important role in the flow boiling of R134a.

The experimental results of R134a show that the heat transfer
characteristics are similar to those of nucleate boiling at low and
intermediate vapor quality while the experimental data of R123 do
not. The examination of the wall superheat (DTSAT = Twi � TSAT)
requirement for nucleate boiling, therefore, can help us to identify
the dominant heat transfer mechanism of R134a and the criterion
between the heat transfer mechanisms found in the boiling experi-
ments of R123 and R134a. Davis and Anderson (1966) analytically
derived the wall superheat requirement for imposed heat flux with
the approximation that a temperature gradient away from the wall
is linear. When heat flux and pressure are so low that the wall super-
heat requirement is limited by maximum active cavity size, the wall
superheat requirement is calculated as follows; present experimen-
tal conditions for R123 and R134a correspond to this case.

DTSAT ¼
R � T2

SAT � lnð1þ fÞ=ðifg �MÞ
1� R � TSAT � lnð1þ fÞ=ðifg �MÞ

þ q00 � ra

kL
; f ¼ 2 � r

PL � ra
ð21Þ

where R is the universal gas constant, M is molecular weight, ra is max-
imum active cavity size and PL is the imposed liquid pressure corre-
sponding to saturation temperature TSAT, namely saturation pressure
in flow boiling. This means that nucleate boiling on the surface is only
maintained in flow boiling when the wall superheat is larger than that
given by Eq. (21) at the imposed heat flux. If the two-phase forced con-
vective heat transfer coefficient becomes so high with increasing va-
por quality that the wall superheat is less than that determined by
Eq. (21), nucleate boiling is suppressed and no more takes place. If
the two-phase forced convective heat transfer coefficient (hTP) is
known at the specified vapor quality, the minimum heat flux for nucle-
ate boiling at that point can be calculated by substituting q00/hTP for
DTSAT in Eq. (21). The minimum heat fluxes for R123 and R134a are cal-
culated in present experimental conditions. The flow boiling heat
transfer of R123 in present experimental conditions is dominated by
the two-phase forced convection, specifically the evaporative heat
transfer of thin liquid films around elongated bubbles. The two-phase
forced convective heat transfer coefficients of R123 necessary for the
calculation, therefore, are obtained from the heat transfer coefficients
measured in the experiment. In addition, the two-phase forced con-
vective heat transfer coefficients of R134a are approximated from
those of R123 with the initial liquid film thickness ratio of R134a to
R123 calculated from Eq. (11). The maximum active cavity size of
0.5 lm which is suggested for refrigerants by Collier and Thome
(1994) is used in the calculation. As the calculation result, the mini-
mum heat flux for nucleate boiling at the vapor quality of 0.2 ranges
from 33.0 to 53.6 kW/m2 for R123 and from 2.4 to 3.8 kW/m2 for
R134a when the saturation pressures of R123 and R134a are 158
and 1100 kPa, respectively. The calculation results indicate that the
flow boiling of R123 has the suppression of nucleate boiling at even
low vapor quality like 0.2 for the present heat flux condition (10–
20 kW/m2), while nucleate boiling is maintained in the flow boiling
case of R134a. One reason for this suppression is the high wall super-
heat requirement of R123 for nucleate boiling. The larger surface ten-
sion and the lower saturation pressure of R123 in the present
experimental condition make higher wall superheat requirement for
identical heat flux than R134a. In macro-channels, this nucleate boil-
ing suppression, however, does not often occur at low vapor quality
like 0.2 except for the very low heat flux condition although the wall
superheat requirement is high. It is because the heat transfer coeffi-
cient in the absence of nucleate boiling at low vapor quality is low en-
ough to satisfy the wall superheat requirement. The wall superheat
requirement, on the other hand, is more critical in micro-channels.
The heat transfer coefficient generally increases with the reduction
of channel diameter for identical mass velocity. Especially, the two-
phase flow in micro-channels has very high heat transfer coefficients
at even low vapor quality because of its dominant flow pattern, namely
elongated bubble flow where the heat is transferred through the very
thin liquid film formed around elongated bubbles. It makes the sup-
pression take place at low vapor quality for the fluid like R123 which
needs high wall superheat for nucleate boiling. If nucleate boiling is
suppressed at low vapor quality like the case of R123, heat transfer
is dominated by the evaporation of thin liquid films around elongated
bubbles. In the contrary case such as R134a, nucleate boiling is main-
tained and it operates as the dominant heat transfer mechanism until
its suppression at high vapor quality. The consideration of the wall
superheat requirement or minimum heat flux for nucleate boiling,
therefore, is an important factor in micro-channel flow boiling because
the heat transfer trend and mechanism greatly depend on it.

Fig. 11 shows the comparison of heat transfer coefficients mea-
sured for R134a with those predicted by the Cooper (1984) corre-
lation which is recommended for nucleate boiling of refrigerants
and used as the contribution term of nucleate boiling in the flow
boiling of macro-channels. The correlation is as follows.
h ¼ 55 � P0:12
r ð�0:4343 � ln PrÞ�0:55M�0:5q000:67 ð22Þ
where Pr is reduced pressure, the ratio of pressure to its critical
pressure, M is molecular weight and q00 is heat flux. The correlation
covers the reduced pressures from 0.001 to 0.9 and the molecular
weights from 2 to 200 kg/kmol. The comparison is made for the



Fig. 11. Comparison of heat transfer coefficients measured for R134a with those
predicted by the Cooper (1984) correlation.
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vapor quality of 0.6 and less where the contribution of nucleate
boiling is considered dominant. Fig. 11 indicates that the Cooper
(1984) correlation considerably underestimates experimental re-
sults. Owhaib et al. (2004) reported that the heat transfer coefficient
was in inverse proportion to channel diameter in their flow boiling
experiment for micro-channels where the heat transfer trends of
nucleate boiling were also dominant. However, they did not com-
pare their results with existing heat transfer correlations. In addi-
tion, Bao et al. (2000) and Yun et al. (2005) reported that the
Cooper (1984) correlation made a good prediction about their
experiments where the hydraulic diameters of channels were
approximately 6–10 times larger than that of the present experi-
ment. Hence, the high heat transfer coefficient in the nucleate boil-
ing dominant region of the present experiment beyond that of
macro-channels predicted by Cooper (1984) correlation is consid-
ered as the result of its extremely small channel diameter. It also
indicates that the enhancement of nucleate boiling related to the
reduction of channel diameter is the feature of the micro-channel
flow boiling which is distinguished from that of macro-channels.
This enhancement may be explained by the following. The heat in
nucleate boiling is generally transferred by three mechanisms: bub-
ble agitation induced by growing and departing bubbles, thermal
boundary layer stripping by departing bubbles and evaporation of
the micro-layer trapped beneath bubbles. As channel diameter de-
creases and approaches to the detachment diameter of bubbles,
bubbles grow and get detached in more narrow space. The narrow
space results in more interference among bubbles or with the chan-
nel wall and increases the effects of bubble agitation and thermal
boundary layer stripping. Growing bubbles may be also squeezed
by the channel wall or other neighboring bubbles. It results in the
larger surface area or the thinner thickness of the micro-layer and
improves the effect of evaporation. The reduction of channel diam-
eter, therefore, contributes to the enhancement of nucleate boiling
heat transfer in the flow boiling of micro-channels. Following the
nucleate boiling dominant region, a two-phase forced convection
region is observed at the high vapor quality (x > 0.6) of experimen-
tal results. In the two-phase forced convection region, the effects of
mass velocity and vapor quality are dominant but the effects of heat
flux and saturation pressure are small. This forced convection re-
gion results from the suppression of nucleate boiling which also oc-
curs in the flow boiling of macro-channels because the two-phase
heat transfer coefficient in the absence of nucleation increases in
proportion to vapor quality.

When the early suppression of nucleate boiling does not occur
like the experiment of R134a, the flow boiling heat transfer mech-
anism of micro-channels is similar to that of macro-channels in that
it is composed of nucleate boiling and two-phase forced convection.
It, however, is different from that of macro-channels in that the
enhancement of nucleate boiling related to the reduction of channel
diameter exists, and the range of the two-phase forced convection
region is relatively narrow and is limited to high vapor quality.

4.4. Comparison with recent heat transfer correlations for micro-
channels

Present experimental data are compared with three heat trans-
fer correlations recently suggested by Bertsch et al. (2009), Lee and
Mudawar (2005) and Kandlikar and Balasubramanian (2004) for
the flow boiling heat transfer of micro-channels. The detailed
equations for each correlation are given in Table 4. The following
is the brief description for each correlation.

Bertsch et al. (2009) developed their correlation based on the
database of 3899 data points from 14 studies in the literature.
The database covered 12 different wetting and non-wetting fluids,
hydraulic diameters from 0.16 to 2.92 mm, confinement numbers
from 0.3 to 4.0, mass velocities from 20 to 3000 kg/m2 s, heat
fluxes from 0.4 to 115 W/cm2 and saturation temperatures from
�194 to 97 �C. Lee and Mudawar (2005) suggested the flow boiling
heat transfer correlation for micro-channels from their experimen-
tal data for R134a and micro-channel water data measured by Qu
and Mudawar (2003). The rectangular channel of 231 � 713 lm
was used as a test channel in both experiments. The experimental
conditions were mass velocities from 127 to 654 kg/m2 s, heat
fluxes from 159 to 938 kW/m2 and inlet pressures from 1.44 to
6.60 bar for R134a; mass velocities from 135 to 402 kg/m2 s, inlet
temperatures of 30 and 60 �C, and outlet pressure of 1.17 bar for
water. In Table 4, the single phase heat transfer coefficients of li-
quid and vapor, hsp,L and hsp,V, are modified from the original equa-
tions which the authors presented to be applicable to our circular
channel geometry with uniform circumferential heating. Kandlikar
and Balasubramanian (2004) extended the Kandlikar (1990) corre-
lation for macro-channels to the region of mini- and micro-chan-
nels with some modification. They compared their correlation
with experimental data for micro-channels, and reported a good
agreement between them. The Nusselt number (Nu) for laminar
flow at a uniform heat flux condition, specifically 4.36, is used in
the comparison with present experimental data.

Fig. 12(a)–(c) compares the heat transfer coefficients predicted
by each correlation with those measured in the present experi-
ment. In addition, Table 5 indicates the mean absolute error of each
correlation. The mean absolute error is defined as

MAE ¼ 1
N
�
X

N

jhpred � hexpj
hexp

� 100
� �

ð23Þ

where hexp and hpred are the heat transfer coefficients measured in
the present experiment and predicted by the correlation respec-
tively, and N is the number of experimental data. Fig. 12 and Table
5 show that all three correlations make poor predictions of present
experimental data. The correlations were also compared with vari-
ous experimental data sets in the literature, Bertsch et al. (2009)
and Lee et al. (2007) where they made good predictions of some
experimental data sets but poor predictions of others like present
experimental data. The comparisons in the present study and the
literature indicate that these correlations predict a portion of total
experimental data with allowable error and, therefore, they achieve
only partial success. It suggests the need of the systematically sub-
divided heat transfer correlation based on the heat transfer mecha-
nism for more accurate prediction.
5. Conclusions

Flow boiling heat transfer in a single circular micro-channel of
0.19 mm has been experimentally studied with R123 and R134a



Table 4
Previous flow boiling heat transfer correlations for micro-channels.

Author Correlation

Bertsch et al. (2009)
h ¼ hNB � ð1� xÞ þ hCB � f1þ 80 � ðx2 � x6Þ � e�0:6�Cog

hNB ¼ 55 � P0:12
r ð�0:4343 � ln PrÞ�0:55M�0:5q000:67

hCB ¼ hconv;L � ð1� xÞ þ hconv;V � x

hconv;L ¼ 3:66þ 0:0668�Dh=L�ReL �PrL

1þ0:04�½Dh=L�ReL �PrL �2=3

� �
� kL

Dh

hconv;V ¼ 3:66þ 0:0668�Dh=L�ReV �PrV

1þ0:04�½Dh=L�ReV �PrV �2=3

� �
� kV

Dh

Co ¼ r
gðqL�qVÞD2

h

� �1=2

ReL ¼ G�Dh
lL
; ReV ¼ G�Dh

lV
; PrL ¼ cP;L �lL

kL
; PrV ¼ cP;V �lV

kV

Lee and Mudawar (2005)
h ¼ 3:856 � X0:267 � hsp;L ðx ¼ 0� 0:05Þ

h ¼ 436:48 � Bo0:522 �We0:351
L � X0:665 � hsp;L ðx ¼ 0:05� 0:55Þ

h ¼maxfð108:6 � X1:665 � hsp;V Þ;hsp;Vg ðx ¼ 0:55� 1:0Þ

hsp;L ¼ 4:36 � kL
Dh

hsp;V ¼ 4:36 � kV
Dh

for laminar vapor flow;

hsp;V ¼ 0:023 � Re0:8
V � Pr0:4

V �
kV
Dh

for turbulent vapor flow

X ¼ lL
lV

� �0:5
� qV

qL

� �0:5
� 1�x

x

	 
0:5 for laminar liquid� laminar vapor

X ¼ 13:315
Re3=8

V

� lL
lV

� �0:5
� qV

qL

� �0:5
� 1�x

x

	 
0:5 for laminar liquid� turbulent vapor

Bo ¼ q00

G�ifg
; WeL ¼ G2 �Dh

r�qL
; ReV ¼ G�x�Dh

lV
; PrV ¼ cP;V �lV

kV

Kandlikar and Balasubramanian (2004)
h ¼maxðhNBD;hCBDÞ ð100 < ReLO < 1600Þ

h ¼ hNBD ðReLO � 100Þ

hNBD ¼ 0:6683 � Co�0:2 � ð1� xÞ0:8 � hLO þ 1058:0 � Bo0:7 � ð1� xÞ0:8 � FFl � hLO

hCBD ¼ 1:136 � Co�0:9 � ð1� xÞ0:8 � hLO þ 667:2 � Bo0:7 � ð1� xÞ0:8 � FFl � hLO

hLO ¼ Nu�kL
Dh

ReLO ¼ G�Dh
lL
; Co ¼ qV

qL

� �0:5
� 1�x

x

	 
0:8
; Bo ¼ q00

G�ifg

FFl ¼ 1 for a stainless steel tube regardless of fluid
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for various experimental conditions: heat fluxes, mass velocities,
vapor qualities and different saturation pressures. The test fluids
of R123 and R134a have considerable differences of properties at
ambient saturation temperature, such as saturation pressure, sur-
face tension and liquid viscosity. They affect heat transfer trends
and mechanisms in the flow boiling of micro-channels. The follow-
ing conclusions are derived from the experimental results and the
analysis for them.

(a) The heat transfer trends between R123 and R134a are distinc-
tive. The flow boiling heat transfer of R123 shows that the heat
transfer coefficients depend on mass velocity, heat flux and
vapor quality. The saturation pressure effect depends on the
experimental conditions: mass velocity and heat flux. Espe-
cially, the effects of mass velocity and heat flux are increased
as saturation pressure decreases. On the contrary, the heat
transfer trends of R134a are similar to those of macro-chan-
nels, not identical though. The heat transfer coefficients are
strongly dependent on heat flux and saturation pressure at
low and intermediate vapor quality, but the effects of mass
velocity and vapor quality are insignificant. At high vapor
quality, the mass velocity effect is dominant while the effects
of heat flux and saturation pressure are small.

(b) The heat transfer characteristics of R123 are well described
by the behavior of liquid film thickness around elongated
bubbles which is related to the evaporative heat transfer. It



Fig. 12. Comparison of previous heat transfer correlations with present experi-
mental data.

S. In, S. Jeong / International Journal of Multiphase Flow 35 (2009) 987–1000 999
suggests that the flow boiling heat transfer of R123 is dom-
inated by the evaporation of thin liquid films around elon-
gated bubbles.
Table 5
Mean absolute error of each correlation.

Correlation MAE for R123
data (%)

MAE for R134a
data (%)

MAE for total
data (%)

Bertsch et al. (2009) 51.6 48.7 50.3
Lee and Mudawar (2005) 56.1 81.1 67.6
Kandlikar and

Balasubramanian
(2004)

95.4 31.1 65.9
(c) The wall superheat requirement for nucleate boiling is very
critical in micro-channels because the two-phase flow in
micro-channels has very high convective heat transfer coef-
ficients at even low vapor quality due to its dominant flow
pattern of elongated bubble flow and consequently the early
suppression of nucleate boiling can easily occur. Whether
the early suppression of nucleate boiling occurs or not deter-
mines the heat transfer trends and mechanisms in the flow
boiling of micro-channels. If the wall superheat requirement
is not satisfied and the nucleate boiling is suppressed at low
vapor quality, heat transfer is dominated by the evaporation
of thin liquid films around elongated bubbles like R123. In
the contrary case, nucleate boiling is maintained and it oper-
ates as the dominant heat transfer mechanism until its sup-
pression at high vapor quality. This corresponds to the case
of R134a.

(d) In the absence of the early suppression of nucleate boiling,
the heat transfer mechanism is similar to that of macro-
channels which is composed of nucleate boiling and two-
phase forced convection. It, however, is distinguished from
macro-channels in that the enhancement of nucleate boiling
related to the small channel size exists, and the range of the
two-phase forced convection region is relatively narrow and
limited to high vapor quality.

(e) Three recent heat transfer correlations by Bertsch et al.
(2009), Lee and Mudawar (2005) and Kandlikar and Bala-
subramanian (2004) are compared with present experimen-
tal data. None of them give satisfactory predictions of the
present experimental data. These correlations achieve only
partial success of predicting a portion of experimental data
with allowable error, which is also supported by the related
literature. A systematically subdivided heat transfer correla-
tion based on the physical mechanism is necessary for more
accurate prediction.
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Appendix A. Correlations for bubble departure diameter in
nucleate pool boiling

Borishanskiy et al. (1981) presented the correlation for bubble
departure diameter as follows.
dh ¼ 5� 105 P
Pc

� ��0:46 K � Tc

Pc �M

� �1=3

ðA1Þ
where P is pressure, Pc is critical pressure, K is the Boltzmann con-
stant (1.38 � 10�23 J/K), Tc is critical temperature and M is molecu-
lar weight. Kutateladze and Gogonin (1979), on the other hand,
proposed the correlation as
dh ¼ 0:25 � ð1þ 105 � K1Þ1=2 �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

r
gðqL � qVÞ

r
for K1 < 0:06 ðA2Þ
where r is surface tension, g is the gravitational acceleration, qL and
qV are the densities of liquid and vapor phases, respectively, and K1

is the dimensionless parameter defined as
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K1 ¼
Ja

PrL

� �2

� g � qLðqL � qVÞ
l2

L

� �
� r

gðqL � qVÞ

� �3=2
( )�1

ðA3Þ

Ja ¼ qL � cP;L � DTSAT

qV � ifg
ðA4Þ

PrL ¼
cP;L � lL

kL
ðA5Þ

where Ja is the Jacob number, PrL is the Prandtl number of liquid
phase, lL is the viscosity of liquid phase, ifg is the enthalpy of vapor-
ization, cp,L is the specific heat of liquid phase at constant pressure,
DTSAT is the wall superheat of the difference between wall temper-
ature and saturation temperature (Twi � TSAT) and kL is the thermal
conductivity of liquid phase. Jensen and Memmel (1986) modified
the Kutateladze and Gogonin (1979) correlation on the basis of
available bubble departure diameter data.

dh ¼ 0:19 � ð1:8þ 105 � K1Þ2=3 �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

r
gðqL � qVÞ

r
ðA6Þ

where the dimensionless parameter, K1 is identical with that of the
Kutateladze and Gogonin (1979) correlation.
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