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Flow Boiling of R134a in Circular
Microtubes—Part I: Study of Heat
Transfer Characteristics
An experimental study of two-phase heat transfer coefficients was carried out using
R134a in uniformly heated horizontal circular microtubes with diameters from 0.50 mm
to 1.60 mm over a range of mass fluxes, heat fluxes, saturation pressures, and vapor
qualities. Heat transfer coefficients increased with increasing heat flux and saturation
pressure but were independent of mass flux. The effects of vapor quality on heat transfer
coefficients were less pronounced and varied depending on the quality. The data were
compared with seven flow boiling correlations. None of the correlations predicted the
experimental data very well, although they generally predicted the correct trends within
limits of experimental error. A correlation was developed, which predicted the heat trans-
fer coefficients with a mean average error of 29%. 80% of the data points were within the
�30% error limit. �DOI: 10.1115/1.4003159�

Keywords: flow boiling, R134a, microscale
Introduction
Thermal management of electronic devices is one of the major

ssues facing the integrated circuit �IC� packaging industry. High
urface temperatures are one of the leading causes of device fail-
re in commercial electronic systems. According to Moore �1�, the
umber of transistors that can be placed inexpensively in an IC
ill double every 18 months. The ever increasing packaging den-

ity results in increasing power density. Present air-cooled systems
ay prove unable to meet the high heat flux demands �of the order

f 1000 W /cm2� in the near future. There is a need to develop
ore efficient cooling technologies to dissipate high heat loads at

ow surface temperatures.
Electronics cooling places several unique demands in terms of

he size and weight of the cooling system and the heat transfer
uid used. Due to its high electrical conductivity, water is not a
iable option as a working fluid, but refrigerants, such as R134a
ypically used in refrigeration cycles, could be used to meet these
igh heat flux demands. Generally, single-phase heat transfer ex-
ibits lower heat transfer coefficients than boiling and the coolant
emperature rises rapidly. Due to these reasons, a refrigerant based
wo-phase heat transfer process could be used for the cooling
rocess. Flow boiling at the micro/miniscale provides several ad-
antages such as high heat transfer coefficients and uniform wall
nd fluid temperatures. In addition, a key advantage of using a
efrigerant is the ability to easily control its saturation pressure to
btain low saturation temperature, which controls the surface tem-
erature.

Design of any heat exchanger requires a thorough knowledge
nd understanding of the heat transfer process as well as the abil-
ty to correctly predict the parametric trends. Unfortunately, de-
pite significant efforts by researchers, there is a lack of consensus
egarding the parametric trends of the heat transfer coefficients
nd the dominant heat transfer mechanisms. Micro- and miniscale
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boiling heat transfer studies have been carried out in a wide vari-
ety of geometries, which include single circular microtubes, single
rectangular �or noncircular� microchannel, as well as multiple par-
allel rectangular �or noncircular� microchannels. Some experi-
mental studies �2–6� have reported a strong influence of heat flux
and negligible influence of mass flux on heat transfer coefficients
and it was suggested that nucleate boiling was the dominant heat
transfer mechanism. On the other hand, Tran et al. �7� and Agos-
tini and Bontemps �8� found the heat transfer mechanism to be
nucleate boiling dominated only at wall superheats �Tsat
�2.5–3 K. Saitoh et al. �9� found convection effects to be less
dominant at small diameters. The effect of mass flux on heat trans-
fer coefficients decreased with decreasing tube diameters but the
effect of heat flux was strong in all the test sections. Lee and
Mudawar �10� found nucleate boiling to be dominant at low quali-
ties �xeq�0.05�, while at higher qualities, convective boiling was
dominant. Qu and Mudawar �11� observed a strong mass flux
effect on heat transfer coefficients while heat flux had negligible
influence; convective boiling was regarded as the dominant heat
transfer mechanism. Lie et al. �12� found heat transfer coefficients
to increase with both increasing mass flux and heat flux. However,
Jacobi and Thome �13� developed a heat transfer model based on
the hypothesis that transient evaporation of the thin liquid film
surrounding elongated bubbles could be the dominant heat trans-
fer mechanism, and this, too, could be a heat flux dependent pro-
cess. This model predicted the correct experimental trends and
quantitatively predicted the experimental heat transfer coefficients
for different fluids as shown in their paper. Tibiriçá and Ribatski
�14� studied the flow boiling characteristics of R134a and R245fa
in a 2.30 mm ID circular tube. For this tube diameter, local wall
temperature measurements revealed circumferential variation of
heat transfer coefficients along the tube perimeter. Generally, heat
transfer coefficients increased with increasing heat flux, mass flux,
and saturation pressures in their study.

There have been a few microscale experimental studies
�2,3,9,12,14,15� that investigated the heat transfer characteristics
of flow boiling of R134a. Most of these studies were carried out at
low mass fluxes �G�600 kg /m2 s� and low heat fluxes �q�

2
�22 W /cm �. The parametric trends have not been conclusively
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dentified. The effects of mass flux, heat flux, and vapor quality on
eat transfer coefficients are still not clearly understood. Hence, to
ddress these issues, extensive experiments in single circular mi-
rotubes were carried out with R134a over a wide range of inlet
ubcooling, mass flux, heat flux, saturation pressure, and exit va-
or quality. The main objectives of the study were to clearly iden-
ify the parametric trends and obtain heat transfer data at high heat
uxes and mass fluxes for flow boiling at micro/miniscale. Pre-

iminary results are available in Ref. �16�. Part II of this study
resents critical heat flux �CHF� results �17�.

The definition of microchannel is ambiguous in the literature.
andlikar and Grande �18� and Mehendal et al. �19� defined mi-

rochannels to be between 10 �m and 200 �m and between
�m and 100 �m, respectively. However, such classifications

ave been rather arbitrary, and it is not clear whether these clas-
ifications will be valid for different fluids and operating condi-
ions. We follow the criterion for a microchannel as proposed by
ew and Cornwell �20�, which is based on the confinement of a
rowing bubble within a channel. The confinement number is
iven by

Co =
1

D
� �

g�� f − �g�
�1�

onfinement number greater than 0.5 indicated conditions similar
o microchannel flow. In the present study, the confinement num-
er varied from 0.4 to 3.3 and, hence, the flow was broadly clas-
ified as microscale flow. Flow in the 1.60 mm test section re-
ulted in 0.4�Co�0.55 and, hence, it could be said that for
134a, conditions at the 1.60 mm ID test section were at the

ransition between micro- and miniscale flows.

Experimental Apparatus and Procedures
To study the heat transfer characteristics for flow boiling of

134a, a closed flow loop �Fig. 1� was constructed, which was
omprised of the test section, inlet and outlet plenums, the asso-
iated instrumentation, tube-in-tube counterflow condenser, blad-
er accumulator to control the system pressure, liquid pump, filter,
owmeter, second subcooler, and an inlet preheater. A needle

Fig. 1 Description of
alve before the test section throttled the flow before entering the
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test section to reduce flow oscillations. The flow loop was insu-
lated using vinyl-backed fiberglass and semirigid foam insulation.
The complete system was placed inside an enclosure made of
Styrofoam; the air trapped inside the enclosure was then cooled
and circulated using a fan to allow operation at low saturation
temperatures and high degrees of subcooling without significant
heat loss or heat gain.

The test sections were made of 120-mm-, 127-mm-, and 128-
mm-long stainless steel hypodermic round tubes with inner diam-
eters of 0.50 mm, 0.96 mm, and 1.60 mm, respectively. The test
section was connected to two brass plates that served as electrical
buss bars, which were fastened using bolts to two Delrin blocks
on either side. The Delrin blocks served as the inlet and outlet
plenums, which were used to house the thermocouple probes and
pressure transducers. The test section was heated using a dc power
supply. For safety reasons, the electric circuit also included a relay
to shut off the power at the onset of CHF condition. In addition to
the thermocouple probes at the inlet and exit, an array of T-type
ungrounded thermocouples were placed at regular intervals on the
test section to map the wall temperature. The test section was
heavily insulated to reduce ambient heat gain or loss. A schematic
of the test section is given in Fig. 2. The thermocouples measured
the axial temperature variation, but due to experimental con-
straints, the circumferential temperature variations were not mea-
sured.

A step-by-step procedure was followed to safely obtain fast and
precise measurements. To cool the air in the enclosure, the water
chiller’s temperature was set to the desired test section fluid inlet
temperature. The pump was then switched on, and the preheater
was used to control the test section inlet temperature. Once steady
state was reached, the test section power was switched on and
adjusted to the desired power. After a particular set of data had
been recorded, the operating conditions were changed and the
entire process was repeated.

A computerized data acquisition system recorded the tempera-
ture, pressure, and voltage measurements after each experimental
run. The flowmeter and the pressure gauge readings were recorded
manually. The experimental system was controlled and the data

perimental apparatus
ex
were stored using National Instruments LABVIEW software. The
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olid-state shutoff relay was controlled using the LABVIEW pro-
ram. The raw data were then analyzed and reduced to useful
hermal data using computer programs developed with the Engi-
eering Equation Solver �EES� software.

Data Reduction
The quantities measured experimentally were pressure at the

xit of the test section �Pexit�, pressure drop across the test section

�Pts�, volumetric flow rate �V̇�, test section internal diameter �Di�
nd heated length �Lh�, temperature of fluid at the inlet to the test
ection �Tin�, temperature of fluid at the exit to the test section
Texit�, test section outer wall temperatures �Tw,out�, voltage across
he test section �Vts�, and voltage across the shunt �Vshunt�. The
erived quantities included heat loss, electrical power to the test
ection, heat flux, mass flow rate, mass flux, test section inner wall
emperatures, local axial pressures, and mass qualities. The local
nner wall temperature was obtained from the outer wall tempera-
ure with a 1D heat conduction model assuming steady-state radial
onduction through the wall with uniform heat generation, con-

tant material properties, and no heat losses. Heat loss, Q̇loss, was
stimated by carrying out single-phase experiments and compar-
ng the applied power to the sensible heat gain of the fluid. The
eat loss was calculated as a function of the temperature differ-
nce between the test section wall and the ambient. The heat loss
as subtracted from the applied electrical power to estimate the

ffective heat flux transferred to the fluid. Two-phase flow gener-
lly involved much higher heat fluxes compared with single-phase
ow; the heat loss percentage was less in boiling experiments
2–15%�. The pressure distribution was modeled using the
ockhart–Martinelli correlation adapted for microscale flow �21�;

his distribution was adjusted so that the calculated total pressure
rop matched the experimental pressure drop. The exit pressure
as experimentally measured using an absolute pressure trans-
ucer. The local pressures and local enthalpy at different axial
ocations were used to determine the local fluid temperatures. The
nthalpy at different axial locations was determined by a simple
nergy balance given by

Hz = Hin +
Q̇

ṁ

z

Lh
�2�

z is the local enthalpy at a given axial location, Hin is the inlet
nthalpy, and z is the axial distance from the inlet. The fluid tem-
erature was determined at different locations with the local en-
halpy and pressure as the independent variables. The equilibrium

Fig. 2 Schematic of th
apor quality was determined as follows:

ournal of Heat Transfer
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xeq =
Hz − Hf ,sat

Hfg
�3�

where Hf ,sat is the saturated fluid enthalpy and Hfg is the enthalpy
of vaporization at the saturation temperature corresponding to the
local fluid pressure Pz. Hz is the local enthalpy at a given axial
location. The qualities at the inlet and exit of the test section were
also calculated in a similar fashion by substituting the appropriate
value of z in Eq. �3�.

The local heat transfer coefficient, h, at any position z is given
by

h =
q�

Tw,i − Tf ,z
�4�

Here, Tf ,z equals Tsat if the fluid undergoes boiling at that location.
Tw,i is the test section inner wall temperature.

An uncertainty analysis was conducted using the propagation-
of-uncertainty method developed by Kline and McClintock �22�.
The typical uncertainties were estimated as �depending on the test
section� mass flux of �5.0–7.0%, heat flux of �1.0–8.0%, quality
of �2.0–4.0%, and heat transfer coefficients of ��10%. Details
of the data reduction and uncertainty analysis are described in
Ref. �23�.

4 Experimental Results
Extensive experiments were conducted to determine the para-

metric effects on heat transfer coefficients for flow boiling of
R134a in horizontal circular microchannels with internal diam-
eters of 0.50 mm, 0.96 mm, and 1.60 mm. The operating condi-
tions were as follows: mass fluxes of 300–1500 kg /m2 s, heat
fluxes of 0–350 kW /m2, saturation pressures of 490–1160 kPa,
inlet subcooling of 5–40°C, and exit qualities of 0–1.0. The heat
transfer coefficients are measured locally at the axial thermo-
couple locations.

4.1 Single-Phase Studies. A single-phase heat transfer study
was carried out to validate the experimental setup and data reduc-
tion procedures. The experimental Nusselt number was compared
with the Gnielinski correlation �24� and showed excellent agree-
ment with the correlation �Fig. 3�.

4.2 Boiling Heat Transfer Results. Figure 4 depicts ex-
amples of boiling curves for several operating conditions with a
saturation temperature of 45°C for the 0.96 mm ID tube. Similar
results were obtained for the other two test sections. In the single-
phase region, higher mass fluxes generally supported higher heat

est section apparatus
fluxes for the same wall temperature than lower mass fluxes. Mass
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ux also affected the onset of nucleate boiling �ONB�. ONB is
dentified by the change in the slope of the curve as seen in the
gure and occurred at a higher heat flux for higher mass fluxes.
owever, the wall superheat at ONB remained fairly independent
f the mass flux. A similar trend was observed by Bertsch et al. �3�
n their study of flow boiling of R134a in rectangular

icrochannels.
The effects of tube diameter on heat transfer coefficients are
ore difficult to explain. A direct comparison of the heat transfer

ata was not possible as different flow and thermal conditions
ere prevalent in the tubes for the same heat fluxes and mass
uxes. Both ONB and the CHF condition occurred at different
eat fluxes for the three test sections. Thus, the average vapor
uality in the three tubes was different under similar operating
onditions, which resulted in different heat transfer regimes. The
oiling curve shown in Fig. 5 indicated that there was a negligible
nfluence of tube diameters on heat transfer coefficients for wall
uperheats less than 5 K. At higher wall superheats, however,
ome differences in the boiling curves were observed. For the
ame wall superheat, a higher heat flux was supported in the larger
ubes. This indicated that heat transfer coefficients increased
lightly with increasing tube diameters �Fig. 5�. Saitoh et al. �9�

Fig. 3 Nu versus Re for single-phase flow of R134a

ig. 4 Boiling curve din=0.96 mm at Psat=1160 kPa and

Tsubcooling=20°C

51502-4 / Vol. 133, MAY 2011
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also reported similar findings. They found that with decreasing
tube diameters, local heat transfer coefficients decreased at low
vapor qualities. This effect could be mainly due to the vapor qual-
ity effects as mentioned above.

Heat transfer coefficients were found to increase with increas-
ing heat flux in the saturated region. This trend was evident in all
test sections and at high as well as low mass fluxes. This is shown
in Fig. 6 for the 0.50 mm ID test section. In the present study, heat
transfer coefficients were independent of the mass flux. This could
be due to the stronger effect of surface tension at microscale that
made phase separation difficult �25�. The effects of mass flux on
heat transfer coefficients, plotted as a function of vapor quality,
for the 0.96 mm ID tube are shown in Fig. 7. Similar trends were
observed in the 0.50 mm and 1.60 mm ID tubes �16�.

The effects of heat flux and mass flux remained unchanged over
a significant range of heat flux and mass flux �as shown in Fig. 6�.
This could probably indicate that the mechanisms governing the
boiling process for the conditions studied remained largely un-
changed. Typically such trends �strong heat flux effect and negli-

Fig. 5 Boiling curve for the three test sections at Psat
=890 kPa, G=1000 kg/m2 s, and �Tsubcooling=5°C

Fig. 6 Effect of heat flux and mass flux on heat transfer coef-
ficients for flow boiling of R134a for din=0.50 mm at Psat

=890 kPa and �Tsubcooling=5°C
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ible mass flux effect� characterize a nucleate boiling dominated
rocess. But recent studies have shown that the transient evapo-
ation of the thin film surrounding elongated bubbles in the mi-
rochannels could also be a heat flux dependent process �13�.
hese trends are generally present in the bubbly or slug flow

egime. High heat flux generally increases the evaporation rate,
esulting in more vapor formation and increased mixing, which
ould be a reason for the increasing trend. Lack of mass flux effect
robably signifies a diminished convection effect. In Fig. 6, at
ery high heat fluxes, a few experimental data points were ob-
ained where the heat transfer coefficient did not vary with the
eat flux. But in the absence of experimental data at higher heat
uxes, it would be premature to define a trend.
A closer look at the literature indicated that a variety of trends

ave been observed in previous studies. Lie et al. �12� found heat
ransfer coefficients to increase with increasing heat flux as well
s increasing mass flux in their study with R134a and R407C in
orizontal small tubes with diameters of 0.83 mm and 2.0 mm.
owever, they found heat transfer coefficients to increase with

ncreasing mass flux. Bertsch et al. �3� studied flow boiling of
134a in copper microchannel arrays with hydraulic diameters of
.09 mm and 0.54 mm. Heat transfer coefficients were a strong
unction of the heat flux while mass flux had no effect on the heat
ransfer rate. Yen et al. �26� also observed no effect of mass flux in
heir study but observed a decreasing trend in heat transfer coef-
cients with increasing heat flux. They attributed this to be due to

he size of the nucleate bubble being limited by the confined space
t high heat fluxes and mass fluxes. Several studies �2,4–7� with
ater and other refrigerants reported negligible effects of mass
ux and significant heat flux effects on heat transfer coefficients in

he saturated region.
Saturation pressure varied from 490 kPa to 1160 kPa in the

resent study. The saturation temperature varied from 15°C to
5°C. In all test sections, for a fixed G and q�, heat transfer
oefficients increased with increasing saturation pressures in the
aturated boiling regime �as shown in Fig. 8 for the 0.50 mm ID
ube�. Saturation pressure affects several fluid properties that
ould influence flow boiling heat transfer characteristics. Increas-
ng saturation pressures result in decreasing surface tension and
iquid-to-vapor density ratio ��l /�g� that could affect flow patterns
nd bubble growth. Increasing saturation pressure also increases
he degree of inlet subcooling and decreases the enthalpy of va-

ig. 7 Effect of mass flux on heat transfer coefficients for flow
oiling of R134a for din=0.96 mm at Psat=890 kPa, q�
90 kW/m2, and �Tsubcooling=5°C
orization. This affects the onset of boiling in a flow boiling mi-

ournal of Heat Transfer
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crochannel. Thus, the saturation pressure effect depends on the
contributions of these individually contradicting influences. Saitoh
et al. �9� also reported an increase in heat transfer coefficients with
an increase in saturation pressure in their study with R134a. How-
ever, they found the effect to be more dominant at lower diam-
eters. Similar trends were also observed by Huo et al. �2�, Bertsch
et al. �3�, Bao et al. �5�, Tran et al. �7�, and Lie et al. �12�.

The effects of vapor quality on heat transfer coefficients are
very complex and are dependent on a number of factors, which
change with quality. For the smallest tube �Fig. 9�, heat transfer
coefficients were found to increase slightly with quality in the
subcooled regime until x�0.05. For x�0.05, heat transfer coef-
ficients decreased slightly with increasing quality. The initial in-
crease at lower qualities could be due to increased vapor genera-
tion and mixing. At higher qualities, increased vapor mass could
inhibit the heat transfer process, which could result in decreasing
heat transfer coefficients. Similar behavior was observed in the

Fig. 8 Effect of saturation pressure on heat transfer coeffi-
cients for flow boiling of R134a for din=0.50 mm, G
=1500 kg/m2 s, q�=165 kW/m2, and �Tsubcooling=5°C

Fig. 9 Effect of equilibrium vapor quality on heat transfer co-
efficients for flow boiling of R134a for din=0.50 mm, Psat

=1160 kPa, and �Tsubcooling=5°C
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0.96 mm ID tube too. In the test section with an internal diameter
of 1.60 mm, a different trend was observed �Fig. 10�. Heat transfer
coefficients decreased with increasing vapor qualities. In the case
of the 1.60 mm ID tube, all data points were obtained under satu-
rated conditions. In Figs. 8 and 9, heat transfer coefficients
showed an increase at x�0.2. However, only a few experimental
points were obtained and the trend at higher qualities could not be
conclusively determined. Detailed experimental results and plots
are available in Ref. �23�.

5 Comparison With Existing Heat Transfer Correla-
tions

Accurate prediction of heat transfer coefficients is an important
design requirement. Several empirical correlations �27–34� and
theoretical models �35,36� have been proposed previously. How-
ever, given the complexity of two-phase flow, it is difficult to
predict the experimental trends accurately over a wide range of
parameters. The experimental data were compared with seven em-
pirical heat transfer correlations, which included microscale, mini/
small scale, as well as macroscale correlations. A brief summary
of the correlations is available in Table 1.

A total of 3459 experimental data points were used to evaluate
the correlations. Only equilibrium qualities above zero were con-
sidered for this exercise. The experimental data points included
very low qualities near the onset of boiling and very high qualities

used in the present study

Fluid, geometry Parameter range

R113, stainless steel
tube of dh=3.15 mm,
vertical orientation

G=125–750 kg /m2 s
q�=1.4–38 W /cm2

x=0.0–0.6
Water, refrigerants —

R12, R113, rectangular
circular channels
Dh=2.4–2.92 mm

G=44–832 kg /m2 s
q�=0.36–12.9 W /cm2

Psat=510–890 kPa
x=0–0.94

Water and refrigerants
Dh=2.95–32.0 mm

G=12.4–8179.3 kg /m2 s
q�=0.35–262 W /cm2

x=0.0–0.95
Pr=0.0023–0.895
Rel= �569–8.75�	105

FC-84, Dh=0.75 mm G=557–1600 kg /m2 s
q�=0–6.0 W /cm2

x=0.03–0.55

R134a circular tubes
D=0.5–11 mm

—

sat
0.75

Water and refrigerants
D=0.78–6.00 mm

G=23.4–939 kg /m2 s
Psat=0.101–1.21 MPa
q�=2.95–2511 kW /m2
Table 1 List of correlations

uthor�s� Correlation equation

azarek and Black �27�
htp = �30�Refo�0.857 Bo0.714�kf

dh
	


andlikar and
alasubramanian �28�

htp=max�htp,CBD,htp,NBD�
htp,NBD=0.6683 Co−0.2�1−x�0.8hLO

+1058.0 Bo0.7�1−x�0.8FFlhLO

htp,CBD=1.136 Co−0.9�1−x�0.8hLO

+667.2 Bo0.7�1−x�0.8FFlhLO
ran et al. �7�

htp = �8.4 	 105�Bo2 Wef�0.3�vg

v f
	−0.4


iu and Winterton �29� hTP
2 = �Fhl�2+ �Shpool�2

hl = 0.023
kl

d
Rel

0.8 Prl
0.4

hpool=55Pr
0.12q�2/3�−log10 Pr�−0.55M−0.5

F = �1 + x Prl� �l

�v
− 1	
0.35

S= �1+0.055F0.1 Rel
0.16�−1

arrier et al. �30� hTP

hSP,fd
= 1 + 6.0 Bo1/16f�Bo�x0.65

f�Bo�=−5.3�1–855 Bo�
aitoh et al. �33� hTP=Fhl+Shpool

hl = 0.023
kl

d
Rel

0.8 Prl
0.4

hpool = 207
kl

db
� q�db

klTsat
	0.745��g

�l
	0.581

Prl
0.533

F is the enhancement factor
S is the suppression factor

hang et al. �34� hTP=Fhl+Shpool

hl = max�4.36
kl

d
,0.023

kl

d
Rel

0.8 Prl
0.4	

hpool = 0.00122� kl
0.79cp,l

0.45� f
0.49

�0.5�l
0.29hfg

0.24�g
0.24	�Tsat

0.24�P

F is the enhancement factor
S is the suppression factor
ig. 10 Effect of equilibrium vapor quality on heat transfer co-
fficients for flow boiling of R134a for din=1.60 mm, Psat
1160 kPa, and �T =5°C
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ear CHF. The predictive capabilities of the correlations are quan-
itatively assessed using mean average error �MAE� defined as

MAE = � 1

M
	� �htp,pred − htp,expt�

htp,expt
	 100% �5�

here M is the number of data points. The results are given in
able 2.
The Lazarek–Black correlation underpredicted the experimental

ata for the tube with an internal diameter of 1.60 mm and over-
redicted the data for the 0.96 mm and 0.50 mm ID tubes. The
azarek–Black correlation performed poorly for the smallest test
ection but predicted the data well for the 0.96 mm and 1.60 mm
D tubes. This was expected as the Lazarek–Black correlation was
eveloped for conventional scale flow conditions.

The Kandlikar correlation predicted the data for the 0.50 mm
nd 0.96 mm ID tubes best, and there was less scatter. Generally,
he Kandlikar correlation predicted the high mass flux data well
ut the accuracy deteriorated at low mass fluxes. The correlation
ailed to capture the high heat transfer coefficients at the onset of
oiling and the low heat transfer coefficients near dryout. The
xperimental data set included a significant amount of data near
he onset of boiling �low qualities� and near the CHF condition
high qualities�, and this decreased the agreement between the
ata and predicted values.

The Tran and Warrier correlation consistently underpredicted
he experimental data for all three test sections. This could be due
o the fact that these correlations were either developed using a
imited set of experimental data or were applied beyond the rec-
mmended limits in the present study. The Liu and Winterton
orrelation performed better but also underpredicted the data. The
orrelation predicted the 0.50 mm and 0.96 mm ID tube data very
ell but performed poorly for the 1.60 mm ID test section. The

est section diameters used in the present study were below the
iameter range used to develop the correlation.

Based on MAE, the Saitoh correlation, the Kandlikar correla-
ion, and the Liu and Winterton correlation showed the best fit to
he experimental data. However, the percentage of data points
ithin the �30% limits was less for all the correlations. As a

epresentative plot, Fig. 11 shows that all the correlations except
he Zhang correlation qualitatively predicted the correct experi-

ental trends, within limits of experimental error, for flow boiling
f R134a in the 0.96 mm ID tube at G=600 kg /m2 s, q�
75 kW /m2, Psat=890 kPa, and �Tsubcooling=5°C. However, the
orrelations did not predict the correct experimental values.

For practical application, the experimental data need to be cor-
elated empirically. Due to the complexity of two-phase flow and
ifferences in operating conditions, none of the correlations dis-
ussed above accurately predicted the test data. Heat transfer co-
fficients were a strong function of heat flux and saturation pres-
ure. Mass flux had no effect on heat transfer coefficients, while
he effect of vapor quality was less pronounced. Similar trends

Table 2 Comparison of the expe

orrelations

Mean absolute er
�%�

d=0.50 mm d=0.96 mm d=

azarek and Black �27� 90 44
andlikar and Balasubramanian �28� 43 33
ran et al. �7� 43 41
iu and Winterton et al. �29� 34 35
arrier et al. �30� 50 54

aitoh et al. �33� 48 24
hang et al. �34� 54 37
ew correlation 37 30
ere observed by Tran et al. �7� in their study with R12 and R113.
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Hence, a new correlation was developed using the same functional
form as the Tran correlation. The correlation is given by

h = 1.44 	 105�Bo2 Wed�0.32� �l

�v
	0.31

W/m2 K �6�

Similar to the Tran correlation, the Boiling number and the Weber
number were chosen as the main nondimensional parameters. The
exponents of the two numbers were so chosen to ensure that there
was no effect of mass flux, as was shown in the experimental
trends. Heat flux had a significant effect on heat transfer coeffi-
cients, and it is included in the Boiling number. The diameter
effect is included in terms of the Weber number. Saturation pres-
sure affected several fluid properties such as surface tension,
liquid-to-vapor ratio, and enthalpy of vaporization. These param-
eters are also included in the correlation to depict the saturation
pressure effect. An interesting point to note is the opposite sign of
the exponent of the density ratio in the correlation when compared
with the Tran correlation. The exact reason for this discrepancy is
yet to be ascertained conclusively.

MAE was 29%. 80% of the data points were within the �30%
error limits, which was significantly higher than the other corre-
lations considered here. It must be mentioned that this new corre-
lation did not predict the data well near the onset of boiling and
the critical heat flux condition. However, the correlation per-

ental data with the correlations

Percentage of data within �30%

mm Average d=0.50 mm d=0.96 mm d=1.60 mm Average

53 17 48 79 47
40 47 56 41 48
43 50 42 9 34
39 74 51 4 43
57 30 12 2 15
37 35 73 19 42
51 44 47 2 31
29 77 75 87 80

Fig. 11 Comparison of experimental trends with the
rim

ror

1.60

23
43
45
49
67
38
60
21
correlations
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ormed well under all other operating conditions for saturated
ow boiling of R134a. Figure 12 shows the comparison between

he predictions of the new correlation with the experimental data.
his correlation was developed for flow boiling of R134a in single
ircular microtubes based on the extensive experimental data ob-
ained in the present study. We recommend this correlation to be
sed only for the above mentioned conditions within the limits of
he operating conditions prescribed in this paper. However, the
pplicability of the correlation for other refrigerants needs to be
ested in future experimental studies.

Conclusions
An extensive set of experiments was conducted to study the

ffect of different parameters on heat transfer coefficients for flow
oiling of R134a. Based on the experiments, the following con-
lusions can be drawn.

• Heat transfer coefficients increased almost linearly with an
increase in heat flux in the two-phase regime and increased
with an increase in saturation pressure, but were indepen-
dent of variations in mass flux. Vapor quality had a compli-
cated influence on heat transfer coefficients, which de-
pended on the flow quality. Tube diameter did not have a
significant effect on heat transfer coefficients.

• It is difficult to conclusively state if the governing process is
nucleate boiling or transient evaporation due to the absence
of a flow visualization setup and consequent lack of knowl-
edge of the flow patterns in the present experiments. Further
work needs to be undertaken to ascertain the governing flow
boiling mechanism.

• Seven correlations �Lazarek–Black, Kandlikar, Tran, War-
rier, Liu–Winterton, Saitoh, and Zhang� were compared with
the experimental heat transfer coefficient data. None of the
correlations predicted the heat transfer data with a high de-
gree of accuracy. Within limits of experimental error, the
correlations captured the correct heat transfer coefficient
versus vapor quality trend. There is a need to develop better
correlations to predict heat transfer coefficients for flow
boiling of R134a at microscale.

• A new correlation was developed by adapting the Tran cor-
relation. The proposed correlation predicted the experimen-
tal data with a MAE of 29%; 80% of the data points were

ig. 12 Comparison of experimental data with the new
orrelation
predicted within the �30% error limits. The correlation did

51502-8 / Vol. 133, MAY 2011
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not perform well near the onset of boiling and dryout con-
ditions, which was one of the reasons for a higher MAE.
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Nomenclature
Bo 
 Boiling number, q� /GHfg

CBD 
 convective boiling dominated
D 
 diameter, m
F 
 enhancement factor
G 
 mass flux, kg /m2 s
H 
 specific enthalpy, J/kg
h 
 heat transfer coefficient, W /m2 K

ID 
 inner diameter, mm
L 
 length, m

NBD 
 nucleate boiling dominated
P 
 pressure, kPa

Q̇ 
 power, W
q� 
 heat flux, W /m2

Re 
 Reynolds number
S 
 suppression factor
T 
 temperature, K
V 
 voltage, V
v 
 specific volume, m3 /kg

V̇ 
 volumetric flow rate, m3 /s
We 
 Weber number, G2D /��

x 
 quality
z 
 axial location along the test section, m

Greek
�T 
 temperature difference, K

� 
 dynamic viscosity, N s /m2

� 
 density, kg /m3

� 
 surface tension, N/m

Subscripts
eq 
 equilibrium

exit 
 exit
expt 
 experimental

f 
 fluid
fg 
 fluid-gas
fo 
 fluid only
g 
 gas

go 
 gas only
h 
 heated
i 
 internal

in 
 inlet
l 
 liquid

lo 
 liquid only
loss 
 loss

lv 
 liquid-vapor
pool 
 pool boiling
pred 
 predicted

sat 
 saturation
Sp,sp 
 single-phase

subcooling 
 subcooling
TP,tp 
 two-phase

ts 
 test section
w ,wall 
 wall

v 
 vapor

z 
 axial location along the test section, m
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