
www.elsevier.com/locate/ijhmt

International Journal of Heat and Mass Transfer 50 (2007) 4796–4804
Convective gas cooling heat transfer and pressure drop characteristics
of supercritical CO2/oil mixture in a minichannel tube

Rin Yun a, Yunho Hwang b,*, Reinhard Radermacher b

a Department of Mechanical Engineering, Hanbat National University, San 16-1, Duckmyung-dong, Yuseong-gu, Daejeon 305-719, Republic of Korea
b Center for Environmental Energy Engineering, Department of Mechanical Engineering, University of Maryland, 3163 Glenn Martin Hall Building,

College Park, MD 20742, USA

Received 25 October 2006; received in revised form 25 February 2007
Available online 9 May 2007
Abstract

The effects of PAG oil concentration on the convective gas cooling heat transfer and the pressure drop characteristics of supercritical
CO2/oil mixture in minichannel tube were investigated. The test results showed that the average gas cooling heat transfer coefficient was
decreased by 20.4% and the average pressure drop was increased by 4.8 times when the oil concentration was increased from 0 to 4 wt.%.
The effects of the oil concentration on the convective gas cooling heat transfers and the pressure drops of the supercritical CO2/oil mix-
ture in minichannel tubes were experimentally confirmed to be significant.
� 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

CO2 has been reinvestigated as a working fluid for var-
ious refrigeration and air conditioning systems such as
mobile and residential air-conditioners and heat pump
water heaters, due to the escalating environmental con-
cerns. There have been many studies to improve the effi-
ciency of the transcritical CO2 cycle to an equivalent or
to even a better level than that of the systems using conven-
tional refrigerants. As a result, the performance of the
transcritical CO2 cycle has been significantly improved by
adapting various advanced components and cycle options
such as a minichannel heat exchanger, an expander, an
ejector, an internal heat exchanger, and multi-stage cycles.
Among these, the CO2 system operating at relatively high
pressures than the conventional refrigerant systems can
favorably utilizes the minichannel heat exchangers as its
gas cooler and evaporator due to its high density. More-
over, the CO2 cycle has smaller vapor and liquid density
0017-9310/$ - see front matter � 2007 Elsevier Ltd. All rights reserved.
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ratios than those of the conventional refrigerants, so that
it experiences less mal-distribution between the liquid and
vapor phases in the minichannel heat exchanger. During
the operation of the vapor compression cycle, the oil circu-
lates through all components of the system though the oil is
only needed in the compressor. The lubricating oil in the
heat exchangers deteriorates the heat transfer performance
and increases the pressure drop. Its impact is especially
greater in the minichannel heat exchangers than in the con-
ventional fin-and-tube heat exchangers since the oil can
block some minichannel ports. Therefore, understanding
the effects of the oil on the heat transfer coefficient and
the pressure drop is essential in developing minichannel
heat exchangers appropriate to the transcritical CO2 cycle.
These issues were investigated by many researchers as sum-
marized below.

Pitla et al. [1] reviewed the studies of the heat transfer
characteristics of CO2 in tube gas cooling at the supercrit-
ical state. In the supercritical region, the large variations in
the thermophysical properties of the fluid strongly affect
the heat transfer characteristics. Olson and Allen [2], Yoon
et al. [3], Son and Park [4], Dang and Hihara [5], and Liao
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Nomenclature

A area, m2

AN alkyl naphthalene
cp specific heat, J/kg K
dh hydraulic diameter, m
G mass flux, kg/m2 s
h heat transfer coefficient, W/m2 K
ID inner diameter, m
k thermal conductivity, W/m K
KL geometrical minor losses
L length, m
_m mass flow rate, kg/s
P pressure, kPa
PAG polyalkylenglycol
POE polyolester
Pr Prandtl number
_q heat transfer rate, W

Re Reynolds number
T temperature, K

Greek symbols

D difference
q density, kg/m3

l dynamic viscosity, N s/m2

x bulk oil mass concentration in the total mixture,
wt.%

Subscripts

avg average
in inlet
lmtd log mean temperature difference
mix mixture
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and Zhao [6] experimentally investigated the gas cooling
heat transfer coefficients and pressure drops of supercritical
CO2 in the horizontal tubes with the test conditions as
shown in Table 1. The authors compared the experimental
results with the existing correlations and found that when
the diameter of the test tubes was larger than 2.0 mm, the
deviation between the experimental data and the predicted
results were less than 20%. However, the existing correla-
tions failed to predict the experimental results when the
diameter of the test tubes is less than 2.0 mm. Liao and
Zhao [7], and Dang and Hihara [8] also numerically inves-
tigated the gas cooling heat transfer characteristics of CO2

at supercritical condition. Liao and Zhao [7] found that the
buoyancy effect was significant on the heat transfer in ver-
tical mini tubes. Dang and Hihara [8] tested four different
turbulence models by comparing each numerical result
with the experimental data. The k � e model by Jones
and Launder showed the best agreement with the experi-
mental data. Pettersen et al. [9] studied gas cooling heat
transfer and pressure drop characteristics of pure CO2 in
minichannels with a diameter of 0.79 mm. They reported
that the Gnielinski heat transfer model and the Cole-
brook-and-White pressure drop model predicted the test
results with 4% and 2% of the mean deviation, respectively.
Kuang et al. [10] also compared their test results of gas
cooling heat transfer coefficients of pure CO2 in minichan-
nels with the Gnielinski model. The model predicted their
experimental results within 10% of mean deviation in a
low mass flux range. However, in a high mass flux region,
the mean deviations between the test results and the pre-
dicted data were as much as 60%. Dang et al. [11] visualized
supercritical CO2 with a small amount of PAG oil by using
a sight glass in a tube with an inner diameter of 2 mm. At a
low CO2 temperature of 30 �C and an oil concentration of
1 wt.%, a large number of oil droplets were observed in the
flow with CO2. However, both size and quantity of the oil
droplets, which were entrained with CO2, decreased, and
the flow of the oil film became clearly visible with an
increase of the CO2 temperature to 50 �C. Dang et al.
[12] also investigated the effects of PAG oil on the gas cool-
ing heat transfer characteristics of supercritical CO2. The
test conditions used are as shown in Table 1. The effects
of the oil concentration on the gas cooling heat transfer
coefficients and the pressure drops were significant for
small sized tubes of 1 or 2 mm. The maximum reduction
in the heat transfer coefficients of 75% occurred in the
vicinity of the pseudocritical temperature, and the pressure
drop increased monotonously with an increase in the oil
concentration. Gao and Honda [13] experimentally studied
the heat transfer characteristics of CO2 inside the horizon-
tal tubes, which were used as a gas cooler of a CO2 heat
pump system. When the concentration of lubrication oil
was 1 wt.%, the average heat transfer coefficients were
about 20% lower than those without oil. Mori et al. [14]
studied the gas cooling heat transfer characteristics of
supercritical CO2 with oil. Although the exact oil concen-
tration was not controlled in their study, the heat transfer
coefficients of the mixture were lower than those of pure
CO2, particularly near the pseudocritical temperature.
Zingerli and Groll [15] measured the heat transfer coeffi-
cients and pressure drops of CO2/oil mixture in a
2.75 mm stainless steel tube. The experiments showed a
large decrease in the maximum heat transfer coefficients
around the pseudocritical temperature. The tests showed
that a 5 wt.% oil concentration reduced the heat transfer
coefficients by 25% on average. Kuang et al. [16] investi-
gated the effects of the different types of oil on the gas cool-
ing heat transfer coefficients of CO2 in minichannel whose
hydraulic diameter is 0.79 mm. The oils used in their study
were PAG, POE, and AN/PAG. They found that the heat
transfer coefficients were reduced up to 57% and the pres-
sure drops increased 44% for 5 wt.% oil concentration.



Table 1
Summary of CO2 gas cooling heat transfer studies

Authors Fluids Tube geometry Experimental conditions

Pitla et al. [1] CO2 Smooth tube, ID: 4.7 mm T: 20–126 �C
P: 8.1–13.4 MPa
G: 1100–2200 kg/m2 s

Olson and Allen [2] CO2 Smooth tube, ID: 10.9 mm T: 20–126 �C
P: 7.8–13.1 MPa
G: 200–900 kg/m2 s

Yoon et al. [3] CO2 Smooth tube, ID: 7.75 mm Tavg: 50–80 �C
P: 7.5–8.8 MPa
G: 225, 337, 450 kg/m2 s

Son and Park [4] CO2 Smooth tube, port ID 7.75 mm T: 25–90 �C
P: 7.5–10 MPa
G: 200–400 kg/m2 s

Dang and Hihara [5] CO2 Smooth tube, ID: 1–6 mm Tin: 30–70 �C
P: 8–10 MPa
G: 200–1200 kg/m2 s

Liao and Zhao [6] CO2 Smooth tube, ID: 0.5, 0.7, 1.1, 1.4, 1.55, 2.16 mm T: 20–110 �C
P: 7.4–12.0 MPa
G: 136–4244 kg/m2 s

Pettersen et al. [9] CO2 Microchannel, port ID 0.79 mm Tavg: 20–60 �C
P: 8.1–10.1 MPa
G: 600–1200 kg/m2 s

Dang et al. [12] CO2/PAG Smooth tube, ID: 1–6 mm Tin: 100–125 �C
P: 8–10 MPa
G: 200–1200 kg/m2 s
Oil concentration: 0–5 wt.%

Gao and Honda [13] CO2/oil Smooth tube, ID: 5 mm T: 30–100 �C
P: 7.6–9.6 MPa
G: 330–680 kg/m2 s
Oil concentration: 0, 1 wt.%

Mori et al. [14] CO2/PAG Smooth tube, ID: 4, 6, 8 mm T: 20–70 �C
P: 9.5 MPa
G: 100–500 kg/m2 s

Zingerli and Groll [15] CO2/POE Smooth tube, ID: 2.75 mm Tin: 100–125 �C
P: 8–12 MPa
G: 1700–5100 kg/m2 s
Oil concentration: 0, 2 and 5 wt.%

Kuang et al. [16] CO2/oils (PAG/AN, PAG, POE) Microchannel, port ID 0.79 mm T: 30–50 �C
P: 9 MPa
G: 890 kg/m2 s
Oil concentration: 0–5 wt.%
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However, their tests were conducted under fixed CO2 pres-
sure and mass flux conditions of 9 MPa and 844 kg/m2s,
respectively. The average temperature of CO2 across a test
section was also limited from 30 to 50 �C.

The effects of the test conditions on the gas cooling heat
transfer coefficients and the pressure drops of CO2/oil were
not clear in the summarized studies above and their exper-
iments did not control the oil concentration or were limited
in the test conditions. The objective of this study is to inves-
tigate the effects of PAG oil on the gas cooling heat transfer
and the pressure drop of CO2 in a wider operation condi-
tions, which are determined with the actual system in mind.
The effects of mass flux, test section inlet pressure and tem-
perature of CO2 at various oil concentrations were also
investigated too. Additionally the degradation ratio of
the heat transfer coefficients due to the oil was compared
to the predictions of using the exiting models. Lastly, the
effects of the oil on the pressure drops were analyzed by
using the modified Darcy–Weisbach model.
2. Experimental set-up

Fig. 1 shows the schematic diagram of the test set-up.
Basically, it is composed of two loops: the vapor compres-
sion loop and the test section loop. The components of
the vapor compression loop are a CO2 compressor, a gas
cooler, expansion valves, and an evaporator. This loop
was utilized to attain the target CO2 mass flux through
the test section, and the target temperature and pressure
of CO2 entering the test section. The test section loop con-
sists of the test section, a cooling water loop, and a syringe
pump. The CO2 flow divided from the gas cooler flows into
the test section loop. The cooling water circulated through
the test section by a pump and removed the heat from the
CO2 undergoing gas cooling process. The temperature of
the supply cooling water was set by the constant tempera-
ture water bath as shown in Fig. 1. The mass flow rate of
CO2 at the test section was controlled by adjusting the open-
ing of the needle valve. The syringe pump was used to inject
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Fig. 1. Schematic of test facility.
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oil to the test section. The volume flow rate was controlled
by the syringe pump from 4 ml/h to 400 ml/h. Three oil sep-
arators were installed to ensure that the oil, which were
separated from CO2/oil mixture discharged from the com-
pressor, were prevented from flowing into the test section;
this way the oil was ensured to flow only into the test section
from the syringe pump. The injected oil to the test section
was sent back to the compressor. The flow visualization sec-
tion was installed between the test section and the syringe
pump to monitor the oil flow control status to the test sec-
tion. Fig. 2 shows the details of the test section. The test
minichannel has 10 ports whose hydraulic diameter is
1.0 mm, the width, 16 mm, and the height, 2 mm. The water
channel, which was built around the microchannel, had
milled grooves as shown in Fig. 2b. Fig. 2c shows the assem-
bly of the microchannel and the water channel.

The pressures of CO2 at the inlet and outlet of the test
section were measured by pressure transducers that ranged
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from 0 to 20,785 kPa. It has ±0.11% accuracy of the full
scale. The CO2 and water temperatures at the inlet and out-
let of the test section were measured by RTDs that have an
error of 0.01 �C. The mass flow rate of CO2 through the
test section was measured by using a Coriolis mass flow
meter with an uncertainty of ±0.5%. The volume flow rate
of water circulating the test section was measured by a tur-
bine flow meter that has a range of 0–40 g/s, and an uncer-
tainty value of ±0.25% of the reading value. A differential
pressure transducer with the range of 0–206.8 kPa was
installed to measure the differential pressure between the
inlet and the outlet of the test section. The accuracy of
the differential pressure transducer is ±0.2% of the full
scale. All measurements were conducted when the desired
test conditions were reached in a steady state. In the tests,
the mass flux was varied from 200 to 400 kg/m2 s, the heat
flux was 20 and 25 kW/m2, and the test section inlet pres-
sure was changed from 8.4 to 10.4 MPa. The test section
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inlet temperatures were controlled from 40 to 80 �C. The
oil concentration (x) of the test section, which was calcu-
lated from the mass flow rates by using Eq. (1), was varied
in 0, 1, 2, 3, and 4 wt.%. The mass flow rate of the injected
oil in Eq. (1) was calculated from the volume flow rate and
oil density proposed by the oil manufacturer. Table 2
shows the oil properties of specific heat, density and
dynamic viscosity at five different temperatures. The speci-
fied efficiency of each oil separator is 90% or higher. There-
fore, about 0.1% of the oil or less discharged from the
compressor pass over the three serially connected oil sepa-
rators. This amount of oil corresponds to be less than
0.1 wt.% of oil concentration, which was estimated by con-
sidering the total flow rate of CO2 discharged from the
compressor. Moreover, the fluid flow condition was moni-
tored through the flow visualization section after the three
oil separators, confirming that the minimal amount of oil
was passed over the three separators throughout the tests.

x ¼ _moil

_mmix

� 100 ð1Þ

Table 3 shows the control methods of the test condi-
tions. The test section inlet pressures of CO2 were con-
trolled by adjusting the charge amount of CO2 in the
system and by adjusting the opening of the expansion
valve. The temperature of CO2 at the test section inlet
was controlled by adjusting the opening of the two valves
at the inlet and the outlet of the gas cooler as shown in
Fig. 1. The heat transfer rate between water and CO2

was set by regulating the test section inlet water tempera-
ture. For each test, the energy balance between water-side
and CO2-side heat transfer rates was checked and with less
than 5% difference. The water-side heat transfer rate was
calculated by using the following equation:

_qwater ¼ _mwatercp;waterðT outlet � T inletÞwater ð2Þ
Table 2
Properties of the test oil

Temperature (�C) cp (J/kg K) q (kg/m3) M (N/s m2)

0 1478 1011 0.2635
25 1567 996 0.08148
50 1656 980.6 0.03014
75 1746 965.3 0.01283

100 1835 949.9 0.006107

Table 3
Control methods of test conditions

Test conditions Control methods of test conditions

Test section inlet pressure
of CO2

Charge amount of CO2 in the system

Controlling the expansion valve
opening

Test section inlet temperature
of CO2

Controlling the opening of valve at
gas cooler

Heat transfer rate between
water and CO2

Water temperature at test section
inlet
The CO2/oil side heat transfer rate was calculated by Eq.
(3), which includes the heat transfer rate of oil.

_qco2=oil ¼ _mco2
ðhinlet � houtletÞ þ _moilcp;oilðT inlet � T outletÞ ð3Þ

The uncertainty of heat transfer coefficients was calculated
as summarized in Appendix A, and the average uncertainty
including the precision error was 6.3%.
3. Data reduction

The CO2-side heat transfer coefficient was calculated by
Eqs. (4)–(6). Eq. (6) was obtained by using the Wilson Plot
method [9]. During the Wilson Plot evaluation, CO2 was
maintained at a supercritical state with a pressure of
9.6 MPa and an inlet temperature of 54 �C. Since the accu-
racy of this calibration can be improved with a higher heat
transfer coefficient on the CO2 side, a higher mass flux of
980 kg/m2 s was chosen. The calibration was conducted
at 16 different water mass flow rates from 4.5 to 30 g/s:

1

ðhAÞco2

¼ 1

ðhAÞoverall

� 1

ðhAÞwater

ð4Þ

ðhAÞoverall ¼
_q

T lmtd

ð5Þ

hwater ¼ 0:0466� Re0:6978 � Pr0:4 � k=dh ð6Þ
4. Results and discussion

4.1. Heat transfer characteristics

Fig. 3 shows the variation of heat transfer coefficients
with an average CO2 temperature under no oil condition.
Here, the average CO2 temperature is defined as an arith-
metic mean of the inlet and the outlet CO2 temperatures
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Fig. 3. Variation of heat transfer coefficient with average CO2 tempera-
ture under no oil condition.
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across the test section. The mass flux was 300 kg/m2 s and
the heat flux was 20 kW/m2. The test section inlet pressure
was kept constant at 9.5 MPa. In Fig. 3, the horizontal line
at each data point shows a temperature variation of CO2

across the test section and the vertical line shows error
bars. The pseudocritical temperature is defined as the tem-
perature at which the specific heat is the highest at the
given pressure. The temperature interval of inlet and outlet
CO2 temperatures across the test section is smaller for the
data points around a pseudocritical temperature than those
far from it due to the higher specific heat. When the mea-
sured heat transfer coefficients were compared with the
estimated values by the Gnielinski model, they show very
similar trends at various average home CO2 temperatures
with an average deviation of 19%. However, a large devia-
tion was observed around the pseudocritical temperature.
It should be noted that this deviation could be different
depending upon the test temperature interval of CO2

around the pseudocritical temperature. Fig. 4 shows the
effects of oil on the gas cooling heat transfer coefficients.
When the oil concentration is 2 wt.%, the average heat
transfer coefficients are 9.6% lower than those for 0 wt.%
oil concentration. For 4 wt.% oil concentration, the degra-
dation is 20.4% as compared to 0 wt.% oil concentration.
As Dang et al. [11] reported, the oil flows in a film form
at high temperature (gas cooler inlet conditions) and in a
large number of droplets at low temperature (gas cooler
exit conditions). When the oil flows in either droplets or
oil liquid film, the oil will obstruct the heat transfer
between CO2 bulk flow and the tube wall. As the oil con-
centration increases, there will be more oil droplets or
thicker oil film, and consequently will cause more thermal
resistance. Therefore, the heat transfer coefficient decreases
as the oil concentration increases. Since the specific heat
(cp) of the oil is smaller than that of pure CO2, the cp of
the CO2/oil mixture is lower than that of pure CO2. There-
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Fig. 4. Effects of oil concentration on the heat transfer coefficient.
fore, the log mean temperature difference (Tlmtd) in Eq. (5)
of the mixture is larger than that of pure CO2 at constant
heat transfer rate, and smaller heat transfer coefficients
were obtained for the mixture. Moreover, the Prandlt num-
ber and the Reynolds number of the CO2/oil mixture were
estimated to be smaller than those of the pure CO2 when
the mixture properties were averaged by the mass fraction
ratio between the oil and the CO2 such as Eqs. (9) and (10).
In this study, the degradation of the heat transfer coeffi-
cients was observed to be more significant around the
pseudocritical temperature than far from it. This large deg-
radation of heat transfer coefficients around the pseudo-
critical temperature was also observed in Kuang et al.’s
experiments [16]. This may be due to the higher effects of
the oil concentration on the thermophysical properties of
CO2/oil mixture near the pseudocritical temperature.
Fig. 5 shows the effects of the mass flux on the heat transfer
coefficients at the same average temperature of CO2. It is
crucial to set the same average temperature of the CO2

for each test in order to investigate the effects of the mass
flux on the heat transfer coefficients because the thermo-
physical properties of CO2 are critically dependent upon
the temperature. Fig. 5 shows clear trends that the heat
transfer coefficients increase at a higher mass flux condition
under the same average temperature condition. On the
other hand, the results in this study showed that the degra-
dation ratio of the heat transfer coefficient with the oil con-
centration increases under the higher mass flux condition.
Fig. 6 shows the effects of CO2 pressure at the test section
inlet on the heat transfer coefficients. The inlet and outlet
temperatures of CO2 at the test section were carefully con-
trolled to the same values. When the pressure increased at
the same average temperature, the heat transfer coefficient
increased. This is because the average CO2 temperature
approached the pseudocritical temperature with increasing
pressure.
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concentrations.
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4.2. Pressure drop characteristics

Fig. 7 shows the effects of the oil concentration on the
pressure drop across the test section at various average
CO2 temperatures. As shown, the pressure drop increases
and the density of CO2 decreases as the average CO2 tem-
perature increases. This decrease of the CO2 density results
in the increased velocity of CO2 inside the microchannel,
which consequently results in the higher pressure drop.
When the effects of the oil concentration on the pressure
drop are considered, the pressure drop significantly
increases with the oil concentration. Fig. 8 shows the effects
of the mass flux on the pressure drop at various oil concen-
trations. As the oil concentration increases from 0 to
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Fig. 7. Effects of oil concentration on the pressure drop at various average
CO2 temperatures.
2 wt.% at the same mass flux, the pressure drop increases
by 2.9 times on average. When the oil concentration
increases from 0 to 4 wt.%, the pressure drop increases
by 4.8 times on average. This result can be explained by
the flow condition as reported by Dang et al. [11]. As the
oil concentration increases, there will be more oil droplets
or thicker oil film. Since the viscosity of liquid oil is much
higher than that of the gaseous CO2, the oil droplets or the
oil film wetting the tube wall will significantly increase the
hydraulic resistance for the bulk flow. When the mass flux
increases from 300 to 400 kg/m2 s at the same oil concen-
tration, the average pressure drop increases by 2.9 times.
Fig. 9 shows the effects of the test section inlet pressure
on the pressure drop at various oil concentrations. The
pressure drop decreases with the increase of the test section
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inlet pressure of CO2. This trend can be also explained by
the density change of CO2 with the pressure of CO2.
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Fig. 11. Comparison of the measured pressure drops with the predictions
by the modified Darcy–Weisbach model.
4.3. Comparison of the experimental data with the existing

models

The models that predict the effects of oil on the convec-
tive gas cooling heat transfer coefficients of supercritical
CO2 are not available in the open literature. Therefore,
the existing models developed for predicting the oil effects
on the condensation heat transfer coefficients were used
to estimate the convective gas cooling heat transfer coeffi-
cients of the supercritical CO2 and were compared with
the present data. The basic form of the existing models is
shown in Eq. (7). Tichy et al. [17] used 5.0 for the constant
in Eq. (7), where R12 and a 300 SUS naphthenic base oil
were tested. Schlager et al. [18] suggested the constant of
3.2 in Eq. (7). The test was conducted with R22 and
150/300 SUS oil mixtures. Bassi and Bansal [19] predicted
their experimental results by using the constant of 2.2 in
Eq. (7). R134a and polyol ester oil were used in their exper-
iment. Fig. 10 shows the comparison of the measured heat
transfer coefficients with the predictions using the models
when the oil concentration is increased from 0 to 2 wt.%.
Although the predictability of each model for the degrada-
tion ratio of heat transfer coefficients with the oil concen-
tration depends on the mass flux conditions, the Tichy
et al. model [17] shows a lowest average mean deviation
of 3.9% between the test results and estimated values.

hoil=hno-oil ¼ e �const� x
100ð Þ ð7Þ

There is no available pressure drop model that takes the
oil effects on the pressure drops of the convective gas cool-
ing process of supercritical CO2 into account. The modified
Darcy–Weisbach model as shown in Eq. (8) with the
Blasius friction factor was used to estimate the convective
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Fig. 10. Comparison of the measured heat transfer coefficients with the
predictions by the existing models.
gas cooling pressure drops of the supercritical CO2 and
compared with the present data. KL in Eq. (8) considered
the minor losses of the pressure drops due to the contrac-
tion and expansion occurred between the headers and the
microchannel, and T-junctions, which connect the headers
to differential pressure transducers. The dynamic viscosity
and density of the mixture in Eq. (8) are defined as Eq.
(9) [20] and Eq. (10) [21], respectively.

DP ¼ qmix

2
� Gmix

qmix

� �2
 !

� 0:316
Gmixdh

lmix

� ��0:25

� L
dh

 !
þ KL

" #
ð8Þ

where

lmix ¼
x

100
loil þ

ð1� xÞ
100

lco2
ð9Þ

qmix ¼
qoil

1þ x=100� ðqoil=qco2
� 1Þ ð10Þ

Fig. 11 shows the comparison between the measured
data and the estimated values with the mean deviation of
23.3%. As shown in Fig. 11, the deviation between the mea-
sured and estimated values increases with the increase of
the oil concentration. Eq. (8) takes into account only the
change of bulk thermophysical properties of CO2 with oil
but not the effects of the oil film formed around the tube
wall, which should be considered in order to better predict
the pressure drop at high oil concentrations.
5. Conclusions

In this study, the effects of oil along with the test condi-
tions, such as mass flux, test section inlet pressure and tem-
perature of CO2, on the convective gas cooling heat transfer
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coefficients and the pressure drops in a minichannel tube
operating at supercritical pressure were experimentally
investigated. Significant degradation of average gas cooling
heat transfer coefficients were observed up to 20.4% when
the oil concentration was increased from 0 to 4 wt.%. The
degradation ratio of the heat transfer coefficient increases
with increase of mass flux of CO2 at the same oil concentra-
tion. This degradation ratio was successfully estimated by
using the Tichy et al. model, which was developed for pre-
dicting the effects of oil on the condensation heat transfer
coefficient. As the oil concentration increases from 0 to
2 wt.% at the same mass flux, the pressure drop increases
by 2.9 times in average. When the oil concentration
increases from 0 to 4 wt.%, the pressure drop increases by
4.8 times in average. The modified Darcy–Weisbach model
with the Blasius friction factor shows a 23.3% mean devia-
tion between the measured data and the estimated values.
The deviation increases with increase in oil concentration.
Since the effects of the oil concentration on the convective
gas cooling heat transfers and the pressure drops of the
supercritical CO2/oil mixture in minichannel tubes are sig-
nificant, it is recommended to minimize the oil concentra-
tion to less than 0.5 wt.%.
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Appendix A. Uncertainty analysis

A.1. Uncertainty of the heat transfer coefficient

The uncertainties of the gas cooling heat transfer coeffi-
cients are defined as Eq. (A.1.1). From Eqs. (4) and (5),
each term in Eq. (A.1.1) can be expressed as Eqs. (A.1.2),
(A.1.3), and (A.1.4).

W hco2
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