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Mixed refrigerant Joule Thomson refrigerators are widely used in various kinds of cryogenic systems
these days. Although heat transfer coefficient estimation for a multi-phase and multi-component fluid
in the cryogenic temperature range is necessarily required in the heat exchanger design of mixed refrig-
erant Joule Thomson refrigerators, it has been rarely discussed so far. In this paper, condensation and
evaporation heat transfer coefficients of argon–freon mixed refrigerant are measured in a microchannel
heat exchanger. A Printed Circuit Heat Exchanger (PCHE) with 340 lm hydraulic diameter has been
developed as a compact microchannel heat exchanger and utilized in the experiment. Several two-phase
heat transfer coefficient correlations are examined to discuss the experimental measurement results. The
result of this paper shows that cryogenic two-phase mixed refrigerant heat transfer coefficients can be
estimated by conventional two-phase heat transfer coefficient correlations.

� 2014 Elsevier Ltd. All rights reserved.
1. Introduction

As the demand for compact and efficient cryogenic Joule–Thom-
son refrigeration systems increases, two major technologies are
being employed. Firstly, a microchannel configuration is often uti-
lized in the heat exchanger of such refrigeration systems. The
microchannel can increase the heat transfer area due to the small
hydraulic diameter of the channel; the area density of the heat
exchanger is increased within the same volume (compared to that
of a conventional heat exchanger). Therefore, a compact and high
effectiveness heat exchanger can be developed in the refrigeration
system. Besides, the heat transfer coefficient is larger than that of
the macrochannels due to its small hydraulic diameter; thus, the
higher performance can be achieved within the same volume of
heat exchanger. The second method to improve the efficiency of
cryogenic refrigeration systems is to reduce the required work
from the compressor. When a Joule–Thomson refrigerator with a
single-component refrigerant is utilized to reach cryogenic tem-
peratures, very high compression ratios are usually required,
which results in high compression work. The zeotropic mixed
refrigerant has been introduced to reduce the compression ratio
and the energy consumption [1]. A mixed refrigerant Joule–Thom-
son refrigerator can have a higher cooling power than a single com-
ponent refrigerant Joule–Thomson refrigerator at the identical
compression ratio. The distinctive difference of the mixed refriger-
ant refrigeration process from the pure component refrigeration
process is that the mixed refrigerant works almost completely in
the two-phase region. Fig. 1 displays the temperature-entropy dia-
gram of the pure substance argon and a mixed refrigerant. Use of a
mixed refrigerant enlarges the vapor dome as compared to the
vapor dome of a pure substance. Therefore, the mixed refrigerant
at high pressure gets condensed during the cool down, while the
low pressure stream from the evaporator gets evaporated in
the heat exchanger. For this reason, the detailed information of
the two-phase heat transfer coefficients are indispensable for the
design of the recuperative heat exchanger for a mixed refrigerant
Joule Thomson refrigerator.

There are several papers [2–4] related to the design of tube-in-
tube heat exchangers for mixed refrigerant Joule–Thomson refrig-
erators. These heat exchangers were composed of macrochannels
with 10–14.5 mm for the outer tube and 2 mm for the inner tubes.
They analyzed only the overall heat transfer coefficients for the
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Nomenclature

Symbols
A heat transfer area, m2

a shear stress constant
AAD absolute average deviation
B total bias error
Bo boiling number ðq00=ðilvGÞÞ
Clg correction factor,
Cp heat capacity, J/kg K
Cpw apparent local specific heat, J/kg K
Dh hydraulic diameter, m
E two-phase multiplier constant
F two-phase multiplier constant
Fr Froude number ðG2=ðgDq2

tpÞÞ
G mass flux, kg/m2 s
g gravitational acceleration, m/s2

h local heat transfer coefficient, W/m2 K
H two-phase multiplier constant
i enthalpy, J/kg
k thermal conductivity, W/mK
m mass flow rate, kg/s
M molecular weight
N number of data
Nu Nusselt number
Pr Prandtl number
Pr reduced pressure
Q heat flow, W
q00 heat flux, W/m2

R two-phase multiplier constant
Re Reynolds number
S standard deviation of data
S two-phase multiplier constant
T temperature, K
t95% T-distribution for a confidence level
U overall heat transfer coefficient, W/m2 K
U uncertainty
We Weber number ðG2D=ðrqtpÞÞ
x quality

Xo two-phase multiplier constant
Xtt Lockhart–Martinelli parameter
Z two-phase multiplier constant
z distance

Greek symbols
k the ratio of interface velocity to mean film velocity
l viscosity, Pa s
q density, kg/m3

r surface tension, N/m
s shear stress, Pa

Subscripts
bc bulk convective contribution
cond condensation
eq equivalent
evap evaporation
exp experimental
f shear stress due to friction
He helium
HT heat transfer area
in inlet
L total length
l liquid
LMTD log mean temperature difference
lo liquid only
lv differential of latent (vapor–liquid)
m shear stress due to momentum
MR mixed refrigerant
nb nucleate pool boiling contribution
out outlet
pred prediction
sat saturation
tp two-phase
v vapor
vo vapor only
w wall

30 S. Baek et al. / Cryogenics 64 (2014) 29–39
heat exchanger or the overall performance of the Joule Thomson
refrigerator. The measurement of the overall heat transfer
coefficient data does not allow investigation of the local heat trans-
fer coefficients. Further development of heat exchangers for mixed
refrigerant Joule–Thomson refrigerators requires local heat trans-
fer coefficient measurements of two-phase mixed refrigerants.
The local evaporative heat transfer coefficient of the two-phase
mixed refrigerant was obtained by Nellis [5] for a circular channel
(Dh = 860 lm), and this is probably the only reported study on a
multi-component mixture at cryogenic temperature. On the other
hand, the condensation heat transfer coefficient of cryogenic mixed
refrigerant has not been reported elsewhere.

Substantial work has been reported in conjunction with evapo-
ration and condensation of room temperature mixed refrigerants.
Cheng et al. [6] and Celata et al. [7] reviewed the evaporative heat
transfer characteristics of mixed refrigerants. Radermacher and
Hwang [8] summarized the research related to the condensation
heat transfer mechanism of mixed refrigerants. However, these
mixed refrigerants are composed of CFCs and HCFCs used for room
temperature applications such as HVAC and electronics cooling
devices. The temperature glide for these mixtures is usually less
than 10 K and the variation in the physical properties is not
significant compared to the cryogenic mixed refrigerants used in
cryocoolers. The hydraulic diameter was larger than 7 mm the in
preceding research.

For the design process of an appropriate microchannel heat
exchanger for a mixed refrigerant Joule–Thomson refrigerator,
local evaporation and condensation heat transfer coefficients of
the mixed refrigerant should be identified. In this paper, two phase
heat transfer coefficients for evaporation and condensation of
argon–freon mixed refrigerants in the cryogenic temperature
range are investigated by using a microchannel heat exchanger
in the form of a Printed Circuit Heat Exchanger (Dh = 340 lm).
The Log Mean Temperature Difference (LMTD) heat exchanger
analysis is utilized to find heat transfer coefficients. Nellis [5]
investigated only the evaporation heat transfer coefficients of
nitrogen-hydrocarbon mixtures using a directly applied electro-
thermal heat load. The research in our paper study uses the coun-
ter flowing stream of helium as the heat load in the counterflow
heat exchanger, which enables the measurement of the evapora-
tion and also the condensation heat transfer coefficients. The mea-
sured data only indicates the temperature (or quality) averaged
value, however, these obtained results can be useful to the design
of the recuperator for the cryogenic mixed refrigerant Joule Thom-
son refrigerator. The measured heat transfer coefficients are com-
pared with the previously developed correlations.
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Fig. 1. The Joule Thomson cooling process with pure fluid (Ar) and mixed refrigerant (Ar:R14:R23:R218:R134a = 29:21:7:9:31 mol%).

Fig. 2. Experimental setup for mixed refrigerant condensation. Mixed refrigerant
enters PCHE at 300 K and exit at low temperature approximately 140 K after heat
exchanged with cooled helium.

Fig. 3. Experimental setup for mixed refrigerant evaporation. Mixed refrigerant
enters the PCHE at 130 K and exits at the high temperature of approximately 290 K
after heat exchanged with hot helium.
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2. Experimental setup

2.1. Flow circulation loops

Figs. 2 and 3 show schematic diagrams of the experimental
setup, composed of two closed fluid loops. The setup has two com-
pressors, the microchannel heat exchanger, the pre-cooler, and the
LN2 bath. One helium compressor is employed to generate helium
flow, and another helium compressor generates mixed refrigerant
flow. The mass flow rate of the mixed refrigerant is measured by a
Coriolis flow meter. The helium mass flow rate is measured by
another mass flow meter. Four silicon diode thermometers are
attached to the surface of the inlet and outlet tubes of the heat
exchanger in order to measure the flow temperatures with respect
to the mass flow rates. Four pressure transducers are attached to
the inlets and outlets of the heat exchanger. Experiments are con-
ducted inside a vacuum chamber in order to eliminate heat ingress
from convection during the course of the cryogenic experiment. All
the pipes inside the vacuum chamber are soldered to eliminate any
leakage of fluids at cryogenic temperatures.

Temperature data are collected by a monitoring device. Mass
flow rate and pressures are collected by a data acquisition system.
All collected data are recorded by software on a personal computer.

The location of helium and mixed refrigerant compressors are
switched with each other to cause evaporation or condensation
of the mixed refrigerant. Fig. 2 depicts the flow scheme for conden-
sation of the mixed refrigerant. The mixed refrigerant enters the
heat exchanger at 300 K from the mixed refrigerant compressor.
At the opposite side, the helium is cooled from the LN2 bath to
120 K, and then enters the test heat exchanger. The mixed refriger-
ant is condensed by the cold helium. The condensed mixed refrig-
erant heats again as it exits the vacuum chamber, and proceeds
back to the compressor. In Fig. 3, the mixed refrigerant is supplied
at 300 K and cooled at the LN2 bath to about 120 K. The mixed
refrigerant is heated by the warm helium and fed back to the com-
pressor at a temperature of 290 K. Cold helium enters a water heat
exchanger to warm up and return back to the compressor.



Fig. 4. Schematic of construction structure of 20 layer PCHE and dimensions.

Fig. 6. Picture of the microchannel heat exchanger.

Table 1
The boiling point and molecular mass of selected refrigerants.

Refrigerant Boiling point (K) Molecular mass (g/mol)

Argon (Ar) 87.3 39.948
R14 (CF4) 145.3 88.00
R23 (CHF3) 191.1 70.01
R218 (C3F8) 236.4 188.02
R134a (CH2FCF3) 246.8 102.03

Table 2
Specifications of the PCHE used in the
experiments.

Specifications PCHE

Hydraulic diameter 0.340 mm
Heat transfer area 0.2024 m2

Flow area 2.64e�5 m2

Length 0.55 m
Volume 0.136 L
Area density 1490 m2/m3
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2.2. Microchannel heat exchanger

The microchannel heat exchanger is composed of thin stainless
steel plates stacked together. There are two types of plates, the
divider and the channel layers. Fig. 4 shows the schematic cross
section area of the heat exchanger. The divider plates are 100 lm
and serve as flow separators. The channel layers are configured
to form 23 parallel flow channels each with a rectangular cross sec-
tion made by fully etching the plates. The channel size is 300 lm
high and 400 lm wide, as depicted in Fig. 4. Channel flow path-
ways are composed of several straight sections and 90� curve sec-
tions forming a U-shaped path. Half-etching technology, which
excavates a half depth of the plate thickness, is applied specifically
to only the curved channels to improve mechanical integrity.
Otherwise the curved channel walls cannot align with the flow
path. The location of the half-etched curvature section is shown
in Fig. 5.

Fig. 6 shows the completed PCHE. After alternately stacking the
dividers and the channel layers, diffusion bonding is carefully per-
formed in a vacuum furnace to complete the heat exchanger fabri-
cation. An EDM (electrical discharge machining process) is applied
to the fabricated PCHE to reduce axial conduction heat transfer.
The PCHE is identically composed of 10 hot streams and 10 cold
streams in a counter flow arrangement. The PCHE has core dimen-
sions of 220 � 77 � 8 mm3 (20 layers). The 6.35 mm (1/4 in.) diam-
eter stainless steel tubes are welded at each of the four flow
sections as headers of the PCHE. The specifications for the fabri-
cated 20-layer PCHE are summarized in Table 2. Because the tem-
perature span of the experiment is large (300–130 K), the axial
conduction heat transfer through the heat exchanger body may
affect the measurement during the experiment. However, the wire
cut PCHE have negligible axial conduction effect [9].
Fig. 5. Etched stainless steel plate for the channel layer.
2.3. Mixed refrigerant composition

Mixed refrigerants are selected with two constraints. Firstly,
non-flammable gases are selected for safety reasons. Secondly,
gases are selected with zero ODP (Ozone depletion Potential) val-
ues for environmental reason and favorable acceptance as refriger-
ant. Finally, Argon, R14, R23, R218, and R134a are selected. Each of
the pure refrigerants are charged into the closed loop. The mixture
composition in terms of mole fractions is of 29% argon, 22% R14, 8%
R23, 10% R218, and 31% R134a. The composition of the mixed
refrigerant is confirmed with Gas Chromatography. Two standard
mixed gas samples are used for the calibration. Table 1 summarizes
the boiling point and the molecular weight of the selected refriger-
ants. Fig. 7 shows the temperature entropy diagram of the selected
mixed refrigerant.

3. Data reduction

The following equations have been employed to calculate the
heat transfer coefficients of the mixed refrigerant from the col-
lected data during each particular test at equilibrium conditions
[10]. The heat transfer rate in the evaporation or condensation pro-
cess can be determined from the heat balance of the helium flow:

_QHe ¼ _mHecp;HeðTHe;in � THe;outÞ ð1Þ

The enthalpy values were calculated by REFPROP [11] from the
pressure and temperature measured at the inlet and the outlet of
the heat exchanger. The heat transfer rate of the mixed refrigerant
is calculated with the following equation

_QMR ¼ _mMRðiin;MR � iout;MRÞ ð2Þ
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Table 3
Uncertainty analysis.

Measurement Number Error

Temperature 4 ±0.1 K (surface mount)
Pressure 4 ±0.5%
Mass flow rate 2 ±0.5%
Gas chromatography 1 ±1.0%
REFPROP calculation 1 ±0.001%

Total uncertainty �5%
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The overall heat transfer coefficient based on the heat transfer
area of the test section is:

U ¼
_Q

AHTDTLMTD
; ð3Þ

where DTLMTD is the logarithmic mean temperature difference based
on the inlet and outlet temperatures of the helium/mixed refriger-
ant flows. The average value of helium heat transfer rate and mixed
refrigerant heat transfer rate is used for _Q . Assuming no fouling, and
very small thermal resistance of the heat exchanger wall, the heat
transfer coefficient of the mixed refrigerant ðhMRÞ can be calculated
as follows:

1
hMR
¼ 1

U
� 1

hHe
ð4Þ

Axial conduction of the heat exchanger is neglected as previ-
ously described. The heat transfer coefficient of the helium is ana-
lyzed in the previous research [12]. The heat transfer coefficients
were validated with the preliminary experiments. The equations
from Peng and Peterson [13] are used to obtain the heat transfer
coefficient and friction factor of single phase flow of helium.

The amount of heat transfer between two fluids, calculated by
Eqs. (1) and (2), is measured and compared in Fig. 8. The heat bal-
ance error between helium and mixed refrigerant is less than 10%.
The uncertainty of the measured data is determined with the fol-
lowing equation,
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where B is the total bias error and S is the standard deviation of the
data. Table 3 shows the error of the measurement and the total
uncertainty. The experimental results show an uncertainty of
around 5%.
4. Experimental results

4.1. Two phase heat transfer coefficients

The experiment is performed to first observe the condensation
heat transfer characteristic of the mixed refrigerant. Fig. 9(a) shows
the temperature of the inlets and outlets of the heat exchanger
with time. Helium is cooled with a LN2 bath and the temperature
is maintained approximately at 130 K. The room temperature
(300 K) gas-phase mixed refrigerant enters the heat exchanger
and is condensed by the cold helium. The outlet temperature of
the mixed refrigerant becomes around 150 K. The pressure of the
mixed refrigerant during the condensation experiment is main-
tained around 800 kPa. The quality at the outlet of the heat exchan-
ger is calculated to be 0.22. Fig. 9(b) displays the mass flow rate of
the mixed refrigerant and helium. The mass flow rate of the mixed
refrigerant is increased to observe its effect on the heat transfer
coefficient. The helium mass flow rate is increased to maintain
the heat balance between the two fluids and to maintain the
inlet/outlet temperature of the mixed refrigerant and helium.
Due to the constant inlet and outlet temperature of helium and
mixed refrigerant, the heat flux to each fluid is increased as the
mass flow rate is increased.
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Fig. 10 shows the calculated temperature profile in the heat
exchanger during the mixed refrigerant condensation experiment.
The profile is calculated by Aspen HYSYS [14] using the Peng–Rob-
inson equation of state. The mass flow rates of the mixed refriger-
ant and helium are 6.5 g/s and 2.1 g/s, respectively. The
temperature profile of the mixed refrigerant exhibits a rapid
decrease at the high temperature range, because it is cooled down
to the vapor phase. After entering the two-phase range, the tem-
perature decreases slowly due to the contribution of latent heat.

Fig. 11 presents the variation in the heat transfer coefficients of
the mixed refrigerant with increasing mass flow rate from 0 to 7 g/s
(250 kg/m2 s in mass flux) and heat flux (10–15 kW/m2). The over-
all heat transfer coefficient is calculated by Eq. (3) from the mea-
surements of temperature, pressure, and mass flow rate. Also,
single phase heat transfer coefficient of helium is plotted for com-
parison [13]. The condensation heat transfer coefficient of the
mixed refrigerant is calculated by Eq. (4). The calculated heat trans-
fer coefficients show lower values than 1000 W/m2 K for the given
mass flow rates. Linear fit to the data is performed on the experi-
mental condensation heat transfer coefficient values for the mixed
refrigerant and it is also plotted as the red line in Fig. 11.

The experiment was continued to investigate the evaporative
heat transfer characteristics of the mixed refrigerant. Fig. 12(a)
shows the typical experimental results of the inlet/outlet temper-
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atures of the heat exchanger. The mixed refrigerant is cooled at
the LN2 bath to approximately 130 K and enters the heat exchan-
ger. Helium at 300 K enters the heat exchanger and is cooled by
the cold mixed refrigerant. The outlet temperature of the helium
is close to 160 K. Fig. 12(b) displays the mass flow rate of the mixed
refrigerant and helium. The mass flow rate of the mixed refrigerant
is changed intentionally to observe its effect on the heat transfer
coefficient. The helium mass flow rate is also changed to maintain
the inlet/outlet temperatures of the two fluids. The pressure of the
mixed refrigerant is maintained between 400 kPa and 600 kPa.

Fig. 13 shows the calculated temperature profile in the heat
exchanger during the evaporation experiment with the mixed
refrigerant. This condition represents mass flow rates for the mixed
refrigerant and helium of 4.3 g/s and 1.5 g/s respectively. The tem-
perature profile of the mixed refrigerant exhibits a slow increase at
the low temperature range, because it is in the two-phase regime.
After entering the single phase region during the warm-up process,
the temperature increases sharply. Fig. 14 presents the variation in
the heat transfer coefficients for the fluids for increasing mass flow
rates from 0 to 9 g/s. The evaporation heat transfer coefficient of
the mixed refrigerant shows an increasing tendency commensu-
rate with the increase in mass flow rate. The evaporation heat
transfer coefficients vary from 1000 W/m2 K to 5000 W/m2 K for
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the given mass flux. The linear fit to the data is performed and plot-
ted as dash line in Fig. 14.
4.2. Validation experiment

Another experiment has been conducted to confirm the exper-
imental two-phase heat transfer coefficient values of the mixed
refrigerant. Fig. 15 shows the experimental setup for the valida-
tion. The closed loop of the mixed refrigerant is comprised of the
compressor, the microchannel heat exchanger used in the previous
experiment, and the LN2 bath. In this setup, the mixed refrigerant
is circulated by the compressor and passes through the heat
exchanger. The mixed refrigerant from the heat exchanger is ther-
mally conditioned by the LN2 bath to yield a constant temperature
of approximately 130 K, and then returns to the heat exchanger,
where its temperature increases to almost 300 K after passing
through it. This setup is similar to the Joule–Thomson refrigerator
operation except that the Joule–Thomson valve is substituted by
the LN2 bath to generate a constant cold temperature. Therefore,
condensation takes place in the high pressure (or hot) side and
evaporation takes place in the low pressure (or cold) side of the
heat exchanger.
Fig. 15. Experimental setup for validation of measured heat transfer coefficients.
In this experimental setup, the overall heat transfer coefficients
for different mass flux can be obtained, whereas the overall heat
transfer coefficient is expressed with the local heat transfer coeffi-
cients as Eq. (6)

1
U
¼ 1

hcond
þ 1

hevap
ð6Þ

Fig. 16 shows the experimental values of the overall heat trans-
fer coefficient calculated by Eq. (3) for increasing mass flux. The
linearly fitted heat transfer coefficients for condensation and evap-
oration from Figs. 11 and 14 are used to calculate the overall heat
transfer coefficient using Eq. (6). The calculated overall heat trans-
fer coefficients are displayed as a line to be compared with the
experimental values in Fig. 16. The calculated values and the
experimental values show similar increasing tendency with
respect to each other, which means that there is negligible heat
transfer resistance. Moreover, this experiment demonstrates that
the two-phase heat transfer coefficients, those determined sepa-
rately from the mixed refrigerant-helium experiments, are correct,
because the overall heat transfer coefficients are a function of the
local heat transfer coefficients.
5. Comparison with correlations

After the validation of the local heat transfer coefficients, the
experimental heat transfer coefficient values are compared with
previous heat transfer coefficient correlations. For condensation
heat transfer coefficients, research has been conducted by Band-
hauer [15] with R134a in microchannel tubes (Dh � 700 lm). This
research compared numerous heat transfer coefficient correlations
to experimental values. Radermacher and Hwang [8] summarized
the heat transfer coefficient correlations for mixed refrigerants.
However, the mixed refrigerant used in this reference were com-
posed of room temperature refrigerants such as R134a, R407c,
and R22. The typical hydraulic diameter employed to measure
the heat transfer coefficient was larger than 7 mm.

In this section, the heat transfer coefficient is calculated with
the conventional correlations and compared to the experimental
values from the previous section. Since the flow pattern of the
mixed refrigerant in the microchannel is assumed to have annular
characteristics [16], the correlations for annular flow were exam-
ined. The equations developed by Soliman [17], Cavallini and Zec-
chin [18], Moser et al. [19], Chen [20], Traviss [21], Dobson and
Chato [22], and Shah [23] are compared to the experimental data.
Lastly, the general heat transfer coefficient correlation developed
by Dittus and Boelter [24] is compared. These equations calculate
0

100

200

300

400

500

600

700

800

 Experimenetal U
 Calculated U (linear fit) 

U
 (W

/m
2 K

)

MR Mass flux (kg/m2s)
0 50 100 150 200 250 300 350 400

Fig. 16. The experimental overall heat transfer coefficient compared with the linear
fitted experimental results.



Table 4
The condensation heat transfer coefficient correlations.

Author(s) Correlations

Soliman [17] h ¼ 0:036 klq0:5
l

ll
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l ðsm þ sf Þ0:5
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4
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qv

� �
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P5
n¼1an

qv
ql
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ð1� xÞ0:47x1:33 qv

ql

� �0:261
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Cavallini and Zecchin [18]
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Chen [20]
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Traviss [21] h ¼ kl
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tt j; F2 ¼ f ðPrl;RelÞ
Dobson [22] h ¼ kl

D 0:023Re0:8
l Pr0:4
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tt Þfor annular flow regime

Shah [23] h ¼ hl ð1� xÞ0:8 þ 3:8x0:76ð1�xÞ0:04

p0:38
r

� �
hl ¼ single phase liquid heat transfer coefficient� Dittus Boelter

Dittus Boelter [24] Nu ¼ 0:023Re0:8
tp Pr0:4

l

Retp ¼ GDh
�l
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the heat transfer coefficients as a function of quality (or tempera-
ture), mass flux, hydraulic diameter, and fluid properties. The heat
flux is neglected in the selected correlations.

Table 4 summarizes the condensation heat transfer coefficient
correlation used in this paper. MATLAB and REFPROP [11] are uti-
lized to calculate the condensation heat transfer coefficient as a
function of the temperature and quality. The Peng–Robinson equa-
tion of state is used for the calculation.

The condensation heat transfer coefficients are calculated as a
function of quality. Due to the unique characteristics of a mixed
refrigerant, the quality varies with the temperature. Therefore,
the heat transfer coefficient can be calculated as function of the
temperature. Fig. 17 displays the condensation heat transfer
coefficient of the given mixed refrigerant at various values of tem-
peratures and at given mass flux and pressure. The predicted heat
transfer coefficients from Travis, Shah, Dobson, Cavallini show high
values at high quality (or high temperature), and show low values
at low quality (or low temperature). The heat transfer coefficient
values predicted by Moser, Soliman, and Chen show comparably
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Fig. 17. Predicted condensation heat transfer coefficients with temperature at
G = 200 kg/m2 s, P = 800 kPa.
lower values. The Dittues–Boelter equation using average fluid
properties calculates heat transfer coefficient values similar to
those of single phases.

These predicted heat transfer coefficients are averaged along
the length with the Eq. (7) to compare with the experimental
results.

�hL ¼
1
L

Z L

0
hzdz ð7Þ

Fig. 18 displays the predicted average heat transfer coefficients
over the heat exchanger length and the experimentally obtained
heat transfer coefficients with different mass flux. The average
absolute deviations (AAD) are calculated for the predicted results
in order to understand the applicability of the correlations. The
AAD is calculated through the following equation

AAD ¼ 1
N

X jhexp � hpredj
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Fig. 18. Comparison of condensation heat transfer coefficients with predicted and
experimental data.



0

1000

2000

3000

4000

5000

6000

quality=1

H
ea

t t
ra

ns
fe

r c
oe

ffi
ci

en
t (

W
/m

2 K
)

Temperature (K)

Chen
Bennett-Chen
 Gungor-Winterton
 Liu-Winterton
 Wattlet
 Modified Gungor-Winterton
 Silver-Bell-Ghaly
 Granryd

quality=0

120 140 160 180 200 220 240 260 280 300

Fig. 19. Predicted evaporation heat transfer coefficients with temperature,
G = 200 kg/m2 s, P = 800 kPa.

S. Baek et al. / Cryogenics 64 (2014) 29–39 37
The AAD for all the correlations calculated is displayed in
Fig. 18. It is clear that the prediction method from Chen [20] and
Dittus Boelter predict condensation heat transfer coefficient of
mixed refrigerant in the range of 60–70% of AAD. The obtained
experimental heat transfer coefficient values show somewhat
lower values than the previous experimental results [25] for single
component two-phase fluid. Note that the correlations from Travis,
Shah, Dobson and Cavallini are developed for pure fluids. It is
known that the local condensation heat transfer coefficients of
the mixtures are smaller than those of pure refrigerants. The deg-
radation of heat transfer coefficient varies up to 50% that of the
pure refrigerants [8]. The apparently low heat transfer coefficient
for a cryogenic mixed refrigerant may be induced from the large
mass transfer resistance during the phase change process. Due to
the lack of experimental data of heat transfer coefficient for cryo-
genic mixed refrigerants, it is difficult to compare with the refer-
ences. More precise experiments for condensation of mixed
refrigerants to measure heat transfer coefficients is required to val-
idate the current experimental data.

The evaporation heat transfer coefficients of mixed refrigerants
are calculated with different correlations. Table 5 summarizes the
various correlations used for the calculations. A considerable num-
ber of heat transfer correlations of flow boiling for pure fluids have
been proposed. Chen [26], Bennett–Chen [27], and Gungor–
Winterton [28] developed correlations based on the superposition
model, which divides the heat transfer into two parts: a nucleate
pool boiling contribution (hnb) and a bulk convective contribution
(hbc). Later, Gungor–Winterton [29] modified their correlation into
an enhancement model, which enhances the single-phase heat
transfer coefficient of the flowing liquid by a two-phase enhance-
ment factor. Liu–Winterton [30], and Wattelet [31] proposed cor-
relations based on the asymptotic models.
Table 5
The evaporation heat transfer coefficient correlations.

Authors Correlations
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Little [32] developed a heat transfer coefficient correlation
based on the annular flow regime. Moreover, Ardhapurkar [33]
compared the correlations developed by Silver–Bell–Ghaly
[34,35] and Granryd [36]. Little and Ardhapurkar compared their
correlations to experimental data obtained from Nellis [5]. Nellis
measured the evaporative heat transfer coefficient of nitrogen–
methane–ethane–propane–butane at different mass flux and pres-
sure. Ardhapurkar indicated that the Silver–Bell–Ghaly and Gran-
ryd correlations can be used to predict local evaporative heat
transfer coefficient of nitrogen–hydrocarbon cryogenic mixed
refrigerants.
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Fig. 20. Comparison of evaporation heat transfer coefficients with predicted and
experimental data.
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The correlations given in Table 5 are calculated and compared
to the current experimental results. The correlations shown in
Table 5 are mostly developed for the macrochannels, however,
several papers [37–39] indicate that these equations show
comparable heat transfer coefficient value with those of experi-
ments at small and microchannels. During the calculations, the
wall temperature is required to calculate the heat transfer coeffi-
cient. The average temperature of helium and mixed refrigerant
is assumed to be the wall temperature.

Fig. 19 displays the predicted heat transfer coefficients at differ-
ent temperature and quality. The heat transfer coefficient values
exhibit a wave shape with increasing temperature, where values
increase sharply at low quality and high quality regions which is
observed from the experimental data of Nellis [5]. Fig. 20 displays
the average heat transfer coefficient for varying mass flux. The
experimental data are also shown in this plot. The AAD is also
obtained and displayed in Fig. 20. The correlations developed by
Liu and Winterton, Wattelet, Silver–Bell–Ghaly predict well the
experimental evaporation heat transfer coefficients.

The average evaporation heat transfer coefficient for a nitrogen-
hydrocarbon mixed refrigerant is also displayed in Fig. 19. The
Run-F from Nellis [5] has comparable mass flux of 255.79 kg/
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Fig. 21. Comparison results of overall heat transfer coefficients: calculated value
with Liu-Winterton and Dittus Boelter correlations and experimental data.
m2 s. The heat flux to the channel is larger than the current exper-
iment, however, the heat transfer coefficient value shows similar
order of magnitude with the current experimental data.

The correlations that predict well the heat transfer coefficients
are evaluated again in terms of overall heat transfer coefficients.
The Dittus–Boelter equation and Liu–Winterton equations are used
to calculate the overall heat transfer coefficients (U) with Eq. (6).
Fig. 21 shows the comparison of the overall heat transfer
coefficients between the prediction and experimental data. The
predicted overall coefficients show higher values than the experi-
mental values, however the trend is very similar to the experimen-
tal data.
6. Conclusions

Two-phase heat transfer coefficients of the argon–freon mixed
refrigerant are measured and estimated by the LMTD heat exchan-
ger analysis. The condensation heat transfer coefficient shows low
values below 1000 W/m2 K for the given mass flux of 0–250 kg/
m2 s. However, the evaporation heat transfer coefficient shows
high values around 5000 W/m2 K at 350 kg/m2 s. The overall heat
transfer coefficients are calculated using the experimentally
obtained local heat transfer coefficients, and these values are com-
pared to the experimental overall heat transfer coefficients. This
comparison confirms that the local heat transfer coefficients are
correct and reasonable. The condensation and evaporation heat
transfer coefficients are compared to general two-phase heat
transfer coefficient correlations. Chen and Dittus–Boelter correla-
tions serve well for the mixed refrigerant condensation heat trans-
fer coefficient. The experimental evaporation heat transfer
coefficient is compared to the correlations developed for pure
and mixed refrigerants. The Liu–Winterton correlation show the
minimum AAD with respect to the experimental data. These
results can be useful when designing microchannel heat exchang-
ers for Joule Thomson refrigerators using argon–freon gases. More
experimental data of two-phase cryogenic mixed refrigerants in
microchannels are required for better estimation of the heat trans-
fer coefficient that is valuable information for cryogenic heat
exchanger design parameters.
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