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Abstract

Convective boiling heat transfer coefficients and dryout phenomena of CO, are investigated in rectangular micro-
channels whose hydraulic diameters range from 1.08 to 1.54mm. The tests are conducted by varying the mass flux
of CO, from 200 to 400kg/m?s, heat flux from 10 to 20kW/m?, while maintaining saturation temperature at 0, 5
and 10°C. Test results show that the average heat transfer coefficient of CO, is 53% higher than that of R134a. The
effects of heat flux on the heat transfer coefficient are much significant than those of mass flux. As the mass flux
increases, dryout becomes more pronounced. As the hydraulic diameter decreases from 1.54 to 1.27mm and from
1.27 to 1.08mm at a heat flux of 15kW/m? and a mass flux of 300kg/m?s, the heat transfer coefficients increase by
5% and 31%, respectively. Based on the comparison of the data from the existing models with the present data, the
Cooper model and the Gorenflo model yield relatively good predictions of the measured data with mean deviations
between predicted and measured data of 21.7% and 21.2%, respectively.
© 2004 Elsevier Ltd. All rights reserved.
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1. Introduction of a round tube. Although an additional contact area

with the fluid increases the pressure drop in microchan-

A microchannel heat exchanger provides several
advantages over a conventional fin-tube heat exchanger
in a CO, transcritical system operating at high pressures.
Microchannels can endure high operating pressure due
to its channel structure. Besides, microchannels provide
much larger contact area with fluid per unit volume and
yield a higher heat transfer coefficient compared to that
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nels, CO, shows a relatively smaller pressure drop than
other conventional refrigerants. With these advantages
of microchannels, we can save space and material of a
heat exchanger, and reduce its weight and refrigerant
charge. However, the microchannel heat exchanger as
an evaporator has the shortcomings of refrigerant mal-
distribution and condensed water drainage.

Since microchannel technology is relatively new, data
on heat transfer coefficients are very limited in literature.
Pettersen [1] studied flow vaporization of CO, in a
microchannel tube with a diameter of 0.8mm. He
showed that dryout significantly affected heat transfer
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Nomenclature

Bo boiling number

D diameter, m

G mass flux, kgm s~

H heat transfer coefficient, Wm 2K ™!

k thermal conductivity, Wm™'K~!

M molecular weight, kgkmol !

Pr Prandtl number

Dr reduced pressure

q heat flux, Wm™2

R, surface roughness parameter, pm

Re Reynolds number

T temperature, K

We, Weber number based on liquid (G*D/
p10)

Greek symbols
0 film thickness, m

€ void fraction

u dynamic viscosity coefficient, Nsm 2
p density, kgm™

o surface tension, N/m
Subscripts

f fluid

h hydraulic

1 liquid

o reference

\4 vapor

w inner wall

characteristics of CO, at high mass fluxes and high sat-
uration temperatures, and nucleate boiling was domi-
nant prior to dryout. Zhao et al. [2] presented
experimental data for flow boiling of CO, and R134a
in a microchannel for vapor qualities from 0.05 to 0.3.
In their vapor quality range, mass flux had very small ef-
fect on heat transfer coefficients for both CO, and
R134a. In addition, the heat transfer coefficient of CO,
was approximately 200% higher than that of R134a. Hi-
hara and Tanaka [3] reported boiling heat transfer coef-
ficients of CO, in a 1.0mm diameter single tube. They
found that dryout of CO, depended on saturation tem-
perature, mass flux, and heat flux. Yun et al. [4] investi-
gated boiling heat transfer coefficients of CO, in mini
tubes with inner diameters of 2.0 and 0.98mm. The
measured heat transfer coefficient was in the range of
10-20kW/m? K, which was significantly affected by dry-
out. The dryout generally occurred at vapor qualities
from 0.3 to 0.4. Zhao et al. [5] developed heat transfer
correlations for microchannels by modifying the Liu
and Winterton correlation [6]. They used a confinement
number to consider the effects of a small tube diameter.

The available literature on the subject of two-phase
flow heat transfer in microchannels has not fully ad-
dressed the effects of microchannel size (hydraulic dia-
meter) and operating parameters on heat transfer
coefficients. Furthermore, heat transfer characteristics
in multi-channels under dryout conditions should be
investigated [7]. In this study, the boiling heat transfer
coefficients in microchannels were measured and then
analyzed as a function of mass flux, heat flux, and satu-
ration temperature. The effects of hydraulic diameter
and dryout on the heat transfer coefficients in micro-
channels were also studied. The measured heat transfer
coefficients were compared with the predictions using

the existing correlations for heat transfer coefficients in
small diameter tubes.

2. Experimental setup and test conditions

Fig. 1 shows a schematic 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
working fluid and the preheater adjusts the inlet vapor
quality of the test section. Applying a direct current heat-
ing method, which uses a high-current transformer with
1000A and 5V, provided heat flux to the test section.
The test section was heavily insulated using a rubber
foam to minimize heat loss to the ambient. The heat loss
was estimated by comparing the electric heat input with
the actual heat transfer rate to CO, in terms of the enth-
alpy difference across the test section in subcooled state.
The heat loss test was conducted at an average fluid tem-
perature of 10 °C with the various heat and mass flux con-
ditions. The heat loss in the preheater and test section was
taken into account in the calculations of vapor quality
and heat transfer coefficient by estimating the actual heat
input to these sections based on the difference between
the measured heat input and the heat loss.

The mass flow rate was measured using a Coriolis ef-
fect flow meter with an uncertainty of £0.2% of reading.
Wall temperatures of the test section and fluid tempera-
tures were measured by T-type thermocouples with a
calibrated accuracy of +0.1°C. Thermocouples were
placed on the top and bottom of each measuring point,
which were equally located along the test section. The
junctions installed on the outer surface of the micro-
channels were electrically insulated by a very thin Teflon
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Fig. 1. Schematic of the experimental setup.
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Fig. 2. Schematic of the test section.

tape. The temperature differences among the thermocou-
ples during single-phase runs were less than +0.2°C. The
pressure of the refrigerant entering the test section was
monitored with a pressure transducer with an uncer-
tainty of *2.1kPa. The power input to the preheater
was monitored using a watt transducer with an uncer-
tainty of £0.2% on full scale.

Table 1
Specifications of the test tubes

The test microchannels have rectangular channels as
shown in Fig. 2. Table 1 shows the specifications of five
microchannels tested in this study. Hydraulic diameter
of the test section varied from 1.08 to 1.54mm. Fig. 3
shows the connecting parts of microchannels and the de-
tails of header. The height of the header was 120 mm and
the hole was carefully machined to fit the microchannels.
The tests were conducted at mass fluxes from 200 to
400 kg/mzs, heat fluxes from 10 to 20kW/m?, and satu-
ration temperatures from 0 to 10°C.

The local heat transfer coefficient, /4, was determined
from the measured heat flux, ¢, the fluid temperature, 7%,
and the calculated inner wall temperature, 7.

h=q/(Tw—Tr) ()

The inner wall temperature, 7, was calculated from the
measured outer wall temperatures using the equations
for steady state heat conduction through the microchan-
nel and for heat generation within the wall. The heat flux
was calculated from the ratio of power input to surface
area in the microchannel.

Test tube no. Outside width (mm) Outside height (mm) A (mm) B (mm) Number of channels Hydraulic diameter (mm)
1 16 1.8 2.15 1.2 6 1.54
2 16 1.8 1.36 1.2 9 1.27
3 16 2.0 1.25 1.2 10 1.08
4 18 1.7 2.15 1.1 7 1.53
5 20 2.0 1.52 1.2 10 1.14
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Fig. 3. Schematic of connecting parts and details of header.

Uncertainties of the present experiments were ana-
lyzed with the RRS method suggested by Maffat [8].
The average uncertainty was estimated by averaging
the uncertainties calculated for each test condition,
which were within 95% of reliability. In this study, the
average uncertainty of the heat transfer coefficients
was £12.9%, which was calculated with an uncertainty
of £1.4% in the determination of the heat transfer rate
to the test section. The average uncertainty of vapor
quality at the inlet of the test section was £4% calculated
from the uncertainty of the enthalpy at the inlet of the
test section.

3. Results and discussion

Fig. 4 shows the comparison of the present data with
Pettersen et al.’s [1] for a microchannel. Both data show
an existence of dryout at moderate vapor quality. After
dryout, the heat transfer coefficient significantly drops
due to an increase in tube wall temperature. The present
data show similar trends with Pettersen et al.’s. How-
ever, the heat transfer coefficients reported by Pettersen
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Fig. 4. Comparison of the present data with Pettersen et al.’s

1.

et al. [1] show 19% higher values than the present data at
the same heat flux. The possible reasons for higher heat
transfer coefficient of Pettersen et al. are that their test
channel had a smaller hydraulic diameter and they
tested at a higher saturation temperature. Generally,
the heat transfer coefficient of CO, increases with a rise
of saturation temperature due to an enhancement of
nucleate boiling.

Fig. 5 shows the influence of heat flux on boiling heat
transfer coefficients for CO, and R134a. The heat trans-
fer coefficient of CO, at a heat flux of 10kW/m? in-
creases with vapor quality, while it remains fairly
constant at a heat flux of 15kW/m?. For a heat flux of
20kW/m?, the heat transfer coefficient of CO, is main-
tained constant up to a quality of 0.55, but it starts to
decrease beyond that point. The rapid reduction of heat
transfer coefficient at a certain quality is due to the dry-
out of the liquid film. As the heat flux increases, nucleate
boiling becomes more active and bubble bursting near
interface of the liquid film and vapor can occur more fre-
quently. Especially, the liquid film of CO, breaks more
easily from the tube wall due to a lower surface tension
of CO,, which causes an earlier dryout of the liquid film
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Fig. 5. Comparison of the heat transfer coefficients of CO, with
those of R134a.
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at a lower vapor quality. When the quality is less than
0.5, the boiling heat transfer coefficient of CO, increases
with a rise of heat flux. However, when the quality is
greater than 0.5, the effects of heat flux on the heat trans-
fer coefficient of CO, become uncertain due to the dry-
out phenomenon. In case of R134a, the heat transfer
coefficient increases with quality at all heat fluxes. The
dryout quality of R134a is much higher than that of
CO, due to a relatively higher surface tension of
R134a. In addition, the effects of heat flux on the heat
transfer coefficient of R134a are negligible as compared
with those of CO,. For a heat flux of 15kW/m?, the
average heat transfer coefficient of CO, is 53% higher
than that of R134a.

Fig. 6 shows the influence of saturation temperature
on the heat transfer coefficients at a mass flux of 300kg/
m?s and various heat flux conditions. The heat transfer
coefficient increases with a rise of saturation tempera-
ture. The heat transfer coefficients at saturation temper-
atures of 5 and 10°C increase by 13% and 30%,
respectively, based on the data at a saturation tempera-
ture of 0°C. Increasing saturation temperature can en-
hance nucleate boiling due to the decrease of surface
tension. For example, the surface tensions of CO, at 0,
5, and 10°C are 0.0046, 0.0036, and 0.0028 N/m, respec-
tively. Moreover, as the heat flux increases from 10 to
15kW/m? and 20kW/m? at a saturation temperature of
5°C, the heat transfer coefficients are improved by
18% and 38%, respectively. These enhancements can
be attributed to an improvement of nucleate boiling heat
transfer with the increase of heat flux.

Fig. 7(a) shows the effects of mass flux on the heat
transfer coefficient when dryout occurs. When the mass
flux is 200kg/m?s, the heat transfer coefficient remains
nearly constant up to a quality of 0.8. However, as the
mass flux increases from 200 to 300kg/m’s, a rapid
reduction of the heat transfer coefficient is observed at
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Fig. 6. Effects of saturation temperature.
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Fig. 7. Effects of mass flux on heat transfer coefficients. (a)
Dryout conditions, (b) non-dryout conditions.

a vapor quality of 0.7. The reduction of the heat transfer
coefficient becomes more significant and the dryout
quality decreases with a rise of mass flux. As the mass
flux increases, the flow pattern transition to annular flow
can occur easily [9] and the entrainment of liquid drop-
lets into the vapor core becomes more active [10], which
cause more pronounced dryout phenomenon. Fig. 7(b)
shows the effects of mass flux on the heat transfer coef-
ficient under non-dryout conditions. The effects of mass
flux become negligible. This result is consistent with the
test results reported by the previous studies [1,2]. In
addition, the heat transfer coefficient varies relatively
slightly with quality at all mass fluxes, which lies be-
tween 9000 and 11000 W/m°K.

Fig. 8 shows the effects of hydraulic diameter on the
average heat transfer coefficients. The heat transfer coef-
ficient increases with the reduction of the hydraulic
diameter at all heat fluxes. When the hydraulic diameter
decreases from 1.54 to 1.27mm and from 1.27 to
1.08mm at a heat flux of 15kW/m?, the heat transfer
coefficients increase by 5% and 31%, respectively.
Reducing the hydraulic diameter of the microchannels
tested in this study increases the perimeter, which makes
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heat load distribution to each channel easier and effec-
tive. Also, it should be noted that nucleate boiling is
much more dominant in microchannels with a smaller
hydraulic diameter [11-13].

Table 2 shows the existing models developed for pre-
dicting convective boiling heat transfer coefficients in
small diameter tubes. The present data are compared
with the predictions made by the existing models and
mean deviations are given in Table 2. The Cooper model
[14] and the Gorenflo model [15], which were developed
to predict nucleate boiling heat transfer coefficients,
yield relatively good predictions of the present data with
mean deviations of 21.7% and 21.2%, respectively. Since
nucleate boiling is dominant in a small diameter tube
and the surface tension of CO, is very small as compared
to conventional refrigerants, these models show satisfac-
tory predictions of the measured data. Although Laz-
arek and Black [16], and Tran et al. [17] used the term
of Bo as a major parameter in their correlations, their

Table 2

models show large deviations from the present data.
These large deviations may be attributed to the limita-
tions of working fluids used in developing their models.
The Liu and Winterton model [6] including a convective
and a nucleate boiling term shows a close correlation
with the measured data with a mean deviation of
25.6%. The Liu and Winterton model employed the
Cooper model in the calculation of the nucleate boiling
term. Kattan et al. [18] developed a model by consider-
ing the effects of annular flow pattern along with liquid
film thickness and void fraction. This flow pattern is
dominant in a small diameter tube. The Kattan et al.
model [18] shows fairly consistent predictions of the pre-
sent data with a mean deviation of 24.1%.

Fig. 9(a) and (b) show the comparison of the present
data with the predictions using the existing models. Gen-
erally, all models considered in this study show large un-
der-predictions at high heat transfer coefficients, which
are above 15,000kW/m?K. These deviations may be
due to the existence of a mal-distribution and large
pressure fluctuation in multi-tubes, which yield the dif-
ferences of heat transfer coefficients between micro-
channels and single tubes even though the tests were
conducted at similar operating conditions. Therefore,
further studies are required to develop a new heat trans-
fer coefficient model that will include the flow instability
of multi-channels to obtain better predictions.

4. Conclusions

In this study, the boiling heat transfer characteristics
of CO, in microchannels were experimentally investi-
gated by varying operating conditions and hydraulic
diameter of microchannels. The average heat transfer
coefficient of CO, was 53% higher than that of R134a.
The effects of heat flux on the heat transfer coefficient

Correlations used in predictions of heat transfer coefficients in microchannels

References Correlation

Important parameters/comments Mean dev. (%)*

Cooper [14]
Gorenflo [15]
Lazarek and Black [16]

h =55 ?'12(—10210Pr)iossM*Ml}Qm
Nu=30Re"7 B Re = GD/y,

Tran et al. [17]

Liu and Winterton [6]
Kattan et al. [18]

h= ((EhDiltus—Boelter)2 + (ShCooper)z)l/2
h = ((0.0133R) P P94k, /)

+(0.023Re}* P4k, /D)*)'/?
Rei = 4G(1 = x)5/((1 = &)),
Re, = GxDlI(eu,)

I = hoFer(glqo)(Ry/ Rpo) '3, 1o = 4170 (CO»)

I = 840(Bo* We)*(pi/p) " kWim*K

Heat flux, reduced pressure 21.7
Heat flux, surface roughness 21.2
Boiling number/developed 314
for small tubes

Boiling number/developed 36.7
for small tubes or channels

Including the Cooper model 25.6

Including effects of flow pattern 24.1

* Mean dev. = L3V ABS[((fprea — hexp) X 100)/hexp).
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existing models. (a) The Gorenflo model [15] and the Kanttan
et al. model [18], (b) the Cooper model [14] and the Lazarek and
Black model [16].

of CO, were much more significant than those of R134a.
As the heat flux increases, the heat transfer coefficient
becomes higher at all test conditions prior to dryout.
Increasing the saturation temperature enhances the heat
transfer coefficient by activating nucleate boiling heat
transfer. As the mass flux increases, dryout becomes
more pronounced due to an easier flow pattern transi-
tion and a larger liquid droplet entrainment. Decreasing
of the hydraulic diameter of microchannels improves the
heat transfer coefficient. The Cooper model [14] and the
Gorenflo model [15], which were developed to predict
nucleate boiling heat transfer coefficients, yield relatively
good predictions of the present data with mean devia-
tions of 21.7% and 21.2%, respectively.
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