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CONVECTIVE BOILING HEAT TRANSFER CHARACTERISTICSOF
R410A IN MICROCHANNELS

Rin Yun, Jae Hyeok Heo, Yongchan Kim", Jin Taek Chung

Department of Mechanical Engineering, Korea University
Anam-Dong, Sungbuk-Ku, Seoul, 136-701, Korea
“Phone: (82-2) 3290-3366, Fax: (82-2) 921-5439, E-mail: yongckim@korea.ac.kr

ABSTRACT

Convective boiling heat transfer coefficient and two-phase pressure drop of R410A are investigated in rectangular
microchannels whose hydraulic diameters are 1.36 and 1.44 mm. The tests are conducted with a variation of mass
flux from 200 to 400 kg/nfs, heat flux from 10 to 30 kW/nf, while maintaining saturation temperatures at 0, 5 and
10°C. A direct heating method is used to provide heat flux into the fluids. The boiling heat transfer coefficients of
R410A in microchannels are much higher than existing data for single tubes at similar test conditions, and the
effects of test conditions on the heat transfer coefficients are relatively small. The pressure drop of R410A in
microchannels shows very similar trends with those in large diameter tubes. However, it yields a larger Chisholm
parameter in two-phase multiplier.

1. INTRODUCTION

In recent years, a microchannel heat exchanger has been considered as an alternative to replace the existing finned
tube heat exchangersin air-conditioning systems due to its compactness and excellent heat transfer performance. As
noted, R410A has been widely studied as a potential alternative refrigerant because of its favorable thermodynamic
properties of heat transfer and friendships with environments. Especially, R410A is appropriate for microchannel
heat exchangers due to its higher working pressure and lower pressure drop characteristics, which can solve the mal-
distribution problems of microchannel heat exchangers. Although there have been extensive studies related to the
performance of microchannel heat exchangers with R410A, the investigations on two-phase heat transfer coefficient
and pressure drop inside microchannels are very limited.

Ebisu and Torikoshi (1998) studied boiling and condensation heat transfer characteristics of R410A, R407C and
R22 with a 6.4 mm inner diameter tube. R410A showed approximately 20 % and 50% higher boiling heat transfer
coefficients than those of R22 and R407C, respectively. Chang et al. (2000) reported two-phase frictional pressure
drops of R410A in a5 mm tube. They proposed the modified Friedel correlation, which extended the capability of
the Friedel correlation to the small diameter range. Choi et al. (2002) presented boiling heat transfer coefficients of
R410A in 1.5 and 3.0 mm diameter tubes. The effects of tube diameter were clearly observed in the heat transfer
coefficient. Yan and Lin (1998) investigated the characteristics of evaporation heat transfer and pressure drop for
R134a flowing in 28 horizontal small tubes, each having an inner diameter of 2.0 mm. The effects of saturation
temperature on the heat transfer coefficients were significant. Tran et al. (1995) measured two-phase pressure drop
with three refrigerants (R134a, R12, and R113) in two small tubes with inner diameters of 2.46 and 2.92 mm and a
rectangular channel (4.06 ~ 1.7 mm). A correlation for two-phase pressure drop of flow boiling in small channels
was devel oped, and their data were predicted withinx 20%.

In this study, boiling heat transfer coefficients and pressure drops of R410A in microchannels are measured at
various test conditions. Experimental data are compared with the existing data and prediction correlations. A
correlation for the heat transfer coefficients in microchannels is proposed by considering heat transfer mechanisms
in small diameter tubes. In addition, the two-phase heat transfer characteristics of R410A are compared with those of
CO, under the same operating conditions.

2. EXPERIMENT
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Fig. 1 shows aschematic of the experimental setup. The test loop consists of a magnetic gear pump, a mass flow
meter, a preheater, a test section, a control tank, and a condenser. The magnetic gear pump circulates the fluid and
the preheater adjusts inlet vapor quality of the test section. To measure pressures and differential pressures at the
inlet and outlet of the test section, absolute pressure transducers and differential pressure transducers are installed,
respectively. The accuracy of the differential pressure transducer is +0.25 % of full scale. The mass flow rate is
measured using a Coriolis effect flow meter with an uncertainty of +0.2 % of reading. Wall temperatures of the test
section and fluid temperatures are measured by Ttype thermocouples with a calibrated accuracy of +0.1°C.
Applying a direct current heating method provides heat flux to the test section. The test section is insulated using
rubber foam with a thermal conductivity of 0.04 W/mK to minimize heat loss to the ambient. The heat loss is
estimated by comparing electric heat input with actual heat transfer rate to the fluid in terms of bulk temperature
difference and mass flow rate in single-phase flow. The heat loss is within 5 % of the electric heat input, and it is
taken into account in the experiments and analysis of the test data.

Test tubes have rectangular channels as shown in Fig. 2. Headers are connected to the inlet and outlet of the test
section to provide stable and even distribution of the fluid. Table 1 shows the specifications of microchannelstested
in this study. The experiments for the microchannels are conducted with a variation of mass flux, heat flux, and
saturation temperature. Mass flux is varied from 100 to 400 kg/nfs, heat flux is altered from 5 to 20 kW/nf, and

saturation temperaturesare maintained at 0, 5, and 10 °C.

The local heat transfer coefficient, a, inside the microchannel is determined from the measured heat flux, Q, the
fluid temperature, T,, and the calculated inside wall temperature, T,,. The inside wall temperature, Ty, is calculated
from the measured outside wall temperatures using both the equation of steady state heat conduction through the
tube and heat generation within the tube wall.

a=Q/(Tw—-T) @)

Due to the difficulties in installing pressure-measuring taps on the test section without changing hole shape and
making disturbance to the flow, the total pressure drop is measured at the headers that are located at the inlet and out
of the test section, respectively. The net pressure drop in a microchannel is determined by subtracting contraction
and expansion pressure losses and recovery at the headers from the measured total pressure drop. Egs. (3) and (4)
show acorrelation for calculation of contraction losses (Coleman and Krause, 2004).

DPeas = DPcon + DPeyp + DPyrigt 2
DPgon = (szclzr Ip)[(l-SZCZC)-ZCC(l-CC)] ()
C.=1- (1- s)/(2.08(1-s) + 0.5371) 4
Table 1. Dimensions of the test tubes
Outside Outside Inside Inside . . . Hydraulic
Chamnds  width  height  width  height ' ((:rl;r;ne)ss A Th 8';%? B Pe(rr'n”:ne)ter diameter
(mm) (mm) (mm) (mm) (mm)
7-hole 16 1.8 1.79 12 0.35 0.5 41.86 144
8-hole 16 1.8 157 1.2 0.35 0.5 44,32 1.36

3. RESULTS AND DISCUSSION

3.1 Heat Transfer Characteristics of R410A in Microchannels

Fig. 3 shows the heat transfer coefficients of R410A and R134a in microchannels and single tubes at various test
conditions. The heat transfer coefficients of R410A in single tubes, whose diameters are from 6.4 to 1.5 mm, range
from 4000 to 8000 kW/nfK at various test conditions. However, the heat transfer coefficients for microchannels
measured in this study show averagely 2 times larger than those for single tubes reported in the literature even
though they have similar hydraulic diameters. In addition, the heat transfer coefficients of R410A in microchannels
significantly increase with vapor quality as compared with those in single tubes. The R134a data in microchannels
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are presented to provide reference values in the comparison of the R410A data.

Fig. 4 compares the heat transfer coefficients of R410A with those of CO, in a microchannel with a hydraulic
diameter of 1.44 mm. When heat flux increases from 10 to 15 kW/nf at a mass flux of 300 kg/nfs and a saturation
temperature of 5°C, the heat transfer coefficient of R410A increases by 47 %. However, as heat flux varies from 15
to 20 kW/nf, the variations of the heat transfer coefficients become negligible. The effects of saturation temperature
and mass fluxe on the heat transfer coefficients of R410A are relatively small, while those for CO, are more
significant.

Refrigerant loop

Coolingloop

Chiller

Preheater

DC Power supply
= Sight glass
P>
(o) -
4 t
Mass flow meter @tr/‘\g‘] F Receiver
<

Micro gear pump

Plate heat exchanger

Figure 1 Schematic of experimental setup.
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Figure 2 Details of test tube.
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Figure 3 Comparison of the present data with existing data.
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Figure 4 Heat transfer coefficients of R410A and CO,.

Fig. 5 shows the effects of hydraulic diameter on heat transfer coefficients. As given in Table 1, the hydraulic
diameters of the microchannels of #hole and 8hole are 1.44 and 1.36 mm, respectively. The heat transfer
coefficients of the 8-hole microchannel are averagely 25% higher than those of the 7-hole microchannel. This may
be due to an increase of perimeter, which contributes on effective distribution of the heat load to each channel. In
addition, the variations of the heat transfer coefficients with vapor quality in the 8hole microchannel are smaller
than those in the 7-hole microchannel. This trend indicates that nucleate boiling is much more dominate in a smaller
hydraulic diameter. The active nucleate boiling and thinner liquid film at the channel wall with a decrease of tube
diameter make partial dryout of the liquid film, and the heat transfer coefficients start to drop at vapor quality of 0.6
in the 8hole microchannel. The effects of mass flux and heat flux on the heat transfer coefficients are relatively
small in the tested microchannels.

Table 2 shows the existing correlations particularly developed or used for convective boiling heat transfer
coefficientsin small diameter tubes. Bo was used as an important parameter in the correlations of Lazarek and Blank
(1982), and Tran et al. (1995) because the nucleate boiling was considered as the dominant two-phase heat transfer
mechanism in small diameter tubes. The Cooper correlation (1984) and the Gorenflo correlation (1993) were
developed to predict nucleate boiling heat transfer coefficients. Fig. 6 compares non-dimensionalized data with the
predictions using the Cooper correlation (1984). a, is calculated by the Dittus-Boelter equation. Although the
Cooper correlation (1984) shows large deviations from the present data, the trends of the predictions are consistent
with the measured data. Therefore, the modified Cooper correlation is suggested by multiplying 3 to the original
Cooper correlation. As given in Eg. (5), a boiling heat transfer correlation is also developed by introducing the
parameters proposed by Lazarek and Black (1982), and Tranet al. (1995). Fig. 7 compares the present datawith the
modified Cooper correlation and the present correlation. The mean deviations of the modified Cooper correlation
and the present correlation are 20% and 18%, respectively. Generally, large slugs occupy most flow area in small
diameter tubes at low mass flux, and the heat transfer coefficients are significantly varied by flow velocity.
Therefore, it is essential to consider Reynolds number along with heat flux in the correlation.

a = 13687 (Bo” We) 9% Rg 0162 (5)
Table 2. Correlations used for prediction of heat transfer coefficientsin small diameter tubes
Reference Correlation
Gorenflo (1993) a = aoFpr(g/0p)” (RB/Rp o)1
Cooper (1984) a =55p,°**(-logyo ) B\ 05067
Lazarek and Black (1982) Nu = 30Re%*'Bo? "™
Tranet al. (1995) a = 840(Bo*We)*3(r /r o) ™
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Figure 5 Effects of hydraulic diameter on heat transfer coefficients.
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Figure 6 Comparison of the present data with the Cooper correlation (1984).
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Figure 7 Comparison of the experimental data with the present correlation.
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3.2 Pressure Drop Characteristics of R410A in Microchannels

Fig. 8 shows the pressure drops of R410A in amicrochannel with a hydraulic diameter of 1.44 mm and atube with
an inner diameter of 5 mm (Chang et al., 2000). The pressure drops of R410A in the microchannel follow general
trends observed in large diameter tubes. As the mass flux increases at a given saturation temperature, the pressure
drop becomes higher. The pressure drop decreases with an increase of saturation temperature that affects viscosity
and density ratio of R410A. The microchannel shows larger pressure drop than the single tube at the same mass flux
and saturation temperature because of alarger perimeter of the microchannel.

Fig. 9 showsthefrictional pressure drops of R410A and CO, in terms of two-phase multiplier (Eg. (6)) and Lockhart
and Martinelli parameter (Eg. (7)). Generally, two-phase frictional pressure drops of large diameter tubes are well
predicted by Eq. (6). The Chisholm parameter C in Eg. (6) varies from 5 to 21 according to flow conditions. The
R410A data in the single tube with an inner diameter of 5 mm can be satisfactory correlated by varying C. In
addition, the pressure drops of CO, obtained from this study can be well predicted by using C=21. However, the
two-phase multipliers of R410A in the microchannels are much greater than those calculated by using C=21. The
averaged C for R410A in the microchannels is 35. For a single tube, the Chisholm parameter C decreases with a
drop of tube diameter due to areduction of two-phase effectsin small diameter tubes. The trends of pressure drop in
a microchannel are quite different from those in a single tube due to an irregularity of two-phase flow entering into
the channel.

f2lo =1+ ClXy + 1/Xtt2 (6)
Xy = (r /1 1) (mimy) 21 25((1-xx)* 87 7)

Fig. 10 shows the comparison of the present data with predicted f;, using the Y un and Kim correlation (2003). The
Yun and Kim correlation (2003) yields relatively good agreement with the R410A data in the microchannel with a
hydraulic diameter of 1.44 mm, but it under-predicts the pressure drops of CO, and R410A in the microchannel with
a hydraulic diameter of 1.36 mm. Mal-distribution to each port of a microchannel makes flow conditions very
complex, which may increase fj,. It is also found that the increasing rate of the pressure drops for R410A and CO; is
very similar when the microchannel diameter varies from 1.44 to 1.36 mm.

4. CONCLUSIONS

Heat transfer characteristics of R410A and CO, are measured in microchannels. The boiling heat transfer
coefficients of R410A in microchannels are much higher than those in large or small diameter single tubes at similar
test conditions. The effects of mass flux, saturation temperature, and heat flux on the heat transfer coefficients of
R410A are relatively small as compared with those of CO,. Among the existing correlations, the Cooper correlation
developed for nucleate boiling shows close trends with the present data. The pressure drops of R410A in
microchannels yield a large Chisholm parameter C of 35.
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Figure 8 Effects of test conditions on two-phase pressure drop.
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Figure 10 Comparison of the data with the predictions using the Y un and Kim correlation (2003).

NOMENCLATURE
Boiling number
Chisholm parameter
Coefficient of contraction
Hydraulic diameter (mm)
Mass flux (kg/nfs)
Inner diameter (mm)
Heat flux (kW/nf)
Reynolds number (G(1-x)/m)
Temperature (K)
Weber number based on liquid
Vapor quality
Lockhart and Martinelli parameter
Heat transfer coefficient (kW/nfK)
Dynamic viscosity coefficient (Ns/nf)
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r Density (kg/n?)
S Contraction ratio
2 Two-phase frictional multiplier
Subscripts
e Evaporation
I Liquid
pool Pool boiling
tp Two-phase
\Y Vapor
vC Vena contracta
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