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Abstract 

 

Carbon dioxide (CO2) has emerged as an excellent substitute natural refrigerant for low temperature 

refrigeration applications, but a better understanding of its in-tube flow condensation is needed in order to 

achieve its full potential. From experimental studies in the open literature we review the effects of mass flux, 

vapor quality and saturation pressure on CO2 flow condensation heat transfer, frictional pressure drop and 

flow regime transition inside smooth, micro-fin and microchannel tubes. Successful condensation models 

which were developed from experiments with other refrigerants are evaluated against the CO2 flow 

condensation experimental data. Comparison between the predicted and experimental data show that the 

unique thermophysical properties of CO2 at high reduced pressure conditions lead to these correlations 

having high prediction errors on the flow condensation heat transfer inside smooth tubes and microchannels, 

but have less significant effects on the flow condensation heat transfer and two-phase frictional pressure 

drop under high mass flux conditions inside micro-fin tubes. Recommendations for condensation and 

pressure drop models to apply to CO2 flow condensation in different tubes are made. As there is 

inconsistency between the experimental data in smooth tubes from different sources, and the effects of 

microchannel and micro-fin tube geometries, on the flow regime transition and condensation heat transfer of 

CO2 are unclear, a more extensive range of the experimental data in different tubes is needed for a fully 

understanding of in-tube CO2 flow condensation. 
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Introduction 

 

The revival of the use of carbon dioxide (CO2) as a refrigerant was initiated by its use in the trans-critical 

refrigeration cycle, due to its unique thermophysical  properties, and the environmental concerns arising 

from the use of synthetic refrigerants (Lorentzen, 1994). When the ambient temperature is higher than its 

critical temperature(31.1°C), a CO2 refrigeration system operates within the trans-critical cycle and no phase 

change occurs inside the condenser. This process is recognized as a “gas-cooling” process which results in a 

high condensation pressure which is greater than the critical pressure of CO2(7.4MPa). The high pressure 

rating of the components required for such applications has historically limited the use of CO2 in 

refrigeration systems. However, with the phase-out of synthetic refrigerants with high ozone depletion 

potential(ODP) and high global warming potential(GWP), CO2 has become a preferred substitute refrigerant 

in the refrigeration industry. 

The use of a sub-critical refrigeration cycle for CO2 at low temperatures can greatly reduce the 

condensation pressure within the pressure range of standard refrigeration applications. Two typical sub-

critical applications are the cascade and secondary refrigeration systems, with CO2 used as the low 

temperature stage refrigerant. At low temperatures but still high reduced pressure conditions, CO2 has many 

unique thermophysical properties, such as its high vaporization enthalpy and vapour density, a low surface 

tension and low liquid-to-vapour density ratio, when compared with other substitute low temperature 

refrigerants including R22, R134a, R404a and R410a. These properties allow CO2 sub-critical refrigeration 

systems to achieve a high COP with high heat transfer coefficients inside the condenser and evaporator. In 

addition, the odourless, nontoxic and non-flammable properties of CO2 make it a suitable refrigerant for the 

food processing industry and for supermarket refrigeration systems. From these facts, it can be argued that 

CO2 is an excellent substitute refrigerant for low temperature refrigeration applications. It was shown that 

for relatively equivalent cost, a R404a/CO2 cascade system had a 20% higher energy efficiency and 

significantly less refrigerant charge compared to single stage R22 and R404a refrigeration systems under the 

same cooling capacity (Bansal, 2012).  

The condensers and evaporators in CO2 sub-critical refrigeration systems are subjected to refrigerant 

flowing phase change process, and the heat transfer performance of these heat exchangers alter the internal 

system pressure levels and so affect the compressor performance, which consequently affects the overall 

system efficiency and refrigeration capacity (Parise and Marques, 2005). For the design and optimisation of 

these heat exchangers, it is essential to understand the heat transfer and pressure drop characteristics of the 

working fluid. To this end, numerous studies of CO2 flow boiling and condensation heat transfer have been 

undertaken by researchers (Fang et al., 2013; Heo et al., 2013a; Iqbal and Bansal, 2012; Jang and Hrnjak, 

2004; Kang et al., 2013; Kim et al., 2009; Kondou and Hrnjak, 2011; Koyama et al., 2008; Park and Hrnjak, 

2009; Son and Oh, 2012; Zhang et al., 2013; Zilly et al., 2003). For the studies of CO2  flow boiling inside 

evaporators it has been verified that the heat transfer coefficient is 2-3 times higher, with a lower two-phase 

pressure drop, than is the case for other refrigerants under similar working conditions (Thome and Ribatski, 



2005). Unfortunately existing generic heat transfer and pressure drop correlations are poor predictors of the 

behaviour of CO2 flow boiling, and so a number of new heat transfer models which had been developed for 

this refrigerant (Fang et al., 2013). For CO2 flow boiling inside evaporators, the external convection 

resistance, commonly between air and the external surface of the evaporator, dominates the overall heat 

transfer resistance. In contrast, for CO2 working at low temperatures inside cascade or secondary evaporator-

condensers, the flow condensation heat transfer resistance is significant due to the similar magnitude of the 

boiling and condensation heat transfer resistances on either side of the heat exchanger. However, the 

information about CO2 flow condensation at low temperatures is incomplete. For example, there is no 

specialised condensation heat transfer model developed for CO2 while the existing models developed from 

other refrigerants typically over predict the flow condensation heat transfer coefficients of CO2 by up to 200% 

(Kang et al., 2013). 

This paper presents a comprehensive review of the experimental research on CO2 flow condensation as a 

refrigerant inside microchannels, smooth and micro-fin tubes. Characteristics of the experimental CO2 flow 

condensation heat transfer coefficient and pressure drop inside different types of tubes are summarised from 

experimental results in the open literature, concentrating on the effects of mass flux, vapour quality, 

saturation pressure and tube geometry on CO2 flow condensation process. Experimental CO2 flow 

condensation heat transfer data inside different tubes has been collected as a databank used to evaluate a 

number of existing flow condensation models. Based on these comparisons, the limitations of selected 

condensation heat transfer and pressure drop models applicable to CO2 flow condensation are discussed, and 

recommendations are made.  

It should be noted that the solubility of lubricant oils in CO2 is different compared to traditional 

refrigerants. From Zhao and Bansal (2009) it is known that most empirical correlations fail to predict the 

flow boiling coefficient of a CO2-lubricant oil mixture due to the unique mixture properties. However, flow 

condensation heat transfer information of CO2-lubricant oil mixtures is unavailable in the open literature. 

Therefore, only studies of flow condensation of pure refrigerant CO2 are covered in this review. 

 

1. Literature review  

 

Recent experimental studies of flow condensation of CO2 used as a refrigerant are summarized in Table 1. 

In terms of the condensation saturation temperature, the existing studies can be categorised into the low 

temperature group, which ranges from -25 to 5°C, and the high temperature group ranging from 15°C to the 

critical temperature. The low condensation temperature experimental studies correspond to CO2 flow 

condensation inside sub-critical cycle refrigeration applications at low temperatures; while the high 

condensation temperature group is for CO2 flow condensation inside trans-critical cycle systems for the 

occasions when the ambient temperature is lower than the critical temperature. For micro-fin tube test 

sections, De represents the equivalent diameter of a smooth tube having the cross section area equal to the 

actual cross section area of a micro-fin tube, and Dft is the fin tip diameter. The diameters or equivalent 



diameters of the tested microchannel, smooth and micro-fin tubes range from 0.89 to 6.52mm with mass 

fluxes ranging from 50 to 1000kgm
-2

s
-1

. The saturation-to-tube wall temperature difference(∆T) was found 

to affect the local flow condensation heat transfer coefficients under low mass flow rate conditions, 

especially for stratified flows (Dobson and Chato, 1998). For some experimental studies in Table 1, this 

information was not specified. The general trends of the CO2 flow condensation heat transfer coefficient and 

pressure drop, for varying mass flux and saturation temperature, are summarised for these studies in Table 1. 

It can be seen that the effect of mass flux and saturation temperature on the measured flow condensation 

heat transfer coefficients are inconsistent between different authors. Therefore, the experimental data are 

categorized in terms of the tube type and plotted separately in Fig.1 to Fig.3 to show a clear comparison 

between these authors. 

 

Table 1. Experimental studies of CO2 flow condensation heat transfer in various tubes under different working conditions(↓decreasing, 

↔unchanged, ↑increasing) 

References Tube geometry D(mm) Tsat(ºC)  (kgm-2s-1) ∆T(K) 
Heat transfer 

coefficient 
Pressure drop 

Zhang et al. (2013) Microchannel 0.9 -5-15 180-540 - Tsat↓, G↑, h↑ Tsat↓, G↑, ∆P↑ 

        

Jang and Hrnjak 

(2004); Zilly et al. 

(2003) 

Smooth tube 

Micro-fin tube 

6.1 

De: 6.26 
-25,-15 200-400 3,6 

Tsat↓, G↑, h↑ 

Tsat↓, G↑, ∆P↑ 
G↑, h↔; Tsat↓, h↑ 

Koyama et al. (2008) Micro-fin tube De:5.67 15,22 200-350 - G↑, h↔; Tsat↓, h↑ Tsat↓, G↑, ∆P↑ 

Kim et al. (2009) 
Smooth tube 3.48 

-25,-15 200-800 3,6 
Tsat↓, G↑, h↑ 

- 
Micro-fin tube De:3.51 Tsat↓, G↑, h↑ 

Kondou and Hrnjak 

(2011) 
Smooth tube 

 

6.1 

14.3-45 

Psat: 5-

7.5MPa 

100-240 - Tsat↓, G↑, h↑ - 

Iqbal and Bansal 

(2012) 
Smooth tube 6.52 -15-0 50-200 - Tsat↓, G↑, h↑ - 

Kang et al. (2013) Smooth tube 5.15 -10-5 600-1000 - Tsat↓, G↑, h↔ Tsat↓, G↑, ∆P↑ 

Son and Oh (2012) 
Smooth tube 4.95 

20-30 400-800 - 
Tsat↓, G↑, h↑ Tsat↓, G↑, ∆P↑ 

Micro-fin tube Dft:4.4 Tsat↓, G↑, h↑ Tsat↓, G↑, ∆P↑ 

Park and Hrnjak 

(2009) 
Microchannel 0.89 -25,-15 200-800 2-4 Tsat↓, G↑, h↑ Tsat↓, G↑, ∆P↑ 

Heo et al. (2013a) 
Microchannel 

(rectangular) 

0.68-

1.5 
-5-5 400-800 - 

7-port: Tsat↓, G↑, h↑ 7-port: Tsat↓, G↑, ∆P↑ 

19-port: Tsat↓, G↑, h↑ 19-port: Tsat↓, G↑, ∆P↑ 

23-port: Tsat↓, h↑; 

G↑, h↔ 
23-port: Tsat↓, G↑, ∆P↑ 

 

Zhang et al. (2013) investigated the flow condensation heat transfer coefficient and pressure drop for CO2 

inside a microchannel space condenser which was to be used in the loop of the tracker thermal control 

system used in space stations. There were 7 parallel microchannels with an inner diameter of 0.9mm 

connected two aluminium baseplates to work as the space condenser. The mass flux ranged from 180 to 



540kgm
-2

s
-1

 under saturation temperatures of -5 to 15°C. The measured flow condensation heat transfer 

coefficients were in the range of 1700 to 4500Wm
-2

K
-1

. As the tube wall surface temperature measurement 

was replaced by the top plate wall temperature measurement, the uncertainty of the experimental heat 

transfer coefficients was high as ±30%. Overall effects of the mass flux and the condensation temperature on 

experimental data showed that higher mass fluxes and lower saturation temperatures led to higher heat 

transfer coefficients and higher pressure drops. 

 

Figure 1. Comparison of CO2 flow condensation heat transfer coefficient inside smooth tubes from different researchers a. Zilly et al. (2003) 

b. Jang and Hrnjak (2004) c. Kim et al. (2009) d. Iqbal and Bansal (2012) e. Kang et al. (2013) f. Son and Oh (2012)  

 

Zilly et al. (2003) and Jang and Hrnjak (2004) performed the experimental measurement of CO2 flow 

condensation heat transfer and pressure drop inside smooth and micro-fin horizontal tubes. The effects of the 

mass fluxes, which ranged from 200 to 400kgm
-2

s
-1

, and  the saturation-to-tube wall temperature differences, 

which were set to 3 and 6°C, under the saturation temperatures from -25 to -15°C, on the local heat transfer 

coefficient and pressure drop were experimentally investigated. The two studies employed the same test rig 

with the same test sections and produced CO2 condensation heat transfer data that showed good repeatability, 

as shown in Fig.1a and 1b. The experimental results showed that the heat transfer coefficients inside the 

smooth tube had an increasing dependence on the mass flux with increasing vapour quality, while the heat 

transfer coefficients in the micro-fin tube were independent of the mass flux, as shown in Fig.2a and 2b. 

Zilly et al. (2003) explained that for the micro-fin heat transfer coefficients, the turbulence caused by the 

micro-fin tube geometry structure outweighed the turbulence produced by the increasing mass flux. 

Regarding the effects of the saturation temperature, the authors found that a lower saturation temperature led 

to higher heat transfer coefficients and higher pressure drops in both smooth and micro-fin tubes. The 

authors explained that the lower vapour density and higher viscosity of CO2 under the lower saturation 

temperature conditions, resulted in a higher two-phase velocity and so enhanced the condensation heat 

transfer. For both authors’ experimental results, the saturation-to-tube wall temperature difference showed 

no obvious effect on the heat transfer coefficient and pressure drop inside both smooth and micro-fin tubes. 

These authors also confirmed that higher mass fluxes resulted in higher frictional pressure drops in both 

smooth and micro-fin tubes due to the increased two-phase velocity.  



 

Figure 2. Comparison of CO2 condensation heat transfer coefficient inside micro-fin tubes from different researchers a. Zilly et al. (2003) b. 

Jang and Hrnjak (2004) c. Kim et al. (2009) d. Koyama et al. (2008) e. Son and Oh (2012) 

 

Koyama et al. (2008) experimentally measured the CO2 flow condensation heat transfer coefficient, the 

void fraction and the pressure drop in a horizontal micro-fin copper tube with an equivalent inner diameter 

of 5.67mm. Experimental data were measured for saturation temperatures of approximately 15 and 22°C 

with mass fluxes ranging from 200 to 350kgm
-2

s
-1

. As shown in Fig.2d, Koyama’s experimental results 

showed similar trends to Zilly and Jang’s micro-fin tube heat transfer data, in that varying the mass flux had 

a minor effect on the heat transfer coefficient but had a significant effect on the pressure drop. For the effect 

of saturation temperature, Koyama concluded that a reduced saturation temperature caused moderately 

higher heat transfer coefficients and pressure drops than was the case for the high saturation temperature, 

due to the changed thermophysical properties of CO2. Koyama also fitted their experimental data to 

correlations (Koyama and Yonemoto, 2006) and obtained a customised condensation heat transfer 

correlation for CO2 in micro-fin tubes. It should be noted that Koyama’s experimental data were measured 

under constant heat flux conditions, and so the variation in vapour quality along the test section was large 

for some measurements. For example, at the saturation temperature of 22°C with the constant heat flux of 

20 kWm
-2

 and a mass flux of 200 kgm
-2

s
-1

, the vapour quality changed by 0.32 along the 520mm long test 

section. This meant that the heat transfer coefficients and pressure drops might represent a “partial 

condensation” process rather than quasi-local values at one particular vapour quality point, and the 

measurements for the low vapour qualities might represent sub-cooled single phase convection heat transfer 

and pressure drop. 

Kim et al. (2009) performed heat transfer coefficient measurements of CO2 flow condensation inside a 

3.48mm inner diameter smooth tube and a 3.51mm equivalent diameter micro-fin tube for saturation 

temperatures ranging from -25 to -15°C. The test rig layout was the same as that used by Zilly and Jang. 

Kim obtained similar results as Zilly and Jang’s for the effects of the saturation temperature and mass flux 

on the heat transfer coefficients in the smooth tube, as shown in Fig.1c. However, for the heat transfer data 

inside the micro-fin tube, which is illustrated in Fig.2c, Kim’s experimental heat transfer coefficients 

showed a strong dependence on the mass fluxes in the range 200 to 800kgm
-2

s
-1

, which was contrary to the 



previous micro-fin heat transfer experimental investigations by Zilly, Jang and Koyama, shown by Fig.2a, 

2b and 2d. Kim summarized that inside the micro-fin tube, the CO2 condensation heat transfer coefficient 

was not only affected by the mass flux, but also by the micro-fin geometry (Yang and Webb, 1997). 

Therefore, to understand the effect of mass flux on CO2 flow condensation inside micro-fin tubes, Kim 

suggested that an extensive range of geometries need to be investigated. As for the effect of the saturation-

to-wall temperature differences, Kim’s data showed that the variations of the heat transfer coefficient inside 

the smooth and micro-fin tubes under different temperature differences were negligible compared to the 

measurement uncertainty. 

Kondou and Hrnjak (2011) investigated the heat rejection characteristics of CO2 in a horizontal smooth 

tube close to the critical point. Due to the ambient temperature changing during the year, it might be lower 

than the critical temperature in winter, but higher than the critical temperature in summer. Accordingly a 

CO2 refrigeration system may experience a seasonal transition between being a sub-critical, or a trans-

critical cycle through the year. Kondou and Hrnjak determined that the seasonal temperature variation 

resulted in a condensation process for the sub-critical cycle inside the condenser (or gas cooler), with a 

higher superheat than is typical for a conventional refrigeration cycle. The authors measured the complete 

heat rejection process through superheated vapour, two-phase flow and sub-cooled liquid. A smooth 6.1mm 

inner diameter test section was used, with mass fluxes ranging from 100 to 240kgm
-2

s
-1

 at system pressures 

of 5 to 7.5MPa. The occurrence of condensation heat transfer was identified by the equality of the CO2 

temperatures at the inlet and outlet of the test section. It was found that the measured flow condensation heat 

transfer coefficient increased with increasing mass flux and reduced saturation pressure. A correlation 

proposed by Cavallini et al. (2006a) was modified by Kondou and Hrnjak to correctly predict the 

experimental data for reduced pressures of 0.88 to 0.97. The heat transfer coefficients for the superheated 

vapour were found to be greater than the predictions of a single-phase turbulent flow correlation when the 

vapour was close to the saturated vapour line. The authors explained that the occurrence of condensation in 

the nominally superheated zone increased the heat rejection rate, and confirmed this with the radial 

temperature profile which showed the core vapour flow to be superheated while the tube wall temperature 

was subcooled. 

Iqbal and Bansal (2012) measured the CO2 flow condensation heat transfer coefficients inside a 6.52mm 

inner diameter horizontal copper tube, which is depicted in Fig.1d. The saturation temperatures ranged from 

-15 to 0°C and the mass fluxes varied from 50 to 200kgm
-2

s
-1

. In contrast to other researcher’s closed-loop 

test rigs, an open-loop system was used, in which high pressure bottled CO2(55bar) was discharged through 

the rig and into the atmosphere(1bar). During this pressure drop process, the flowing CO2 two-phase flow 

was controlled by cooling, heating and pressure stabilisation to achieve the desired state at the inlet of the 

test section. Because the tube wall temperature was not measured, the condensation heat transfer coefficient 

was indirectly measured by calculating from the overall heat transfer resistance of the test section. 

Experimental results showed that the heat transfer coefficients increased with increasing mass fluxes and 

decreasing saturation temperatures. 



Kang et al. (2013) measured the CO2 flow condensation heat transfer coefficient and pressure drop 

measurement inside a 5.15mm inner diameter horizontal tube with the mass flux varying from 600 to 

1000kgm
-2

s
-1 

at saturation temperatures from -10 to 5°C. As plotted in Fig.1e, the measured heat transfer 

coefficients with the mass flux of 600kgm
-2

s
-1

 were evenly distributed with varying vapour qualities at 

approximately 3000Wm
-2

K
-1

 under different saturation temperatures. When the mass flux was increased to 

1000kgm
-2

s
-1

, the experimental heat transfer coefficients were measured in the range of 3000 to 4500Wm
-

2
K

-1
. Considering the measurement uncertainty of the heat transfer coefficient was ±9.3%, Kang concluded 

that the effects of the mass flux on the CO2 flow condensation heat transfer coefficients were minor. When 

the saturation temperature was varied from 0 to -5 and -10°C, the increasing rate of heat transfer coefficient 

from vapour qualities 0.3 to 0.6, was from 9.4 to 14.6%, respectively. Therefore, the author concluded that 

the effect of the saturation temperature on the heat transfer coefficient was less significant than the effect of 

mass flux. For the pressure drop, their measurements showed that higher mass fluxes and lower saturation 

temperatures significantly increased the pressure drop. The gradient of the pressure drop varying with the 

vapour quality increased with increased mass flux and decreased saturation temperature. 

Son and Oh (2012) investigated CO2 condensation at high saturation temperatures from 20 to 30°C inside 

a 4.95mm inner diameter smooth tube and a 4.4mm fin tip diameter micro-fin tube, with the experimental 

results shown in Fig.1f and Fig.2e, respectively. The experimental results showed that higher mass fluxes 

led to a higher heat transfer coefficient inside both the smooth and micro-fin tube. Under each mass flux 

ranging from 400 to 800kgm
-2

s
-1

, the variation of the heat transfer coefficients with the vapour quality 

showed relatively similar gradients. The experimental data also showed that decreasing saturation 

temperatures had significantly increased the heat transfer coefficients inside smooth and micro-fin tubes. 

Regarding pressure drops, their experimental results showed that higher mass fluxes and lower saturation 

temperatures led to the higher pressure drops in both types of the tubes because of the increased two-phase 

velocity. 

 

Figure 3. Comparison of CO2 flow condensation heat transfer coefficient inside microchannels from different researchers a. Park and Hrnjak 

(2009) b. Heo et al. (2013a) 

 

Park and Hrnjak (2009) performed experimental studies on CO2 flow condensation in 0.89mm 



microchannels at saturation temperatures of -25 and -15°C, for mass fluxes between 200 to 800kgm
-2

s
-1

. The 

same test rig layout was used as Zilly et al. (2003), Jang and Hrnjak (2004) and Kim et al. (2009). The test 

section was an extruded aluminium multi-port tube with 10 microchannels. To avoid an uneven distribution 

of the two-phase fluid to each microchannel, the sub-cooled CO2 liquid was supplied and calmed in a long 

multi-port tube. The condensation heat transfer characteristics were similar to those within large-scale tubes, 

as is shown in Fig.3a, with the heat transfer coefficient increasing with increasing mass fluxes and 

decreasing saturation temperatures. The authors measured the pressure drops inside the microchannels under 

adiabatic conditions and found the frictional pressure drop of CO2 two-phase flow increased with increasing 

mass fluxes and decreasing saturation temperatures. The saturation-to-tube wall temperature differences 

were controlled from 2 to 4°C, and no significant effects on the condensation heat transfer coefficients were 

found. 

Heo et al. (2013a) investigated CO2 flow condensation in rectangular microchannels. Their 7, 19 and 23 

port rectangular microchannels had hydraulic diameters of 1.5, 0.68, 0.78mm, respectively. For each set of 

microchannels, the condensation heat transfer coefficients and pressure drops were measured for mass fluxes 

ranging from 400 to 800kgm
-2

s
-1

 under saturation temperatures of -5 to 5°C. The measured data showed the 

different effects of mass flux on the heat transfer coefficients under different saturation temperatures. For 

example, shown in Fig.3b, when the mass flux was increased from 400 to 1000kgm
-2

s
-1

 under the saturation 

temperature of -5°C, the measured heat transfer coefficients for each set of the microchannels were nearly 

identical and independent of varying vapour quality. When the saturation temperatures were lowered to 0°C 

and -5°C, the heat transfer data with mass flux of 800kgm
-2

s
-1

 showed that higher vapour qualities led to 

higher heat transfer coefficients. Heo explained that this phenomenon was caused by the variation of the 

liquid film thickness inside the microchannels when the saturation temperature was changed. Under the 

saturation temperatures of 0 and -5°C, the measured heat transfer coefficients in the 23-port microchannel 

group showed increasing and decreasing trends before and after the critical vapour quality under different 

mass fluxes. Heo believed that this phenomenon was caused by the mal-distribution of two-phase fluids, 

which became greater with increasing port numbers, and the unexpected flow transition from the mist to 

annular flows. For pressure drop measurements, Heo found similar effects of mass flux and saturation 

temperature to those cases within circular tubes, that pressure drops increased with increasing mass fluxes 

and the decreasing condensation temperatures in each set of rectangular microchannels. Heo also explained 

that the greater mal-distribution and the wider wetting perimeter of the 23-port microchannel caused higher 

pressure drops than those in the 7-port and 19-port microchannels.  

 

2. Predictions on CO2 flow condensation using existing condensation models  

 

This section evaluates the existed condensation heat transfer models against the experimental CO2 

condensation heat transfer data in the references listed in Table 1. Comparisons are made between the 

observed and predicted CO2 two-phase flow regimes, and between the calculated and experimental CO2 flow 



condensation heat transfer coefficients, and the frictional pressure drop. The simulation results were 

processed by using the EES software package (Klein, 2014). The thermophysical properties of CO2 were 

also provided by the built-in property database of EES. 

 

2.1 CO2 two-phase flow regime prediction for in-tube condensation 

 

An experimental observation of CO2 two-phase flow regimes was published by Jang and Hrnjak (2004). 

After vapour quality was accurately fixed, CO2 two-phase flow was stabilised and observed within a 6.1mm 

inner diameter smooth horizontal tube under the adiabatic conditions for mass fluxes between 200 and 

400kgm
-2

s
-1

 at saturation temperatures of -25 and -15°C. The observed flow patterns at different vapour 

qualities under the saturation temperature of -15°C listed in Table 2, were named by Jang as annular, wavy, 

and slug flows. It can be seen from Table 2 that following a vapour quality decreasing order, there is an 

obvious interface transition between the liquid and vapour phase. Annular flow consists of a horizontally 

flowing vapour core surrounded by an annular liquid film. The slug flow occurs at low vapour quality 

conditions, and the horizontal interface of the slug flow becomes relatively smooth between the liquid and 

vapour phase. The wavy flow group can be deemed as the transition from annular to slug flow as the 

horizontal interface contains large waves with a thin liquid film on the upper tube wall.  

 

Table 2. Experimental observations on CO2 flow condensation regimes under the adiabatic condition at the saturation temperature of -15˚C 

in a 6.1mm inner diameter smooth horizontal tube by Jang and Hrnjak (2004) 

Mass flux 

(kgm
-2

s
-1

) 
Annular Wavy Slug 

200 

x=0.8-0.5

 

x=0.4-0.3

 

x=0.2-0.1 

 

300 

x=0.9-0.4

 

x=0.3-0.2

 

x=0.1

 

400 

x=0.8-0.3

 

x=0.2

 

x=0.1

 

 

   A customised flow pattern map for CO2 flow boiling inside horizontal tubes was proposed and updated by 

Cheng et al. (2008) The predicted flow patterns including fully-stratified flow(S), stratified-wavy flow(SW), 

intermittent flow(I), annular flow(A), mist flow(M) and bubbly flow(B) were taken from the Wojtan-

Ursenbacker-Thome flow boiling pattern map (Wojtan et al., 2005). Transition from the intermittent flow to 

the annular flow, and from the annular flow to the dryout region were modified and fitted to the 

experimental CO2 flow boiling heat transfer data by the corresponding flow boiling heat transfer 

characteristics, for example, the noticeable falloff of heat transfer coefficients with the advent of annular 

flow which suppresses the nucleate boiling of intermittent flow, and the sharp drop of heat transfer 

coefficient which represents the onset of dryout. To evaluate the predictions of Cheng’s flow boiling map 



for CO2 flow condensation, the transition criteria are plotted in a mass flux-vapour quality diagram in Fig.4 

with the observations of Jang and Hrnjak without the dryout region, which does not occur with flow 

condensation. The SW-A transition for flow boiling is modified for flow condensation by extending the 

boundary line from the lowest point to the vapour quality of x=1, which represents the beginning of 

condensation. It can be seen that the boundary line of I-A can acceptably predict the transition from slug to 

wavy flows for flow condensation, but with all wavy flow observation points predicted as annular flows. 

This is not surprising as the I-A transition was denoted as the decreasing of nucleate boiling heat transfer 

coefficients for CO2 flow boiling by Cheng. For flow condensation in horizontal tubes, the wavy flows 

account for a relatively high proportion in the whole condensation process, especially at low mass flux 

conditions as shown in Table 2. The heat transfer mechanism for wavy flows is dependent on the interaction 

of the convective condensation heat transfer of annular flows and the dominant film condensation of 

stratified flows, and should be accounted for in a flow condensation model. Therefore, it can be concluded 

that the Cheng flow map is not adequate to apply to the case of CO2 flow condensation due to the lack of 

prediction accuracy on wavy flows. 

 

Figure 4. The observations on CO2 condensing flow regimes by Jang and Hrnjak (2004) with the CO2 flow boiling patterns transition criteria 

of Cheng et al. (2008) plotted in the mass flux-vapour quality coordinates  

 

Successful flow condensation models have been based on the transition between the main condensation 

heat transfer mechanisms while ignoring the transition between each individual flow regime. For instance,  

the model of Dobson and Chato (1998), new models of Cavallini et al. (2006a) and Shah (2009), which are 

recommended for design and calculation by the ASHRAE handbooks(ASHRAE, 2009, 2013), only defined 

the boundary of heat transfer mechanisms between annular flows and stratified flows. The convective 

condensation of annular flows corresponds to Cavallini’s tube wall-to-saturation temperature difference 

independent heat transfer, and Shah’s heat flux independent heat transfer, while the film condensation of 

stratified flows correspond to Cavallini’s tube wall-to-saturation temperature difference dependent heat 

transfer, and Shah’s heat flux dependent heat transfer. Therefore, in this study, the same logical flow 

transition criteria proposed by Soliman (1982, 1983), and Cavallini et al. (2002) are evaluated against Jang’s 

CO2 condensation flow regime observations shown in Table 2.  



Soliman (1982) replaced the velocity and length scale items in the original Froude number with the actual 

liquid phase velocity, and the liquid film thickness, respectively. This modified Froude number Frso, 

represents the ratio of the inertial force to the gravity force on the liquid condensate. As condensation 

progresses, the increasing gravity force of the liquid film leads to a decreasing modified Froude number. 

Thus, Frso was used by Soliman as the parameter denoting the transition from annular to wavy flow. The 

wavy flow defined by Soliman included the commonly called stratified, wavy and slug flows because 

Soliman wished to emphasise the common stratification feature of these flow regimes.  

 

 

Figure 5. The observations of CO2 condensing flow regimes by Jang and Hrnjak (2004) with a. the modified Froude number(Soliman, 1982), 

and b. the dimensionless vapour velocity(Cavallini et al., 2002) plotted in the mass flux-vapour quality coordinates  

 

Dobson and Chato (1998) verified Soliman’s flow regime transition values based on flow regime 

observations of the refrigerants R-134a, R22, 60/40 and 50/50 blends of R-32 and R125 in horizontal tubes 

with inner diameters of 3.14mm, 4.57mm and 7.04mm, respectively. Dobson concluded that Soliman’s 

transition criteria agreed very well with their experimental flow regime transition values. In addition, the 

predicted effects of mass flux, tube diameter and saturation pressure on flow regime transition by Soliman’s 

transition values all agreed with the experimental observations. The flow regime observations of Jang and 

Hrnjak (2004) and Soliman’s modified Froude numbers are plotted in the mass flux-vapour quality 

coordinates in Fig.5a. It can be seen that Soliman’s transition values of Frso=6 and Frso=14, can well fit the 

effects of mass flux and vapour quality on the CO2 flow regime transition. Dobson et al. (1994) proposed 

Frso=18 as the value for transition from annular to wavy flow for the refrigerants R12 and R134a and so the 

smaller value of Frso=14 in Fig.5a means that annular flow is sustained for longer with CO2 than is the case 

for R12 and R134a. The physical meaning is that the required inertia force to overcome the increasing liquid 

gravity to form an annular flow is smaller for CO2 than for R12 and R134a under equivalent working 

conditions. This can be explained in terms of the physical property comparison. The viscosity of CO2 at -

15ºC is 62% and 75% of that of R12 and R134a at 35ºC, respectively. Therefore, to achieve the same liquid 

Reynolds number(Rels), the relatively small liquid viscosity of CO2 requires a smaller inertia force than the 

cases for R12, R134a. 



Cavallini et al. (2002) used the dimensionless vapour mass velocity JG as the flow regime transition 

parameter. JG was proposed by Breber et al. (1980), Sardesai et al. (1981) and Tandon et al. (1982) based on 

the flow regime observations of R12 and R22. It has a similar meaning to Soliman’s modified Froude 

number, in that for annular flow, JG represents the magnitude of the vapour shear stress required to overcome 

the gravity force exerted on the liquid film. Cavallini summarised the flow transition criteria (Breber et al., 

1980; Sardesai et al., 1981; Tandon et al., 1982) then proposed JG =2.5 for the transition from annular-to-

stratified flow. The Lockhart Martineli parameter Xtt=1.6 was used as the stratified-to-slug flow transition. 

This flow regime classification and the proposed flow condensation model by Cavallini accurately predicted 

the heat transfer and pressure drop of high-pressure working fluids (Cavallini et al., 2002). Fig.5b shows 

Jang’s CO2 flow regime observation results with the flow transition parameters of JG and Xtt proposed by 

Cavallini. It can be seen that a smaller value of JG =2 is more appropriate than the original value of JG =2.5 to 

predict the effects of mass flux and vapour quality on the annular-to-stratified flow transition, especially at 

high mass flux conditions. The dimensionless vapour mass velocity JG is inversely proportional to the 

vapour density and the liquid-to-vapour density difference of working fluids. Compared with the vapour 

density of R12 and R22, CO2 has a vapour density at -15ºC which is 143% and 120% of that of R12 and 

R22 at 30ºC with an equivalent liquid-to-vapour density difference, respectively. For the annular-to-wavy 

transition under the same mass flux and vapour quality conditions, the larger vapour densities for CO2 than 

R12 and R22 lead to the relatively smaller JG than the original value proposed by Cavallini.  

 

2.2 The CO2 in-tube flow condensation heat transfer coefficients 

 

Table 3. The heat transfer databank of CO2 flow condensation heat transfer coefficients in different tubes 

 
Number of 

measurements 
Tube geometry 

Tube inner 

diameter(mm) 
Tsat(ºC)  (kgm

-2
s

-1
) ∆T(K) 

Zilly et al. (2003) 

26 Smooth tube 6.1 

-25,-15 200-400 3,6 
25 Micro-fin tube De: 6.26 

Jang and Hrnjak 

(2004) 

83 Smooth tube 6.1 
-25,-15 200-400 3,6 

29 Micro-fin tube De: 6.26 

Kim et al. (2009) 
45 Smooth tube 3.48 

-25,-15 200-800 3,6 
33 Micro-fin tube De: 3.51 

Kondou and Hrnjak 

(2011) 
83 Smooth tube 6.1 

14.3-45 

Psat: 5-7.5MPa 
100-240 - 

Iqbal and Bansal 

(2012) 
72 Smooth tube 6.52 -15-0 50-200 - 

Kang et al. (2013) 83 Smooth tube 5.15 -10-5 600-1000 - 

Son and Oh (2012) 
35 Smooth tube 4.95 

20-30 400-800 - 
42 Micro-fin tube Dtp: 4.4 

Park and Hrnjak 

(2009) 
67 Microchannel 0.89 -25,-15 200-800 2-4 

Heo et al. (2013a) 74 Microchannel 0.68 -5-5 400-800 - 



84 (rectangular) 0.78 

94 1.5 

Table 3 lists the experimental studies on CO2 flow condensation heat transfer coefficients inside smooth, 

micro-fin and microchannel tubes conducted by different authors. The available heat transfer data points 

inside smooth tubes are under reduced pressures from 0.23 to 0.54 at low temperatures except for the two 

datasets near the critical point, by Kondou and Hrnjak (2011), Son and Oh (2012).  

 

2.2.1 Comparison between the predicted and measured CO2 flow condensation heat transfer coefficients 

inside smooth tubes 

 

 

 

 

 
 



 
Figure 6. Comparison between Nusselt number predicted by models: a. Dobson and Chato (1998) b. Cavallini et al. (2006a) c.Shah (2009) d. 
Akers and Rosson (1960) e. Thome et al. (2003) and the experimental CO2 flow condensation Nusselt number inside smooth tubes (Iqbal 
and Bansal, 2012; Jang and Hrnjak, 2004; Kang et al., 2013; Kim et al., 2009; Zilly et al., 2003) 
 

 

Table 4. Statistical comparison between Nusselt number predicted by models a.Dobson and Chato (1998) b.Cavallini et al. (2006a) c.Shah 

(2009) d.Akers and Rosson (1960) e.Thome et al. (2003) and the experimental CO2 flow condensation Nusselt number inside smooth tubes 

(Iqbal and Bansal, 2012; Jang and Hrnjak, 2004; Kim et al., 2009; Zilly et al., 2003) 

 
Zilly et al. 

(2003) 

Jang and 

Hrnjak 

(2004) 

Kim et al. 

(2009) 

Iqbal and Bansal 

(2012) 
Total 

 σa σb σa σb σa σb σa σb σa σb 

Dobson and Chato (1998) 46 46 49 49 54 54 56 57 52 52 

Cavallini et al. (2006a) 16 18 22 23 21 23 33 43 25 29 

Shah (2009) 28 28 32 33 31 35 8 27 24 31 

Akers and Rosson (1960) 15 22 19 26 47 51 13 33 22 32 

Thome et al. (2003) 14 17 20 24 14 17 52 66 28 35 

 

The widely used in-tube flow condensation models of Dobson and Chato (1998), Cavallini et al. (2006a), 

Shah (2009), Akers and Rosson (1960), and Thome et al. (2003) are evaluated against the experimental CO2 

condensation data in smooth tubes. The comparisons between these models and CO2 low-temperature 

condensation data are shown in Fig.6. The worst prediction by these models is on the dataset of Kang et al. 

(2013), which contradicts the rest of experimental data in Fig.1 in that the mass flux and saturation pressure 

have no obvious effect on heat transfer. As such it has been neglected in the further analysis. Statistical 

comparisons of the data (without the Kang dataset) are listed in Table 4 showing that all the selected flow 

condensation heat transfer models over predict the experimental data. It can be seen that excepting Dobson’s 

model, all models can acceptably predict the experimental data with a mean absolute deviation of 

approximately 30%. The model of Cavallini et al. (2006a) gave the most accurate predictions, and it is 

thought that reason is that the heat transfer databank used to develop the Cavallini correlations included the 

CO2 experimental dataset of Jang and Hrnjak (2004). As shown in Fig.6, the Thome, Cavallini and Shah 

models all correctly capture the trends of experimental Nusselt numbers of Zilly et al. (2003), Jang and 

Hrnjak (2004) and Kim et al. (2009), but they have different predictions on the dataset of Iqbal and Bansal 



(2012). This can be explained by the comparison in Fig.1 that, for same saturation temperature of -15˚C, 

range of HTCs with mass flux of 50 to 200kg/m
2
-s of Iqbal and Bansal’s data, equal to those of the rest of 

data with mass flux of 200 to 400kg/m
2
-s. 

As the Kondou and Hrnjak (2011) and Son and Oh (2012) datasets are out of the reduced pressure validity 

range of these models, the comparison is plotted separately in Fig.7 with the statistical deviations given in 

Table 5. Kondou and Hrnjak modified Cavallini’s correlations (Cavallini et al., 2006a) with the liquid 

properties evaluated by the film temperature rather than the saturation temperature, due to the great variation 

of specific heat of CO2 near critical temperature, to enable the accurate prediction ability up to reduced 

pressure of 0.97. This can be seen in Table 5 that the modified Cavallini et al. model gives the best 

prediction on Kondou and Hrnjak dataset. All the selected models greatly over predict the Son and Oh 

dataset, and the model of Shah (2009) predicts most accurately with an absolute deviation of 63%. It should 

be pointed out that, in Son and Oh’s paper(Son and Oh, 2012), models of Dobson and Chato, Shah, and the 

modified Cavallini’s were evaluated against the experimental data with mean absolute deviations of 45%, 42% 

and 21%, respectively. This conclusion greatly conflicts the current comparison results in Table 5.  

 

Figure 7. Comparison between Nusselt number predicted by models (Akers and Rosson, 1960; Dobson and Chato, 1998; Kondou and Hrnjak, 

2011; Shah, 2009; Thome et al., 2003) and the experimental CO2 flow condensation Nusselt number inside smooth tubes at high saturation 

temperatures a.Kondou and Hrnjak (2011) b.Son and Oh (2012) 

 

Table 5. Statistical comparison between Nusselt number predicted by models (Akers and Rosson, 1960; Dobson and Chato, 1998; Kondou 

and Hrnjak, 2011; Shah, 2009; Thome et al., 2003) and the experimental CO2 flow condensation Nusselt number inside smooth tubes at high 

saturation temperatures a.Kondou and Hrnjak (2011) b.Son and Oh (2012) 

 Kondou and Hrnjak (2011) Son and Oh (2012) Total 

 σa σb σa σb σa σb 

Cavallini model (Kondou 

and Hrnjak, 2011)  
5 11 57 69 21 28 

Dobson and Chato (1998) 18 22 203 203 73 75 

Shah (2009) -5 13 52 63 12 28 

Akers and Rosson (1960) 35 35 91 107 51 56 

Thome et al. (2003) -1 20 114 129 33 53 



 

2.2.2 Comparison between the predicted and measured CO2 flow condensation heat transfer coefficients 

inside microchannels 

 

 

Figure 8. Comparison between the Nusselt number predicted by the various models(Cavallini et al., 2006b; Koyama et al., 2003; Moser et al., 

1998; Thome et al., 2003)and the experimental CO2 flow condensation Nusselt number inside microchannels a. Park and Hrnjak (2009)  b. 

the Heo et al. (2013a) 

 

Table 6. Statistical comparison between the Nusselt number predicted by the models for large scale tubes(Akers and Rosson, 1960; Cavallini 

et al., 2006a; Dobson and Chato, 1998; Shah, 2009; Thome et al., 2003), the models for small tubes and channels(Cavallini et al., 2006b; 

Koyama et al., 2003; Moser et al., 1998) and the experimental CO2 flow condensation Nusselt number inside microchannels from 

references(Heo et al., 2013a; Park and Hrnjak, 2009) 

  
Park and Hrnjak 

(2009) 

Heo et al. 

(2013a) 
Total 

  σa σb σa σb σa σb 

Large scale tubes 

Dobson and Chato (1998) 64 64 246 246 208 208 

Cavallini et al. (2006a) 26 31 146 146 121 122 

Shah (2009) 43 45 173 173 146 146 

Akers and Rosson (1960) 209 209 348 348 319 319 

Thome et al. (2003) 11 18 101 102 82 85 

Small tubes and 

channels 

Moser et al. (1998) 18 18 104 104 86 86 

Koyama et al. (2003) 28 28 98 98 83 83 

Cavallini et al. (2006b) 41 43 142 142 121 121 

 

Fig.8 shows the condensation models for small tubes and microchannels developed by Moser et al. (1998), 

Koyama et al. (2003), and Cavallini et al. (2006b) evaluated against the CO2 experimental heat transfer data 

inside microchannels investigated by Park and Hrnjak (2009), and Heo et al. (2013a). Statistical 

comparisons from these models are listed with the previously mentioned models for macro-scale tubes in 

Table 6. It can be seen that all these models over predict the experimental data inside microchannels. The 



statistical comparisons show that among the models for large scale tubes, the Thome model gives the best 

predictions for all datasets, especially for the Park and Hrnjak dataset, with a mean absolute deviation of less 

than 20%. The Moser model, the Koyama model for small tubes have the equivalent prediction accuracies 

on the experimental data. Compared with the prediction errors for smooth tubes, the over-predictions from 

these models on the microchannel data are greater, especially the errors to the Heo dataset. Park and Hrnjak 

(2009) explained the successful predictions of the Thome model on CO2 condensation inside microchannels 

by the fact that a reduction in the tube diameter had no significant effects on the annular flow condensation 

heat transfer coefficients in microchannels and Thome’s model uses a logarithmic mean void fraction 

combined with the homogenous void fraction εh and the Rouhani-Axelsson void fraction εra(Steiner, 1993), 

which showed improved prediction on flow condensation of the “high-pressure” refrigerants, such as CO2. 

For the under-predictions at low Nusselt numbers and the over-predictions at high Nusselt numbers by the 

Thomel model, Park and Hrnjak analysed that there was discrepancy between the predicted CO2  flow 

regime transitions by the Thome model and the flow regime transition criteria proposed by Akbar et al. 

(2003), which was a specialised condensing flow regime transition criterion in microchannels. Akbar’s 

predictions showed that the annular flows dominated the overall CO2 flow condensation process inside 

microchannels while the Thome correlation predicted the flow regimes as the intermittent or stratified flows 

at low heat transfer rate conditions. Thus they concluded that there was a need to modify the flow regime 

prediction in microchannels for CO2. For the high prediction errors to the Heo dataset, Heo explained that 

the uneven distribution of CO2 two-phase flow into each port of the microchannels increased the prediction 

difficulty by causing the flow regime transition complexity. Heo also explained that Thome’s correlation 

showed the smallest deviation to their experimental data because this model takes into account of the liquid 

film thickness and the interface interaction. It should be pointed out that the limitation to the microchannel 

wall temperature measurement might cause the prediction errors in Heo’s dataset. The CO2 flow 

condensation heat transfer coefficients measured by Heo were obtained indirectly by analysing the total heat 

transfer resistance of the test section. As there were uncertainties for the convection heat transfer coefficients 

of the cooling secondary fluid, the measured heat transfer coefficients might not approach the quasi-local 

values.  

 

 

 

 

 

 

 

 

 

 



 

 

2.2.3 Comparison between the predicted and measured CO2 flow condensation heat transfer coefficients 

inside micro-fin tubes 

 

 

 

Figure 9. Comparison between the Nusselt number predicted by the models of a. Koyama and Yonemoto (2006), b. Han and Lee (2005), c. 

Cavallini et al. (2009), and d. Chamra et al. (2005), and the experimental CO2 flow condensation Nusselt number inside micro-fin tubes from 

references(Jang and Hrnjak, 2004; Kim et al., 2009; Son and Oh, 2012; Zilly et al., 2003) 

 

 

Table 7. Statistical comparison between the Nusselt number predicted by the models(Cavallini et al., 2009; Chamra et al., 2005; Han and Lee, 

2005; Koyama and Yonemoto, 2006), and the experimental CO2 flow condensation Nusselt number inside micro-fin tubes from 

references(Jang and Hrnjak, 2004; Kim et al., 2009; Son and Oh, 2012; Zilly et al., 2003) 

 
Zilly et al. 

(2003) 

Jang and 

Hrnjak (2004) 

Kim et al. 

(2009) 

Son and Oh 

(2012)  
Total 

 σa σb σa σb σa σb σa σb σa σb 

Koyama and Yonemoto (2006) -47 47 -46 46 6 29 -27 50 -27 43 

Han and Lee (2005) -7 18 -3 15 84 84 119 119 58 67 



Cavallini et al. (2009)  -7 10 3 8 21 25 1 44 4 24 

Chamra et al. (2005)  6 15 6 15 234 234 312 312 164 168 

 

Micro-fin tubes are widely used in refrigeration and air-conditioning systems due to the large 

enhancement of heat transfer they offer compared to an equivalent smooth tube, for a relatively small 

increased pressure drop. Three different geometry micro-fin tubes were used for the investigations of CO2 

flow condensation (Jang and Hrnjak, 2004; Kim et al., 2009; Son and Oh, 2012; Zilly et al., 2003). The 

correlations developed by Koyama and Yonemoto (2006), Han and Lee (2005), the new model of Cavallini 

et al. (2009) , and the Chamra et al. (2005) model are compared against the relevant experimental data. It is 

worth to mention that heat flux through the test section was defined differently in these references, for 

example, heat flux in the studies of Zilly, Jang and Kim was defined based on the actual inner surface area 

of micro-fin tubes, but was calculated based on the surface area at the fin tip diameter in Son’s study. 

Furthermore, the predicted heat transfer coefficient was defined with reference to the fin tip diameter in the 

correlations of Koyama, Chamra and Cavallini, but was referred to the hydraulic diameter in the Han and 

Lee model. To keep consistence of the comparison, all the experimental data and predictions are reduced to 

Nusselt numbers in Fig.9. 

From the comparison, it is seen that the Cavallini model accurately predicts the Zilly and Jang data, and 

for the portion of the Kim dataset at medium and high Nusselt number conditions. But for the Son dataset, it 

over predicts at low Nusselt number conditions and under predicts the data at high Nusselt number 

conditions. The Koyama model under predicts most of experimental data available. The Han model and 

Chamra model predicts the Zilly and Jang dataset well, but over predicts the Kim and Son datasets. The 

overall statistical comparisons of the results are listed in Table 7, and show that the Cavallini model predicts 

the experimental data with the highest accuracy, with a mean absolute deviation of 24%. The highest 

prediction errors are between the Son dataset and the selected correlations. This result is similar to the case 

of the CO2 heat transfer data inside the smooth tube of Son and Oh (2012). A possible reason is that the Son 

and Oh dataset was obtained under near critical pressure conditions, with the high reduced pressures outside 

the validity of these correlations. In Table 7, it is shown that the prediction errors varying greatly from 

different models on the Kim dataset. Kim et al. (2009) evaluated several correlations(Goto et al., 2003; 

Kedzierski and Goncalves, 1999; Shikazono et al., 1998), which were developed for refrigerant flow 

condensation inside micro-fin tubes, and found all the compared models greatly over predicted their 

experimental results. By comparing their own experimental results to Zilly’s experimental results inside 

micro-fin tubes, Kim found that the variation of mass flux had a significant effect on their own results but 

had no obvious effects on Zilly’s results. Kim then explained that CO2 flow condensation heat transfer is 

dependent on the geometry of micro-fin tubes in addition to the mass flux. The condensation heat transfer 

inside micro-fin tubes can be enhanced by the liquid drainage effect, which is driven by the surface tension 

to form a thin layer on the micro-fins. However, this enhancement mechanism can be suppressed at the high 

mass flux conditions, under which the turbulence caused by the micro-fin structure is not strong enough to 



overcome the effect of the high horizontal vapour shear stress.  

 

 

2.3 The frictional pressure drop of CO2 in-tube two-phase flow 

 

It is desirable to minimise the energy required to operate the heat exchangers in the refrigeration system 

(Parise and Marques, 2005). Ideally condensing and evaporating heat exchangers should exhibit high heat 

transfer effectiveness with a low pressure drop. Therefore, for the design of condensers, the ability to 

accurately predict pressure drop is as important as the prediction of heat transfer. Working under high 

reduced pressure conditions, CO2 together with some novel substitute refrigerants, such as R404a and R410a, 

are known as the “high-pressure” fluids. One significant feature of these refrigerants is that their vapour 

densities are higher than those of the conventional refrigerants, such as R134a and R22, under equivalent 

working conditions. This feature leads to the two-phase pressure drop for CO2 being lower than that for 

conventional refrigerants, but it also calls into question the validity of applying the pressure drop models 

developed for traditional refrigerants to CO2.   

 

Table 8. The databank for CO2 two-phase flow frictional pressure drop in horizontal tubes 

References 
Number of 

measurements 
Tube geometry 

Tube diameter 

(mm) 
Tsat(ºC)  (kgm

-2
s

-1
) 

Measurement 

conditions 

Zilly et al. (2003) 
14 Smooth tube 6.1 

-25,-15 200-400 adiabatic 
25 Micro-fin tube De: 6.26 

Jang and Hrnjak 

(2004) 

53 Smooth tube 6.1 
-25,-15 200-400 adiabatic 

25 Micro-fin tube De: 6.26 

Kang et al. (2013) 50 Smooth tube 5.15 -10-5 600-1000 diabatic 

Park and Hrnjak 

(2009) 
52 Microchannel 0.89 -25,-15 200-800 adiabatic 

Heo et al. (2013a) 94 
Microchannel 

(rectangular) 
1.5 -5-5 400-800 diabatic 

Park and Hrnjak 

(2007) 
24 Smooth tube 6.1 -30,-15 200-400 adiabatic 

 

For the modelling of the two-phase pressure drop, the one dimensional flow analysis implies that the 

pressure drop inside horizontal tubes for two-phase flows includes the pressure drop component caused by 

the phase change under diabatic conditions, and the frictional pressure drop component. Thus, the frictional 

pressure drop for two-phase flow needs to be measured under adiabatic conditions so that the phase change 

effect is eliminated. Measurements of the frictional pressure drop of CO2 two-phase flow inside 

microchannels, and smooth and micro-fin tubes, were conducted by authors(Heo et al., 2013a; Jang and 

Hrnjak, 2004; Kang et al., 2013; Koyama et al., 2008; Park and Hrnjak, 2009; Zhang et al., 2013; Zilly et al., 

2003) listed in Table 1, and the pressure drop data from these references were summarised to create a 



databank listed in Table 8. In the studies of Heo et al. (2013a); Kang et al. (2013), CO2 flow condensation 

pressure drop data is used to evaluate the frictional pressure drop models, and this might be the reason that 

the pressure drop data in these references tend to be under predicted by the models which were developed 

for calculating the frictional pressure drop. As the quality change or the heat flux information was not given, 

the CO2 condensation pressure drop data in references(Heo et al., 2013a; Kang et al., 2013) are not used to 

evaluate the frictional pressure drop models in this review. 

 

2.3.1 Comparison between the predicted and measured CO2 two-phase frictional pressure drop inside 

smooth tubes 

 

For CO2 frictional pressure drop in smooth tubes, the datasets of Zilly et al. (2003), Jang and Hrnjak 

(2004), and Park and Hrnjak (2007) are used to evaluate the frictional pressure drop models of Cavallini et 

al. (2002), Friedel (1979) and Müller-Steinhagen and Heck (1986). Cavallini modified the Friedel model by 

correlating the constant and power numbers to the “high pressure” refrigerant experimental pressure drop 

data and the resulted new frictional pressure drop model was implemented into an annular flow heat transfer 

correlation (Cavallini et al., 2002). The pressure drop model proposed by Muller-Steinhagen and Heck 

showed the best predictions to 788 pressure drop data points of five refrigerants irrespective of flow regimes 

and gave the best perdition for the annular flow pressure drops of these refrigerants, when compared to other 

six pressure drop calculation methods in the study of Ould Didi et al. (2002). In Park and Hrnjak (2007)’s 

study on the CO2 frictional pressure drop, the Muller-Steinhagen and Heck model also performed better, 

with prediction errors of less than 20% compared to the other pressure drop models. 

The comparisons plotted in Fig.10, and the statistics listed in Table 9, show that all of these models can 

acceptably predict the experimental data of CO2 frictional pressure drop. In order to specifically check the 

evaluations of the pressure drop models, comparisons between these models and all the data points in 

different flow regimes are also listed in Table 9. The classification of the data points is as per Jang’s 

observations, since these studies used the same test rig as Jang’s. The results show that all the models make 

more accurate predictions of the pressure drop in wavy flows compared to those for stratified and annular 

flows. In Fig.10, it is shown that the Muller-Steinhagen and Heck correlation makes better predictions in 

low and medium pressure drop range, while the Cavallini model is more accurate at high pressure drops. 

The statistical results also show that the Muller-Steinhagen and Heck model predicts the CO2 frictional 

pressure drop in stratified wavy flows accurately while the Cavallini model has a slightly more accurate 

prediction for the data points in annular flow. 



 

Figure 10. Comparison between the pressure drop predicted by a. Cavallini et al. (2002), b. Friedel (1979), c. Müller-Steinhagen and Heck 

(1986), and experimental CO2 flow pressure drop inside smooth tubes from references(Jang and Hrnjak, 2004; Park and Hrnjak, 2007; Zilly 

et al., 2003) 

 

Table 9. Statistical comparison between the frictional pressure drop predicted by models(Cavallini et al., 2002; Friedel, 1979; Müller-

Steinhagen and Heck, 1986), and the experimental CO2 flow pressure drop inside smooth tubes from references(Jang and Hrnjak, 2004; Park 

and Hrnjak, 2007; Zilly et al., 2003) 

 

 

 

 
Zilly et al. 

(2003) 

Jang and 

Hrnjak 

(2004) 

Park and 

Hrnjak 

(2007) 

Stratified 

flows 

Wavy 

flows 

Annular 

flows 
Total 

 σa σb σa σb σa σb σa σb σa σb σa σb σa σb 

Cavallini et al. (2002) 2 18 0 15 6 22 24 24 6 8 -8 15 2 17 

Friedel (1979) -14 28 -11 21 -8 21 30 30 1 7 -25 25 -10 22 

Müller-Steinhagen 

and Heck (1986) 
-14 17 -12 14 -9 17 3 7 -4 4 -19 19 -12 15 



2.3.2 Comparison between the predicted and measured CO2 two-phase frictional pressure drop inside 

microchannels 

 

The evaluation of pressure drop models for CO2 two-phase flow inside microchannels has been conducted 

by Park and Hrnjak (2009) and Heo et al. (2013a).  Heo’s CO2 two-phase pressure drop data were obtained 

in the diabetic test section. Even though some selected frictional pressure drop models were compared 

against this test dataset, Heo’s evaluations are not included in this review as the heat flux condition of the 

pressure drop test section was not given. Park and Hrnjak (2009) compared the frictional pressure drop 

models including those for large-scale tubes and some developed for small tubes and microchannels, against 

their test data. Among all the models compared, McAdams et al. (1942) model for large tubes showed the 

best prediction with an average absolute deviation of 13%. Among all the models developed for small and 

micro channels, Mishima and Hibiki (1996) predicted the test data best with an average absolute deviation 

of 22%. Park and Hrnjak found that the small diameters of microchannels could affect the velocity 

differences between the liquid and vapour phases, compared to the case of the two-phase frictional pressure 

drop inside large-scale tubes. Thus, they speculated that the CO2 two-phase flow inside microchannels was 

closer to the homogeneous flow conditions than the case inside large-scale tubes. The authors then separated 

the models into a homogeneous flow group and a separated flow group. Their evaluations showed that the 

homogeneous flow models, including McAdams, Dukler et al. (1964) and Cicchitti et al. (1960) models, 

gave the most accurate predictions of CO2 two-phase pressure drop with the average absolute deviations of 

13%, 15%, and 19% from experimental data, respectively, even though these models were developed for 

macro-scale tubes. Among all the separated flow models, only the one developed for small tubes by 

Mishima and Hibiki (1996) gave an acceptable prediction, with average absolute deviations of 22%. The 

aforementioned Friedel, Muller-Steinhagen and Heck models, and model of Cavallini et al. (2002), which 

gave acceptable predictions to CO2 two-phase pressure drop data inside macro-scale tubes, were categorised 

into the separated flow models. Simulation results of these models on Park and Hrnjak dataset have the 

average absolute deviations of 49%, 31%, and 62%, respectively. This evaluation is in accordance with Park 

and Hrnjak’s conclusion, that the homogeneous pressure drop model gave more accurate predictions than 

the separated flow models for CO2 frictional pressure drop inside microchannels.  

 

2.3.3 Comparison between the predicted and measured CO2 two-phase frictional pressure drop inside micro-

fin tubes 



 

Figure 11. Comparison between the pressure drop predicted by a. Koyama et al. (2008), b. Haraguchi et al. (1993), c. Cavallini et al. (1997) 

and d. Nozu et al. (1998) and the experimental CO2 flow condensation pressure drop inside micro-fin tubes from references(Jang and Hrnjak, 

2004; Zilly et al., 2003) 

 

Table 10. Statistical comparison between the frictional pressure drop predicted by models(Cavallini et al., 1997; Haraguchi et al., 1993; 

Koyama et al., 2008; Nozu et al., 1998), and the experimental CO2 frictional pressure drop inside micro-fin tubes from references(Jang and 

Hrnjak, 2004; Zilly et al., 2003) 

 Zilly et al. (2003) Jang and Hrnjak (2004) Total 

 σa σb σa σb σa σb 

Koyama et al. (2008)  -34 34 -35 -35 -35 35 

Haraguchi et al. (1993)  14 32 19 31 17 31 

Cavallini et al. (1997) -3 11 -5 11 -4 11 

Nozu et al. (1998)  26 51 32 51 29 51 

 

The common method to model two-phase flow frictional pressure drop inside smooth tubes is using the 

pressure drop of single phase flowing alone in the channel, then considering a suitable friction factor as the 

ratio of actual frictional pressure drop of two-phase to that of single phase, such as all the aforementioned 

pressure drop models. The same principle can be applied to predict the pressure drop inside micro-fin tubes 

by using modified friction factors which incorporate the micro-fin tube geometry parameters, to account for 



the effect of the micro-fins on pressure drop (Cavallini et al., 2000). In this part, the frictional pressure drop 

models for micro-fin tubes developed by Haraguchi et al. (1993), Cavallini et al. (1997), Nozu et al. (1998) 

and Koyama et al. (2008) are selected to compare with the experimental data obtained by Zilly et al. (2003) 

and Jang and Hrnjak (2004). It is worth mentioning that all these models were developed based on different 

geometries of micro-fin tubes. In contrast to other models, the friction factor in the Cavallini model is the 

maximum value of the smooth tube friction factor obtained from the Blausius equation and the factor from 

the fully developed turbulent zone in the Moody diagram at a special relative roughness, which is based on 

the particular micro-fin geometry. By combining this procedure with the pressure drop model of Friedel 

(1979) for smooth tubes, the Cavallini model gave high accuracy predictions against 357 experimental data 

points (Cavallini et al., 2000). A comparison between the CO2 two-phase pressure drop inside micro-fin 

tubes and the predictions of these models is shown in Fig.11 and Table 10. It can be seen that nearly all the 

experimental data points can be predicted within 20% by the Cavallini model, which has an average absolute 

deviation of 11%. The Koyama model under predicts all the experimental data but the Haraguchi and Nozu 

models all over predict most of the experimental data. 

 

2.4 Discussion on the deviations between the correlation predictions and experimental results 

 

Based on the evaluation of the condensation models in Section 2.2, it is noted that the experimental CO2 

flow condensation heat transfer data obtained inside the micro-fin tubes can be predicted well by the 

selected generic condensation models, but for the smooth tube and microchannel experimental data, 

comparisons in this study show that there are large prediction errors using the selected models. The reason 

for these prediction errors firstly can be traced back to the experiment data measurement. To clarify this 

point, the experimental CO2 flow condensation heat transfer coefficients in smooth tubes obtained under 

similar test conditions by different authors are shown in Fig.1a to 1e. Except for Kang et al. (2013)’s 

experimental data at the saturation temperature of -10°C, the reminder of the experimental data were all 

obtained at the saturation temperature of -15°C. It can be seen that for the experimental results of Iqbal and 

Bansal (2012); Kang et al. (2013), the heat transfer coefficient is not strongly dependent on the mass flux, 

only varying between 2000 to 5000Wm
-2

K
-1

 for mass fluxes ranging from 50 to 1000kgm
-2

s
-1

. However, a 

trend of increasing heat transfer coefficient with increasing of mass flux can be seen from the experimental 

results of references (Jang and Hrnjak, 2004; Kim et al., 2009; Zilly et al., 2003). Differences in 

experimental results under similar conditions were produced from different test rigs and under different test 

procedures. For the experimental measurements, the arithmetic average of the inlet and outlet vapour 

qualities of the tested refrigerant is normally used as a representative vapour quality for the quasi-local 

condensation heat transfer coefficient. To ensure the measured heat transfer coefficient is close to the value 

at a particular vapour quality point, and not the value for a “partial condensation” process, the change in the 

vapour quality through the test section should be small. However, for some of the references in Table 1, the 

vapour quality change information was not given. For the experimental data in microchannels, differences in 



the heat transfer coefficients measured by different authors were reported by Heo et al. (2013b). The studies 

of Park and Hrnjak (2009) and Heo et al. (2013a) explained that the experimental data measurement in 

microchannels was limited by the mal-distribution of two-phase flow and the accurate measurement of wall 

temperature. Therefore, the experimental data produced under different test conditions differ, and these 

differences lead to the prediction errors for one particular heat transfer model applied to different CO2 

condensation data sources. 

Another reason for the prediction errors is that, the existing condensation models were developed from the 

experimental data of traditional refrigerants, such as R134a, R22, R404a and R410a, condensing at 

saturation temperatures typically ranging from 30 to 50°C. At low temperatures, liquid CO2 has 

thermophysical properties quite different from traditional refrigerants under their typical condensation 

temperatures. Table 11 shows the property comparison between CO2 and R134a, R22, R404a, R410a at 

saturation temperatures of -15°C and 40°C, respectively. It can be seen that the specific enthalpy of 

vaporization for CO2 at the saturation temperature of -15°C, is 170%, 160%, 220% and 170%, of that of 

R134a, R22, R404a and R410a at the condensation temperature of 40°C, respectively. The enthalpy of 

vaporization is linked to the film condensation heat transfer coefficient. For the same mass flow rate, a high 

enthalpy of vaporization enhances the conductive heat flux through the condensate liquid film. The thermal 

conductivity of CO2 at -15°C is 170%, 160%, 200% and 160%, to that of R134a, R22, R404a and R410a at 

40°C, respectively. This property of CO2 leads to a higher heat transfer rate through a liquid film than other 

refrigerants at their typical operating conditions. Finally, the specific heat of liquid CO2 at -15°C is 150%, 

170%, 130% and 120%, to that of R134a, R22, R404a and R410a at 40°C, respectively. The specific heat 

affects the film condensation process when the convective item of the energy equation is not negligible. It is 

applicable to condensation inside horizontal smooth tubes as the condensate on the inner tube wall is 

subjected to a vertical gravity body force and a horizontal vapour shear stress. Since the heat transfer 

properties of CO2 at low temperatures are outside the range for which the existed models were developed, it 

might be expected that these models would give prediction errors when applied to CO2 condensation. In 

addition, these themophysical properties might play a more dominant role in determining the condensation 

heat transfer inside smooth tubes and microchannels than the case inside micro-fin tubes, because the micro-

fin geometry also greatly affects the condensation process. As a result, predictions by the selected models 

have greater errors for CO2 condensation experimental data in smooth tubes and microchannels than the data 

obtained in micro-fin tubes. 

Table 11. Comparison of thermo-physical properties of CO2 and selected refrigerants at typical condensation temperatures 

 CO2 

(Tsat= -15°C) 

R134a 

(Tsat=40°C) 

R22 

(Tsat=40°C) 

R404a 

(Tsat=40°C) 

R410a 

(Tsat=40°C) 

Specific enthalpy of vaporization ilv(kJ/kg) 270.9 163 166.5 120.7 159.3 

Thermal conductivity k(W/m-K) 0.1008 0.0757 0.0778 0.0626 0.0777 

Specific heat cp,l(kJ/kg-K) 2228 1498 1341 1746 1937 

 

 



 

3 Conclusions 

 

In this study, recent experimental studies of CO2 flow condensation as a refrigerant inside horizontal tubes 

have been critically reviewed. This review summarises the trends in the heat transfer coefficient and 

frictional pressure drop of CO2 flow condensation from these experimental studies. An experimental 

databank which incorporates the CO2 flow condensation heat transfer coefficient and the frictional pressure 

drop data is created and used to evaluate the existing condensation heat transfer models which were 

developed from other refrigerants. Discussions on these prediction errors are presented. From the review, the 

following conclusions can be drawn: 

(1) The available experimental studies on CO2 flow condensation heat transfer can be categorised into 

low and high saturation temperature groups, which correspond to the sub-critical and trans-critical 

refrigeration cycles, respectively. For heat transfer data obtained in smooth tubes, the model of 

Cavallini et al. (2006a) gave the most accurate prediction, and the modified Cavallini model by 

Kondou and Hrnjak (2011) had the equivalent prediction accuracy with the Shah correlation (Shah, 

2009) to the data at near-critical temperature conditions; the model of Thome et al. (2003) and 

Cavallini et al. (2009) had the best predictions to experimental data obtained inside microchannels and 

micro-fin tubes, respectively, than other compared models. 

(2) Statistical comparisons in section 2.2 and 2.3 show that the prediction errors of the existing heat 

transfer models are high for CO2 flow condensation inside smooth and microchannel tubes. The 

incompatible CO2 flow condensation experimental results in smooth and microchannel tubes from 

different researchers and the unique thermophysical properties of CO2 affect the prediction accuracy 

of the selected models. Especially for the experimental data inside microchannels, the heat transfer 

properties of CO2 more dominantly determine the flow regime transition and flow condensation 

process. For the experimental data of CO2 condensation heat transfer in the micro-fin tubes, the 

overall prediction accuracy by the Cavallini et al. (2009) correlation is acceptable with a mean 

absolute deviation of 24%. It should be mentioned that the amount of available CO2 flow 

condensation experimental data inside micro-fin tubes is less than those of heat transfer data inside 

smooth tubes and microchannels. Therefore, more experimental studies are needed with rigorous 

measurement procedures for CO2 flow condensation in different tubes. 

(3) The effects of mass flux and saturation temperature on the CO2 flow condensation heat transfer and 

frictional pressure drop have been confirmed by the experimental studies. Experimental studies under 

the high mass flux and low saturation temperature conditions produce higher flow condensation heat 

transfer coefficient and higher pressure drop inside the microchannel and smooth tubes due to the 

increased two-phase velocity and the saturation temperature-affected thermophysical properties of 

CO2. Experimental studies also confirm that the CO2 flow condensation heat transfer coefficients 

inside micro-fin tubes have different dependences on the varying mass flux conditions due to the 



different micro-fin geometries. 

(4) For the frictional pressure drop of CO2 two-phase flow, statistical results show that predictions by the 

chosen models are acceptable. The model of Müller-Steinhagen and Heck (1986) shows the best 

prediction on the CO2 two-phase frictional pressure drop inside smooth tubes, especially on the 

pressure drop in stratified flows. The homogeneous model proposed by McAdams et al. (1942) is 

recommended for predicting the CO2 two-phase frictional pressure drop inside microchannels. For the  

pressure drop inside micro-fin tubes, the modified Friedel model by Cavallini et al. (1997) gives the 

most accurate prediction. 

(5) Due to the lack of information in the open literature, there is a need to investigate the flow 

condensation heat transfer of CO2-lubricant mixtures. 
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Nomenclature  

D               tube inner diameter, m Greek symbols 

Frso            Soliman’s modified Froude number in Eq.1 ε                      void fraction 

cp,l             the specific heat of saturated liquid, m/s
2 

ρ                      density 

G               mass flux, kg/(m
2
s) μ                      dynamic viscosity 

∆T            saturation-to-tube wall temperature difference, K σa                      mean deviation 

                       

∆P            pressure drop  

JG              the dimensionless vapor velocity,  

                 xG/[gD ρv(ρl-ρv)]
0.5

 

σb                      average absolute deviation 

                       

h               heat transfer coefficient, W/(m
2
K) Subscripts 

ilv               enthalpy of vaporization, J/kg e                      equivalent 

k               thermal conductivity h                      homogeneous 

Nu            Nusselt number l                       liquid 

Rels            superficial liquid Reynolds number, GD(1-x)/µl pre                  predicted 

T                temperature, K ra                    Rouhani-Axelsson 

Weso          Soliman’s modified Weber number sat                  saturation 

x                 vapour quality v                      vapour 

Xtt              turbulent-turbulent Lockhart Martinelli number,  

                  (ρv/ρl)
0.5

(μv/μl)
0.1

((1-x)/x)
0.9
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