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Abstract 

To date, no single method has been found to satisfactorily predict the two‑phase heat transfer coefficient of R744 
refrigerant in small channels. Studies are continuously being done to obtain a coefficient with acceptable mean abso‑
lute error (MAE) which measures the difference between the predicted and experimentally determined coefficient 
values. It is important to have available accurate heat transfer coefficient correlation for the two‑phase heat transfer 
coefficient so that a compact heat exchanger that maximizes device performance while reducing cost and energy 
needs can be designed. In this study, genetic algorithm (GA) is used as an optimization tool to achieve a more accu‑
rate correlation for R744 in a microchannel by minimizing the MAE. Over 536 sets of experimental data from previous 
studies were utilized, optimizing the six constants appearing in the force convective factor, F, and nucleate boiling 
suppression factor, S, of the selected superposition correlation. The results showed that the MAE between the newly 
optimized correlation and selected experimental data at all ranges of vapor quality has been successfully reduced 
from 38.39 to 34.40%. With more available data, the suggested method can be utilized to achieve a more accurate 
empirical prediction that matches well with the experimental data.
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1 Introduction
Two-phase flow is a change of phase that occurs during 
a heat transfer process when sensible heat is no longer 
capable of accepting or rejecting further amount of heat, 
where the heat transfer then happens with latent heat. 
Approximately 60% of the industrial heat exchangers 
utilizes a two-phase flow mode [1]. They are utilized in 
air-conditioning, cooling, food, and process industries. 
It is essential to have an accurate two-phase heat trans-
fer coefficient, particularly in compact systems, in order 

to obtain a better prediction in the design of  a compact 
heat exchanger to optimize the device performance while 
reducing cost and energy needs. Non-environmentally 
friendly refrigerants such as chlorofluorocarbons (CFC) 
and hydrochlorofluorocarbons (HCFC) are being phased 
out in the long term. The natural refrigerant carbon diox-
ide (R744) is being considered as one of the alternative 
refrigerants due to its non-toxicity, incombustible, and 
easy availability everywhere. Although R744 has its own 
drawbacks with its high operating pressure and low cycle 
efficiency [2], under controlled conditions and safe use, 
it provides a better option than the environmentally haz-
ardous refrigerants.

According to Yun et al. [3], in a R744 transcritical sys-
tem running at high pressures, a microchannel heat 
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exchanger offers many benefits over a conventional fin-
tube heat exchanger since the channel structure of a 
microchannel can sustain high operating pressure. The 
microchannel also has a significantly greater contact 
area per fluid volume unit and a higher heat transfer 
coefficient than the conventional tube. R744 exhibited 
a lower pressure drop than other conventional refriger-
ants, with its heat transfer coefficient 53% greater than 
that of R134A. Choi et al. found in their experiments that 
the experimental R744 coefficient of heat transfer was 
approximately three times greater than the R-134a value 
[4]. Oh et  al. mentioned that the majority of the exist-
ing correlations that utilized conventional refrigerants 
exhibited a significant divergence from experimental data 
because they do not predict the high nucleate boiling 
generated by R744 [5]. According to Liang et al., the satu-
ration temperature of the physical characteristics R744 is 
the major contributor to the varied heat transfer charac-
teristics under various experimental circumstances [6].

Despite the fact that many of today’s current correla-
tions of two-phase heat transfer coefficients have been 
developed for R744, there is no standardized correla-
tion to predict heat transfer in microchannels satisfac-
torily. Even though two-phase flow has been successfully 
applied, there exist challenges in the experimental work 
for small channels. Mirmanto showed that at high heat 
flux, the local pressure distribution was not linear. Calcu-
lations assuming a linear pressure gradient are only rec-
ommended at low pressure drop and this could affect the 
determination of the heat transfer coefficient [7].

Two mechanisms of evaporation heat transfer in a 
channel have been identified through experimental work; 
nucleate boiling and forced convective process [8]. Char-
nay et al. [9] listed three conditions in the development 
of the heat transfer coefficient—nucleate boiling domi-
nance, forced convective dominance, and no predomi-
nance from both mechanisms. However, this dominant 
heat transfer mechanism had been conclusively done 
based on the significant effect of heat flux or mass flux 
towards the experimental data without adequate physi-
cal discussions [10]. The existing heat transfer coefficient 
correlations were developed using a variety of approaches 
based on the physical properties of the refrigerants and 
also on parameters affecting the two-phase phenomena 
such as mass flux, heat flux, vapor quality, saturation tem-
perature, saturation pressure, and the channel diameter. 
Numerous correlations have been developed for the heat 
transfer coefficient of R744 in a conventional channel 
but few have been presented for the microchannel. The 
mean average error (MAE) associated with the available 
correlations for evaporative heat transfer coefficient in a 
small channel is still unsatisfactory. Consequently, more 
experiments are being done and planned to reduce the 

MAE. New constants and coefficients for the correlations 
were introduced which resulted in more new correlations 
being developed. Cheng and Xia [11] suggested the pos-
sibility that an inaccurate regression method led to an 
unreliable correlation for a new refrigerant with differ-
ent heat transfer behavior. Mohd-Yunos et al. [12] man-
aged to lower the MAE for the heat transfer coefficient of 
refrigerant R290 through an optimization approach with 
the genetic algorithm (GA) technique. The MAE of their 
superposition type correlation was decreased by identify-
ing the optimal conditions for the suppression factor, S, 
and convection factor, F, that appeared in the heat trans-
fer correlation they selected to be improved. This paper 
reports the outcomes of using that same optimization 
approach, GA, to reduce the MAE of the superposition 
heat transfer coefficient of R744 in a microchannel. A 
total of 534 data points were collected, the amount due to 
the few studies completed on the two-phase heat transfer 
coefficient of the refrigerant in microchannels. The new 
correlation developed in this study is expected to be used 
in the calculation of the design of a heat exchanger with 
conditions suitable for the test conditions, and also as a 
basis for further studies by other researchers.

2  Methodology
Mohd-Yunos et al. [12] selected the Choi et al. correla-
tion [13] as their reference, which was based on Chen’s 
basic correlation, a combination of both the convective, 
Fhfo, and nucleate boiling heat transfer processes, Shnb 
[14]:

From Eq. (1), htp is the two-phase flow heat transfer 
coefficient, whereas F and S are the force convective 
factor and nucleate boiling suppression factor, respec-
tively. The boiling coefficient of the nucleate, hnb  , is 
from Cooper [15], where:

Pr is the reduced pressure, M is the molecular weight 
of the refrigerant and q is the heat flux supplied to the 
refrigerant. Then, the reduced pressure is expressed as,

with P and Pcrit being the pressure and critical pressure 
respectively. The convective heat transfer coefficient of 
a single-phase flow, hfo, is meanwhile obtained from the 
original Dittus-Boelter correlation [16]:

(1)htp = Fhfo + Shnb

(2)hnb = 55P0.12
r (−0.4343lnPr)

−0.55M−0.5q0.67

(3)PR =
P

Pcrit
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According to Eq. (4), for the fluid the Reynolds num-
ber is Ref, the Prandtl number is Prf, the thermal con-
ductivity is kf, and the channel hydraulic diameter is 
Dh. In Eq. (5), the Reynolds number of the fluid is pre-
sented in terms of G, the mass velocity, x, the quality, 
Dh, the hydraulic diameter, and μf,, the fluid’s dynamic 
viscosity.

Zhang et  al. [17] changed Chen’s original F = f(X) to 
=f(∅), proposing a relation between the Reynolds num-
ber, factor F, and a two-phase frictional multiplier, ∅2

f  . 
The equation for the two-phase frictional multiplier is as 
follows:

where X is the Martinelli parameter and C is the 
Chisholm parameter. The equation for the Lockhart-
Martinelli parameter, X, [18]:

where the 𝜌 is the density, x is the vapor quality, G is the 
mass flux and the friction factor f is determined through 
the flow conditions of laminar-turbulent flows; the Fan-
ning friction factor, f = 16Re−1 for laminar flow < 2300 
while f = 0.079Re−0.25 is taken from the Blasius friction 
factor for turbulent flow Re > 2300. The new S and F cor-
relations by Mohd-Yunos et al. [12] were obtained using 
GA, where the coefficients and exponents of S and F from 

(4)hfo = 0.023Re
0.8
f Pr

0.4
f

kf

Dh

(5)Ref =
G(1− x)Dh

µf

(6)∅
2
f = 1+

C

X
+

1

X2

(7)X =

(

ff

fg

)
1
2
(

1− x

x

)(

ρg

ρf

)1/2

Choi et al. [13] correlations have been optimized for the 
vapor quality values ranging from 0 to 1:

The Boiling number is contributed by the heat flux that 
has been supplied to the refrigerant, the mass velocity 
and hfg, enthalpy of difference between fluid and vapor,

The minimization of MAE is used as an indicator to 
determine the accuracy of the correlation based on the 
selected experimental data,

In this study, the predicted heat transfer coefficient 
before optimization process was obtained from Mohd-
Yunos et al. [12] correlation; Eq. (1) until Eq. (9). The G, 
T, q, x, and D associated with five sources of extracted 
experimental heat transfer coefficient, htp, experimental, for 
R744 are listed in Table 1. They have been obtained from 
published journals, used in this correlation to calculate 
the predicted value, htp, predicted. Note that to date, there 
are still few studies specific on the heat transfer coeffi-
cient of R744, resulting in the few available data points 
extracted for this study. The 536 data points (N) were 
extracted using the GRABIT tool in the MATLAB soft-
ware. The extracted experimental two-phase heat trans-
fer data was selected based on the microchannel and the 
R744 used as the refrigerant. The range of diameter is 
taken between 0.5 and 3.0 mm, the mass flux is between 
100 and 1800 kg/m2.s, the heat flux is between 5 and 72 

(8)

If 0 < x < 1.0

S = 2

(

∅
2
f

)−0.073

Bo0.128,

F = MAX

[

1.074

(

∅
2
f

)0.178

− 0.38

)

, 1

]

(9)Bo =
q

Ghfg

(10)

MAE =

(

1

N

)

∑ | htp,predicted − htp,experiment |

htp,experiment
× 100%

Table 1 Total extracted data points of heat transfer coefficient for R744 and parameters range

Author Diameter, D (mm) Saturation temperature, 
Tsat (°C)

Mass flux, G (kg/m2s) Heat flux, q (kW/
m2)

Experimental 
data points 
extracted

[4] 3.0 − 5 400–600 30 74

[5] 3.0 10 300 20–30 33

[6] 1.5 − 10 400 7.5–30 78

[19] 1.5 15 100–400 15–72 27

[20] 0.5, 1, 2.15 − 25, − 5, 15 100–1800 5–35 324

Total 536
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kW/m2 and the saturation temperature is between − 25 
and 15 °C. The parameters mass flux, heat flux, diame-
ter, and vapor quality from each source of extracted heat 
transfer coefficient were used to determine the Reyn-
olds number of each heat transfer coefficient data point. 
All thermophysical properties were obtained from the 
National Institute of Standard Thermodynamics (NIST) 
at the respective temperatures.

Figure 1 shows the MAE between chosen experimental 
data and predicted data. The MAE value is determined to 
be 38.39 %, with the MAE expected to be reduced when 
an optimization approach on the selected correlation was 
applied. The value of the MAE was still considered high 
since their correlation was established for R290 while the 
experimental data utilized here was for R744.

Genetic algorithm (GA) from MATLAB Optimization 
toolbox is an optimization tool used to obtain optimized 
values of the six constants appearing in Eqs. (11) and 
(12). GA is an optimization technique that cycles through 
many stages in order to find the optimal combination of 
solutions to the problem described by the objective func-
tion (s). In this study, the single objective was to minimize 
the MAE, that is to reduce the discrepancies between the 
experimental data and the value predicted through the 

existing correlation. A comparison study by Allyson-Cyr 
and Gosselin between five different types of evolution 
optimization (EO)—ant colony, GA, differential evo-
lution, teaching-learning basic equation, and particle 
swarm optimization—showed that GA exhibited a fair 
performance towards qualitative measurements such as 
capacity to reach optimal solutions, repeatability, robust-
ness to parameter variation, and rate of convergence [21].

The six constants, a1, a2, a3, a4, a5, a6, that appear in 
the S and F factor are the optmized variables in the single 
objective genetic algorithm (SOGA) process:

In SOGA, the six variables are optimized while trying 
to achieve a minimum MAE. The SOGA has reportedly 
been used in other applications involving heat transfer 

systems such as minimizing the annual cost of a heat 
exchanger [22] and finding the maximum flow rate of a 
reactor [23]. The same GA approach utilized by Mohd-
Yunos et al. [12] was used here.

3  Results and discussions
The newly optimized heat transfer coefficient through 
SOGA was obtained from Eq. (1), where only the val-
ues of S and F are new, while the values of hnb and hfo 
are taken originally from Eqs. (2) and (4), respectively. 
For SOGA analysis, firstly, the number of constants was 
set to be six and the bounds between lower and upper 
search boundaries were set to be -1 < an< 2 for all con-
stants. These ranges of boundaries were selected after 
considering the average constant values in S and F fac-
tors from references [4, 12, 24]. After that, the muta-
tion was appointed to be adaptively feasible because the 
objective function of this study has no linear or nonlin-
ear constraints. In this case, the GA analysis was termi-
nated when the maximum generation number of 100 × 
number of constants was reached. Finally, the optimiza-
tion process was run for several times until the constant 
value showed almost the same value. The new constants 

(11)S = (a1)
(

∅
2
f

)(a2)
Bo(a3)

(12)F = MAX

[

(a4)
(

∅
2
f

)(a5)
+ (a6)

)

, 1

]

Fig. 1 Experimental coefficient of heat transfer vs predicted 
coefficient of heat transfer from [12] before the optimization process

Table 2 The constants appearing in S and F factors from [12] correlation after the optimization process

Constants a1 a2 a3 a4 a5 a6

Old [12] 2 − 0.073 0.128 1.074 0.178 − 0.38

New 2 − 0.126 0.1477 1.4618 0.2436 − 0.99998
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obtained from the optimization of S and F factor in Eqs. 
(11) and (12), respectively, are given in Table 2.

The largest change in the value is for a6 while a1 is 
unchanged. Note that the earlier constants were gen-
erated by SOGA for R290 data in the optimization by 
Mohd-Yunos et  al. [12]. Figure  2 shows the graph that 
compares the newly optimized heat transfer coefficient 
using the new set of constants in Table 2 and the experi-
mental data of R744 heat transfer coefficient extracted 
from Table  1. There are some data points still deviated 
from the line (heat transfer coefficient of experimental 
equal to the new value). There is also no significant differ-
ence on how the data points are scattered between Figs. 1 
and 2. However, the objective function of this study 
which is MAE between the experimental heat trans-
fer coefficient and predicted value has successfully been 
reduced from 38.39% to 34.40%. Therefore, it is proven 
that the new constant values achieved a more accurate 
new correlation in terms of a lower MAE. Although the 
reduction may seem small, the outcome was an improved 
correlation utilizing the same approach that had been 
successfully used previously for the improvement of a 
correlation for R290.

The graph in Fig.  3a compares the newly optimized 
heat transfer coefficient, htp, new to the experimental 
heat transfer coefficient, htp, exp at a fixed channel diam-
eter, D=1.5mm. The graph’s pattern indicates that a large 
number of new heat transfer coefficients deviate from 
the line, indicating that the new values are significantly 
different from the experimental data. Then, in Fig.  3b, 
the new heat transfer coefficient is shown against the 

experimental heat transfer coefficient for smaller diam-
eters than 1.0 mm. All the scattered data points shown in 
this graph are closed to the line. Additionally, the MAE 
in Fig.  3b has the lowest value when compared to the 
MAE for D values ranging from 0.5 to 3.0 mm and D = 
1.5 mm. At D < 1.0mm, the MAE is reduced about 26.71 
% due to the high density of excellent predictions for 
small diameter channels. This study shows that the vari-
ous experimental conditions under which the 536 experi-
mental data points were produced very much affected the 

Fig. 2 Graph comparing the experimental heat transfer coefficient to 
the newly optimized heat transfer coefficient

Fig. 3 Graph of htp, new vs htp, exp at (a) D = 1.5mm (b) D < 1.0mm
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MAE. Hellenschmidt and Petagna did state in their study 
the effect of saturation temperature on the boiling prop-
erties of carbon dioxide [20]. The data points utilized in 
the current study came from various sources with experi-
ments completed at different saturation temperatures as 
shown in Table 1.

The optimized heat transfer coefficients were then 
compared to the numerous data points from each source 
to analyze their patterns. The compatibility behavior of 
heat transfer coefficients against vapor quality was inves-
tigated at selected parameters from the five different 
sources as indicated in Fig.  4. The graphs present com-
parisons under various conditions between the three 
different values of heat transfer coefficient; the specific 
experimental htp, the optimized correlation for R290 
[12], and the newly optimized correlation obtained in 
this study for R744. From all of the five graphs, we can 
observe that different experimental values show dif-
ferent behavior of heat transfer coefficient against the 
vapor quality. For Fig. 4a, the pattern of htp,exp from [4] is 
increasing as vapor quality increases but suddenly drop 
at 0.7, perhaps due to a dry out condition. The htp,new and 
htp from [12] show a declining pattern as the vapor qual-
ity increases up to 1.0 in this figure. The value of htp from 
[12] was expected to follow the pattern since the corre-
lation was similarly generated using GA, which aims to 
minimize the error from each data point. In Fig. 4b, the 
pattern of htp,exp, htp,new, and htp from [12] are being com-
pared with the data from [5]. The new correlation seems 
closer to the experimental value than the htp from [12] 
with all points falling within a 20% error range of the 
experimental value. Thus, in terms of trend and MAE, 
the newly optimized correlation in Fig.  4b corresponds 
well with the chosen experimental value. In Fig. 4c, cho-
sen data from [6] shows the rising value of the heat trans-
fer coefficient as vapor quality rises. However, due to the 
occurrence of dry out, there is a rapid decrease in the 
value of the heat transfer coefficient at high vapor qual-
ity. According to the graph, the htp from [12] and htp,new 
decrease as vapor quality increases. This trend is pre-
dicted to occur as a result of the optimization process, 
which aimed to reduce the error from each data point 
by accommodating a rising pattern before dry out and a 
rapid dropping pattern at high vapor quality due to the 
occurrence of dry out. Figure 4d shows the chosen exper-
imental data from [19], where the behavior of both the 
new correlation and the predicted correlation from [12] 
seems to disagree with this experimental value. This is 
most likely due to the fact that the new correlation in 
this study was created based on a broad parameter range 
and huge sets of experimental data (Table  1), while the 
quantity of data gathered from this source is the small-
est compared to other sources. Finally, Fig. 4e shows the 

comparison of the new correlation and predicted value 
from [12] with the selected data of [20]. These selected 
experimental two-phase heat transfer coefficients consist 
of low vapor quality only, which is from 0.0 to 0.4. The 
majority of new correlation values were within the range 
of 20% error of experimental value, while all data points 
from the [12] correlation were outside of the 20% error. 
Thus, it shows that the newly optimized correlation pro-
duced from GA agrees well with this selected data source 
compared to the [12] correlations.

One of the issues while designing the compact heat 
exchanger is the accuracy of the predicted two-phase 
heat transfer coefficient, which remains unsatisfactory 
as measured by the MAE between experimental data 
and predicted from established correlations. This is espe-
cially true for correlations that cater to the pre- and post-
dryout regions. In this paper, improved correlations that 
reduce MAE while also fitting well with the experimental 
data pattern are a new approach to reducing the number 
of experiments, which leads to accurate design and, as a 
result, material, refrigerant, and cost savings for compact 
heat exchanging devices.

4  Conclusion
This study has shown the possibility of using an optimi-
zation approach, genetic algorithm (GA), to improve the 
accuracy of a predicted heat transfer coefficient correla-
tion for natural refrigerant R744 in a microchannel. The 
prediction and correlation methods developed through 
the optimization are low-cost method and has become 
an alternative to experimental work. It can reduce the 
experimental work as it used a limited amount of data. 
The advantage of evolutionary algorithm such as GA 
which has a flexibility to be applied in many previ-
ous stochastic problems has become a motivation to be 
applied in this study. A different approach on utilization 
of genetic algorithm is taken in this work, in which a cor-
relation was selected from the established correlations, 
in the attempt to reduce the development of more new 
correlations and experimental rigs, particularly for a new 
potential replacement refrigerant. It is an effort towards a 
possible improvement that can be done towards achiev-
ing a higher accuracy between experimental and pre-
dicted coefficient with the current correlations.

A total of 536 data points from previous published 
experimental data have been utilized to minimize the 
MAE by optimizing the six constants in the force con-
vective factor, F, and nucleate boiling suppression fac-
tor, S, of the selected correlation through GA. The MAE 
between selected data source and the predicted data 
from the original correlation over all vapor quality ranges 
(before optimization process) was found to be 38.39%, 
while the MAE between the newly optimized correlation 
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Fig. 4 Compatibility behavior of heat transfer coefficients at q= 30 kW/m2 and D= 3 mm for a G= 600 kg/m2, T= −5 °C [4]; b G= 300 kg/m2, T= 
10 °C [5], at q= 15 kW/m2 and D= 1.5 mm for c G= 400 kg/m2, T= −10 °C [6]; d G= 200 kg/m2, T= 15 °C [19] and at q= 35 kW/m2 and D= 1 mm 
for e G= 800 kg/m2, T= −25 °C [20]
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and selected experimental data at all ranges of vapor 
quality was successfully reduced to 34.40%. The smallest 
value of MAE was gained at D < 1.5mm, which is 26.71% 
when the newly optimized heat transfer coefficient is 
compared to experimental heat transfer coefficient at 
various diameters. For the comparison of the optimized 
correlation with numerous data points from each source 
utilized in this study, the optimized correlation agreed in 
terms of patterns and trends with the previously selected 
data. With more available data on R744, it is possible to 
further improve the heat transfer coefficient correlation 
in the efforts towards saving material, energy, and refrig-
erant. The study also indicated the potential of using 
this optimization approach with other forms of the heat 
transfer correlation developed to date.

5  Nomenclature
a Optimization variables
Bo Boiling number
D Diameter (m)
f Friction factor
F Convective factor
GA Genetic algorithm
G Mass flux (kg  m-2  s-1)
h Heat transfer coefficient (W  m-2  K-1)
k Thermal conductivity (W  m-1  K-1)
MAE Mean absolute error
P Pressure (Pa)
Pr Prandlt number
pr Reduced pressure
q Heat flux (W  m-2)
Re Reynolds number
S Suppression factor
Tsat Saturation temperature (°C)
x Vapor quality; GA design parameters
X Lockhart–Martinelli two-phase parameter
Greek symbol
ρ Density (kg  m-3)
μ Viscosity (kg  m-1  s-1)
∅ Two-phase multiplier
Subscripts
f Liquid
fo Single-phase liquid
g Vapor
nb Nucleate boiling
tp Two-phase
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