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A B S T R A C T

Carbon dioxide is a promising refrigerant for refrigeration and heat pump applications because of its environ
mental sustainability. However, unlike supercritical gas coolers, the thermohydraulic behaviour of subcritical 
CO₂ finned-tube condensers remains inadequately investigated and understood because of complex condensation 
and two-phase flow phenomena. This study presents a combined experimental and numerical investigation of a 
CO₂ finned-tube condenser operating under subcritical conditions. Experiments were conducted using a dedi
cated CO₂ test facility equipped with a two-row finned-tube heat exchanger and comprehensive instrumentation 
for measuring refrigerant- and air-side operating parameters. A distributed segment-by-segment effective
ness–NTU model was developed and validated to predict local and overall thermohydraulic performance. The 
model captures the coupled heat transfer, phase-change, and pressure-drop processes occurring in both the su
perheated and two-phase regions of the condenser. Validation against 30 operating conditions demonstrated 
deviations within ±10% for heat transfer rate, ±15% for refrigerant-side pressure drop, and ±10% for air-side 
pressure drop. The effects of refrigerant mass flow rate, air velocity, and inlet air temperature on local and 
average heat transfer and pressure-drop characteristics were systematically examined. The results provide new 
insight into the evolution of condensation, vapour quality, and local heat transfer coefficients along the flow 
path, and offer a reliable tool for the design and optimisation of high-efficiency CO₂ refrigeration and heat pump 
systems.

1. Introduction

The increasing global demand for energy-efficient and environmen
tally sustainable refrigeration and heat pump technologies has intensi
fied interest in natural refrigerants, owing to their negligible ozone 
depletion potential and low global warming potential [1]. Among these, 
carbon dioxide (CO₂, R744) has emerged as a promising working fluid 
for trans-critical and subcritical refrigeration cycles, heat pump systems, 
automotive air conditioning, and industrial thermal applications. This is 
primarily attributed to its favourable thermophysical properties, 
including high volumetric cooling capacity, elevated thermal conduc
tivity, and enhanced heat transfer characteristics in the vicinity of the 
pseudo-critical region [2]. Nevertheless, the practical implementation of 
CO₂ systems introduces significant challenges, particularly in the design 
and optimisation of heat exchangers such as gas coolers and condensers, 
where a delicate balance between heat transfer enhancement and 
pressure drop minimization is essential for achieving high system 

efficiency. Throughout this paper, the term gas cooler refers to heat 
rejection from supercritical CO₂ without phase change, whereas 
condenser refers to heat rejection under subcritical conditions involving 
vapour-to-liquid phase transition.

Aluminium microchannel heat exchangers and finned-tube heat ex
changers represent two of the most widely employed heat exchanger 
configurations in CO₂-based systems [3,4]. Microchannel heat ex
changers utilize flat multiport aluminium tubes with small hydraulic 
diameters, which enables high heat transfer coefficients, reduced 
refrigerant charge, and compact system design [5]. However, these 
systems are susceptible to flow maldistribution, fouling, and limited 
serviceability. In contrast, finned-tube heat exchangers consist of cir
cular tubes with extended surfaces to enhance air-side heat transfer. 
These systems offer superior mechanical robustness, improved tolerance 
to high trans-critical pressures, and greater resilience to flow non- 
uniformities [6]. Despite their larger size and higher refrigerant in
ventory, finned-tube configurations are widely adopted in industrial and 
air-cooled applications due to their durability and ease of maintenance. 
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In such systems, the dominant thermal resistance typically lies on the air 
side, which makes fin design and airflow distribution critical to overall 
performance [7,8]. Despite the increasing deployment of CO₂ systems, 
accurate prediction of heat transfer and pressure drop in finned-tube 
heat exchangers remains challenging [9]. This is largely due to the 
strong variation of CO₂ thermophysical properties near the pseudo- 
critical region. These variations significantly influence convective heat 
transfer and pressure drop, limiting the applicability of conventional 
correlations developed for traditional refrigerants. Furthermore, air-side 
parameters, including velocity, temperature, and fin geometry, strongly 
affect overall thermal and hydraulic performance, which necessitates 
detailed investigation of their combined effects.

Experimental investigations have been extensively conducted to 
characterise the thermohydraulic performance of CO₂ finned-tube heat 
exchangers operating under supercritical conditions. Tsamos et al. [10]
systematically evaluated the influence of gas cooler/condenser design 
on the performance of a CO₂ booster refrigeration system and demon
strated that heat exchanger effectiveness plays a critical role in deter
mining optimal discharge pressure and system coefficient of 
performance. Their results indicated that even minor variations in gas 
cooler configuration can lead to significant changes in seasonal energy 
consumption. Santosa et al. [11] provided detailed measurements of air- 
side and refrigerant-side heat transfer coefficients and showed signifi
cant spatial non-uniformity along the heat exchanger and strong sensi
tivity to operating conditions, particularly near the pseudo-critical 
region. Their findings highlighted the limitations of conventional uni
form heat transfer assumptions and emphasised the combined influence 
of air- and refrigerant-side thermal resistances on overall performance. 
Vojáček et al. [12] experimentally evaluated an air-cooled finned-tube 
supercritical CO₂ heat exchanger and demonstrated that thermohy
draulic performance is strongly dependent on inlet air conditions and 

operating pressure, especially in regions of rapid property variation. 
Furthermore, Zhang and Ge [13] investigated the effect of fin heat 
conduction, showing that axial and transverse conduction significantly 
reduces fin efficiency under high thermal gradients, thereby affecting 
local temperature distribution and overall heat transfer predictions.

Numerical simulation has also been extensively employed to inves
tigate the thermohydraulic performance of CO₂ finned-tube heat ex
changers, providing detailed insight into heat transfer, pressure drop, 
and flow distribution mechanisms that are difficult to resolve experi
mentally. Ge and Cropper [14] developed a simulation framework for 
finned-tube CO₂ gas coolers, which incorporated the strong thermo
physical property variations near the pseudo-critical region and 
demonstrated high sensitivity of performance to discharge pressure, 
ambient temperature, and airflow conditions. Chai et al. [9] proposed an 
improved thermohydraulic model with enhanced prediction capability, 
validated against experimental data across a wide range of operating 
conditions, and highlighted the influence of operating pressure, inlet air 
temperature, and mass flow rate. Alexopoulos et al. [15] analysed the 
design and performance of finned-tube CO₂ gas coolers for residential 
applications and demonstrated the significant impact of geometric and 
operating parameters on system efficiency and optimal discharge pres
sure. Advanced computational fluid dynamics (CFD) studies have 
further explored spatial non-uniformities and flow distribution effects. 
Zhang et al. [16] showed that air maldistribution leads to reduced heat 
transfer effectiveness due to local deterioration of heat transfer co
efficients and increased temperature non-uniformity. To address these 
limitations, Zhang et al. [17] developed a coupled 1D–3D CFD 
modelling framework, which integrated detailed air-side flow with 
refrigerant-side heat transfer to capture complex interactions between 
airflow distribution, heat transfer, and pressure drop, and achieved 
improved predictive accuracy compared to conventional approaches. 

Nomenclature

C Correlation parameter
CFD Computational fluid dynamics
Cmin Minimum heat capacity rate, W/K
D Diameter, m
Dc Fin collar outside diameter, m
f Friction factor
f1-f7 Correlation parameters
g Acceleration due to gravity, m/s2

h Heat transfer coefficient, W/(m2⋅K)
hair Specific enthalpy of air, J/kg
hCO₂ Specific enthalpy of CO₂, J/kg
hI Heat transfer coefficient given by Eq. (A.2), W/(m2⋅K)
hLO Heat transfer coefficient assuming liquid phase flowing 

alone in the tube, W/(m2⋅K)
hNu Heat transfer coefficient given by Eq. (A.3), W/(m2⋅K)
i Segment number
j Colburn factor
j1-j7 Correlation parameters
Jg Correlation parameter
k Thermal conductivity, W/(m⋅K)
L Length, m
LCO₂, x Local tube length measured along CO₂ flow direction, m
ṁ Mass flow rate, kg/s
NTU Number of transfer unit
N Number of tube rows
Nu Nusselt number
P Pressure, Pa
Pl Longitudinal tube pitch, m
Pr Prandtl number

Pt Transverse tube pitch, m
Q̇ Heat transfer rate, W
Re Reynolds number
ReDc Reynolds number based on tube collar diameter
Sh Slit height, m
Sn Slit number in an enhanced zone
Ss Slit breadth in the airflow direction, m
T Temperature, K
v Velocity, m/s
x Mass quality
X Lockhart-Martinelli parameter
Z Correlation parameter
ΔP Pressure drop, Pa

Greek letters
ρ Density, kg/m3

μ Dynamic viscosity, Pa⋅s
ε Heat exchanger effectiveness
ϕ2

L Lockhart-Martinelli two-phase multiplier

Subscripts
air Cooling air
exp Experiment
G Vapour phase
i Segment number
in Inlet
L Liquid phase
LO Liquid phase flowing alone in the tube
min Minimum
out Outlet
TP Two-phase
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Additional numerical investigations have emphasised the role of buoy
ancy and non-uniform flow conditions. Zhou et al. [18] demonstrated 
that gravity effects and inlet maldistribution significantly influence local 
heat transfer behaviour, particularly near the pseudo-critical region, 
resulting in pronounced spatial variations. Moreover, system-level 
simulations incorporating enhanced cooling strategies have been 
explored. Lata and Gupta [19] showed that evaporative cooling of 
finned-tube gas coolers significantly improves performance under high 
ambient temperatures by reducing approach temperature and optimal 
discharge pressure. Chai et al. [20] demonstrated that spray-cooled gas 
coolers can substantially enhance heat rejection and lead to improved 
system performance.

Despite substantial advances in the experimental and numerical 
investigation of CO₂ finned-tube heat exchangers, research has pre
dominantly focused on supercritical gas coolers, in which CO₂ remains 
in a single-phase state throughout the heat rejection process. Conse
quently, the thermohydraulic behaviour of subcritical CO₂ finned-tube 
condensers remains insufficiently understood, particularly with 
respect to the coupled evolution of refrigerant phase distribution, local 
heat transfer characteristics, and pressure losses along the flow path 
[21]. Most published investigations of CO₂ condensers have primarily 
reported overall heat transfer rates or system-level performance in
dicators, providing limited insight into the underlying local condensa
tion mechanisms that govern condenser effectiveness and hydraulic 

resistance. From a modelling perspective, the prediction of subcritical 
CO₂ condensation remains considerably more challenging than that of 
supercritical cooling because of the coexistence of single-phase and two- 
phase flow regions, strong variations in thermophysical properties, and 
the complex interactions between latent heat transfer and flow resis
tance. Furthermore, modelling approaches developed for supercritical 
gas coolers cannot be directly applied to condenser operation because 
they do not account for phase-change dynamics and the associated 
evolution of vapour quality. Although CFD methods can provide 
detailed flow information, their application to condensation processes is 
computationally expensive and remains challenging because of the 
complexity of interfacial transport phenomena, phase distribution, and 
flow-regime transitions [22]. To address these knowledge gaps, this 
study presents a combined experimental and modelling investigation of 
the thermohydraulic performance of a CO₂ finned-tube condenser 
operating under subcritical conditions. The novelty of this work lies in 
the integration of high-fidelity experimental measurements with a 
distributed segment-by-segment effectiveness–NTU model capable of 
simultaneously predicting local and overall heat transfer, vapour quality 
evolution, and pressure drop throughout the condenser. The model is 
validated against extensive experimental data covering a wide range of 
refrigerant and air-side operating conditions and provides detailed in
formation on local temperature distributions, heat transfer coefficients, 
condensation progression, and hydraulic losses. The resulting 

Fig. 1. Test facility and experimental instrumentation.
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framework offers both improved physical understanding of subcritical 
CO₂ condensation and a practical design tool for the optimisation of 
high-efficiency CO₂ refrigeration and heat pump systems.

2. Experimental setup

2.1. Test facility

The experimental investigation was conducted using a dedicated CO₂ 
finned-tube heat exchanger test facility designed to evaluate heat 
transfer and pressure drop characteristics under well-controlled oper
ating conditions. A schematic of the test facility and instrumentation is 
presented in Fig. 1. The facility consists of a closed-loop CO₂ refrigera
tion system. High-purity CO₂ (99.99%) is circulated using a variable- 
speed rotary compressor (Panasonic, Model C-CV303HOT). The 
compressor is a hermetic two-stage rolling piston type, capable of 
operating up to 125 ◦C and 140 bar at the discharge. The compressed 
CO₂ enters the tested finned-tube heat exchanger, where heat is rejected 
to an external air stream. A water-cooled plate heat exchanger is 
installed downstream of the finned-tube condenser to further reduce the 
CO₂ temperature before entering the expansion valve. The refrigerant is 
subsequently expanded through an electronic expansion valve (Carel, 
Model E2V14CW) to an intermediate pressure and directed into a flash 
tank (OCSCOLD, Model ACSRV1680570B), where phase separation oc
curs. Vapour is partially recirculated to the compressor through sup
plementary suction ports, while the liquid phase undergoes further 
expansion before entering a finned-tube evaporator. The evaporator 
consists of multi-row copper tubes with aluminium fins and operates 
under controlled ambient air conditions. The refrigerant is heated in the 
evaporator and returns to the compressor, completing the cycle.

The air-side loop of the test facility is designed to provide well- 
controlled and uniform airflow conditions. Ambient air is first condi
tioned to the desired temperature and relative humidity using an air 
handling unit (SmartAir, Model 9-KR SW50 N), ensuring stable and 
repeatable inlet conditions for the experiments. The conditioned air then 
passes through a high-efficiency filter, which removes particulate im
purities and minimizes flow disturbances. Subsequently, the air stream 
flows through a honeycomb flow straightener, which reduces large-scale 
turbulence and redistributes the velocity profile to achieve a more 
uniform flow field across the test section. After flow conditioning, the air 
inlet temperature is measured using a thermocouple mesh grid, which 
provides spatially averaged and representative measurements of the 
airflow entering the heat exchanger. The air then passes through the 
finned-tube heat exchanger, where it absorbs heat from the high- 
temperature CO₂ refrigerant flowing inside the tubes. This process in
creases the air temperature while maintaining controlled flow condi
tions. Downstream of the heat exchanger, the air flows through a second 
honeycomb plate assembly, which serves to re-establish flow uniformity 
and minimize temperature stratification before outlet measurements are 
taken. The outlet air temperature is measured using a second thermo
couple mesh. Finally, the air is discharged from the wind tunnel by a 
pull-out fan, which maintains a stable airflow rate throughout the sys
tem. The pull-out fan is an inline duct fan (Ruck Etaline EL 355 E2 01) 
with variable frequency drives, enabling air velocities in the range of 
2.0–5.0 m/s within the wind tunnel. The overall wind tunnel configu
ration, including flow conditioning and measurement sections, is 
designed in accordance with ASHRAE Standard 41.2 [23] to ensure high 
measurement accuracy and repeatability. A 50 mm thick flexible elas
tomeric thermal insulation sheet was installed on the outside surface of 
the wind tunnel to minimize heat loss to the surrounding environment.

Furthermore, the CO₂ evaporator and condenser were installed in 
separate clean rooms, which enable independent and precise control of 
ambient temperature and relative humidity for each heat exchanger. 
This arrangement provides several critical advantages for experimental 
investigations. Firstly, it allows the establishment of well-defined and 
reproducible environmental conditions for both the evaporator and 

condenser, which is essential for accurately evaluating thermohydraulic 
performance and isolating the effects of operating parameters. Secondly, 
the separation prevents mutual thermal interference between the 
evaporator and condenser, ensuring that the heat rejected by the 
condenser does not influence the inlet conditions of the evaporator, and 
vice versa. This is particularly important when investigating perfor
mance under extreme or transient operating conditions, as it maintains 
the integrity of measured temperature, pressure, and humidity data. 
Thirdly, having independent control of ambient conditions facilitates 
systematic parametric studies across a wide range of operating sce
narios, including variations in air temperature, humidity, and flow rates, 
without cross-contamination or unwanted thermal coupling.

2.2. Tested finned-tube heat exchanger

Fig. 2 presents photographs of the tested finned-tube heat exchanger. 
The heat exchanger has dimensions of 560 mm in length and 351 mm in 
width. It comprises copper tubes with an outer diameter of 5 mm, wall 
thickness of 0.3 mm, and coil length of 560 mm. The longitudinal and 
transverse tube pitches are 11.2 mm and 19.5 mm, respectively. The 
aluminium fins have 0.1 mm thickness and 13 fins per inch. The 
aluminium fins are slotted in the airflow direction, with each slit 
measuring 1 mm in height and 1 mm in breadth in the direction of 
airflow. In the enhanced zone of the heat exchanger, seven such slits are 
incorporated per fin. The configuration consists of 2 rows and 3 circuits, 
with each row containing 18 coils and each circuit comprising 12 coils.

2.3. Data acquisition

During the experiments, key operating parameters were recorded, 
including the mass flow rate, temperature, pressure, and pressure drop 
of CO₂, as well as the velocity, temperature, and pressure of the cooling 
air, by connecting to a C series I/O data logger from National In
struments NI 9214 and visualised using LabVIEW software. The CO₂ 
mass flow rate was measured using a Coriolis flowmeter (KROHNE, 
Model Optimass MFS 3000 04). Air velocity and pressure drop were 
measured using a multifunction airflow meter (TSI, Model TA465). This 
instrument was also used to determine the pressure drop of the airflow 
across the tested finned-tube heat exchanger. The temperature of CO₂ 
was measured using Pt100 resistance temperature detectors (TC Ltd., 
mineral insulated with pot seal). The pressure drop of CO₂ across the 
finned coils was measured using an Omega differential pressure trans
ducer (Model PX409-015DDU5V), while the absolute CO₂ pressure was 
measured using an Omega pressure transducer (Model PX419–1.5KGI). 
The outlet air was measured using a mesh of 12 copper-constantan T- 
type thermocouples, uniformly distributed with 145 mm spacing along 
the heat exchanger length and 117 mm spacing along the width. The 
inlet air was monitored with a separate mesh of 4 T-type thermocouples, 
spaced 280 mm in the length direction and 175 mm in the width di
rection, providing a representative average inlet temperature. This 
arrangement ensures precise spatial resolution of air temperature dis
tribution, enabling accurate determination of heat transfer characteris
tics across the finned-tube exchanger. In addition, all sensors were 
calibrated according to manufacturer specifications, and data were 
recorded only after system stabilization. Detailed specifications of the 
measurement instruments are provided in Table 1.

The selection of operating ranges for CO₂ mass flow rate, air velocity, 
and inlet air temperature in this study is based on practical relevance, 
system constraints, and the need to capture representative condenser 
behaviour under realistic operating conditions. The chosen CO₂ mass 
flow rate range reflects typical values encountered in medium-scale 
refrigeration and heat pump systems, ensuring that the results are 
directly applicable to real industrial applications. The air velocity range 
is selected to correspond to commonly used fan operating conditions in 
air-cooled heat exchangers. The inlet air temperature range is chosen to 
represent realistic ambient conditions and to enable assessment of 
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condenser performance under varying thermal driving forces and envi
ronmental influences. During the experiments, once all mass flow rates, 
temperatures and pressures have stabilized at the target values and have 
remained within the acceptable tolerance range for at least 5 min, the 
test run is initiated, and each experimental run is conducted over a 
duration of 10 min to ensure sufficient data acquisition under stable 
operating conditions. During this period, all relevant parameters, 
including temperatures, pressures, and flow rates, are continuously 
monitored and recorded. The use of a stabilization period prior to data 
collection minimizes transient effects and ensures that the measured 
data accurately represent steady-state system performance. During the 
experiments, the ambient air in the clean room housing the CO₂ evap
orator was maintained at 5 ◦C with a relative humidity of 50%. The 
relative humidity of the cooling air supplied to the finned-tube 
condenser in the second clean room was also maintained at 50% 
throughout the tests. Maintaining a constant ambient relative humidity 
provided stable and repeatable air-side boundary conditions represen
tative of a typical indoor laboratory environment. At 50% relative hu
midity, the corresponding dew-point temperature of the air was 
approximately − 4.5 ◦C at 5 ◦C ambient temperature. The external sur
face temperatures of both heat exchangers remained above the dew- 
point temperature. Under the investigated operating conditions, no 
moisture condensation occurred on the air-side surfaces of either the 
CO₂ evaporator or the condenser. Therefore, latent heat transfer effects 
were negligible, and the influence of ambient humidity on the air-side 
heat transfer performance and pressure drop was considered 
insignificant.

To assess the heat losses of the experimental facility, a heat balance 
analysis was performed under supercritical CO₂ operating conditions, 
where the refrigerant remained in a single-phase gaseous state. Since the 
same test rig, thermal insulation, instrumentation, and measurement 
procedures were employed throughout all experiments, the measured 
heat losses are considered to be characteristics of the experimental fa
cility rather than of a specific refrigerant operating regime. Similar 
validation strategies have been adopted in previous two-phase heat 
transfer studies, in which single-phase calibration was used to establish 
the thermal performance of the experimental apparatus before 

conducting two-phase measurements. For example, Hellenschmidt and 
Petagna [24] first validated their CO₂ experimental methodology under 
single-phase conditions by comparing the measured heat transfer per
formance with well-established single-phase correlations before inves
tigating two-phase flow boiling. Similarly, Kabir [25] identified single- 
phase heat-loss calibration as the conventional approach widely used 
in two-phase flow boiling experiments for estimating heat losses and 
calibrating heat input prior to two-phase measurements. Therefore, 
although the heat balance validation was conducted under single-phase 
supercritical conditions, it provides confidence in the reliability of the 
subsequent subcritical condensation experiments.

The specific enthalpy of CO₂ can be determined directly and reliably 
from the measured pressure and temperature. Similarly, the heat 
transfer rate on the air side can be obtained directly from measured inlet 
and outlet air temperatures and corresponding airflow conditions. 

Q̇CO₂ = ṁCO₂
(
hCO₂,in − hCO₂,out

)
(1) 

Q̇air = ṁair
(
hair,out − hair,in

)
(2) 

where ṁCO₂ and ṁair are the mass flow rate of CO₂ and cooling air, 
respectively. The hCO₂,in and hCO₂,out are specific enthalpies of CO₂ 
entering and exiting the test heat exchanger, the hair,in and hair,out are 
those of the cooling air, and all of them are obtained from the measured 
temperatures and pressures.

The relative uncertainty of heat transfer rate Q̇ was determined using 
the law of propagation of uncertainties applied to its measurement 
equation. For the defined heat transfer rate Q̇ = ṁ (hin − hout) = ṁΔh, 
the combined relative uncertainty is obtained using the root-sum-square 
method, assuming the input variables are independent: 

δQ̇
Q̇

=

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
(δṁ

ṁ

)2
+

(
δΔh
Δh

)2
√

(3) 

The uncertainty of the specific enthalpy difference Δh is itself derived 
from temperature and pressure measurements using thermodynamic 
property relations: 

Fig. 2. Tested finned-tube heat exchanger.

Table 1 
Detailed specifications of main measurement instruments used in the test facility.

Parameters Brand Model Range Accuracy

CO₂ mass flow rate KROHNE Optimass MFS 3000 04 0–0.5 kg/s ±0.05% of full scale
Air velocity TSI TA465 0–50 m/s ±3% of reading
Air pressure drop TSI TA465 0–3735 Pa ±1% of reading
CO₂ temperature TC Ltd. Pt100 mineral insulated with pot seal − 75 ◦C to 250 ◦C ±0.05 ◦C
Air temperature TC Ltd. T-type thermocouples mesh − 30 ◦C to 200 ◦C ±0.3 ◦C
CO₂ pressure drop Omega PX409-015DDU5V 0 to 15 psi ±0.08% of full scale
CO₂ pressure Omega Model PX419–1.5KGI 0 to 1500 psi ±0.08% of full scale
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δΔh
Δh

=

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
(

δhin

hin

)2

+

(
δhout

hout

)2
√

(4) 

δh
h

=

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
(

∂h
∂T

)2(δT
T

)2

+

(
∂h
∂P

)2(δP
P

)2
√

(5) 

∂h
∂T

=
h(T + ΔT,P) − h(T − ΔT,P)

2ΔT
(6) 

∂h
∂P

=
h(T,P + ΔP) − h(T,P − ΔP)

2ΔP
(7) 

Based on these calculations, the relative uncertainty associated with 
the heat transfer rate is estimated to be within ±1% on the CO₂ side and 
±3% on the cooling air side.

A comparison between the CO₂-side and air-side heat transfer rates is 
shown in Fig. 3. The discrepancy between the two heat transfer rates is 
consistently within ±5%, indicating high measurement reliability. This 
cross-validation approach ensures that the measured heat transfer rates 
are accurate and suitable for model validation and performance 
analysis.

3. Experimental results and discussion

Owing to the strong coupling among operating parameters, the 
experimental results are presented in tabular form to facilitate inter
pretation of the measured trends. Table 2 summarizes the condenser 
performance under different CO₂ mass flow rates, while Table 3 presents 
the results obtained at different air velocities.

Changes in CO₂ mass flow rate affect the compressor discharge state, 
refrigerant velocity, residence time, and flow resistance, thereby 
significantly influencing the condenser inlet conditions, pressure losses, 
and heat transfer capacity. As shown in Table 2, at a constant air velocity 
of 3.0 m/s and low air temperature conditions (4.6–6.0 ◦C), as the CO₂ 
mass flow rate was increased from 26.9 g/s to 35.3 g/s, the condenser 
inlet temperature rose from 45.5 ◦C to 77.3 ◦C, while the inlet pressure 
increased from 57.5 bar to 64.8 bar. The refrigerant-side pressure drop 
increased from 44.3 kPa to 66.5 kPa, whereas the air-side pressure drop 
increased only slightly from 34.0 Pa to 34.8 Pa. The heat transfer rate 
increased from 4.98 kW to 7.44 kW. Similar trends were observed under 
higher air temperature conditions (12.8–13.5 ◦C), where an increase in 
CO₂ mass flow rate from 28.6 g/s to 37.5 g/s raised the condenser inlet 
temperature from 47.6 ◦C to 81.4 ◦C, the inlet pressure from 61.6 bar to 
69.2 bar, the refrigerant-side pressure drop from 44.2 kPa to 66.9 kPa, 
and the air-side pressure drop from 34.8 Pa to 36.9 Pa. Correspondingly, 

the heat transfer rate increased from 3.64 kW to 6.28 kW. The increase 
in condenser inlet temperature and pressure with increasing refrigerant 
mass flow rate is primarily attributed to the higher compressor work 
required to circulate a larger quantity of refrigerant through the system. 
As the mass flow rate increases, the compressor processes more CO₂ per 
unit time, resulting in higher discharge enthalpy and consequently 
higher discharge temperatures. In addition, the increased refrigerant 
flow rate intensifies frictional and momentum losses throughout the 
refrigerant circuit, requiring a higher discharge pressure to maintain the 
desired flow rate. The increase in refrigerant-side pressure drop is 
mainly attributed to the higher refrigerant velocity within the condenser 
tubes. Elevated flow velocities increase wall shear stress and frictional 
resistance, resulting in greater pressure losses along the flow path. In 
contrast, the air-side pressure drop exhibits only minor variations 
because it is primarily governed by air velocity and heat exchanger 
geometry, which remain unchanged during the experiments. The 
enhancement in heat transfer rate with increasing refrigerant mass flow 
rate can be attributed to several factors. First, a higher refrigerant mass 
flow rate increases the thermal energy transported into the condenser, 
thereby increasing the heat rejection potential. Second, the higher 
refrigerant inlet temperature increases the temperature difference be
tween the CO₂ and the cooling air, strengthening the thermal driving 
force for heat transfer. Third, the increased refrigerant velocity pro
motes turbulent flow and enhances the internal convective heat transfer 
coefficient. Conversely, higher air temperatures reduce the temperature 
difference between the refrigerant and the cooling air, thereby weak
ening the thermal driving force and resulting in lower heat transfer rates Fig. 3. Comparison of heat transfer rates between CO₂-side and air-side.

Table 2 
Experimental results for different CO₂ mass flow rates.

Case ṁCO₂, 
g/s

vair, 

in, 
m/s

Tair, 

in, oC
TCO₂, 

in, oC
PCO₂, 

in, bar
ΔPCO₂, 
kPa

ΔPair, 
Pa

Q̇air, 
kW

1 26.9 3.0 4.6 45.5 57.5 44.3 34.0 4.98
2 28.6 3.0 4.6 48.9 58.5 47.8 34.0 5.45
3 30.3 3.0 5.0 53.2 59.8 53.0 34.0 5.76
4 31.5 3.0 4.8 57.0 60.6 56.0 34.0 6.06
5 32.8 3.0 5.8 62.0 62.1 58.7 34.4 6.37
6 33.6 3.0 5.7 66.4 62.7 61.2 34.4 6.61
7 34.6 3.0 5.7 71.7 63.8 64.2 34.6 7.13
8 35.3 3.0 6.0 77.3 64.8 66.5 34.8 7.44
9 28.6 3.0 12.8 47.6 61.6 44.2 34.8 3.64
10 30.3 3.0 13.0 51.8 62.9 47.8 35.0 4.03
11 31.8 3.0 12.9 56.3 64.0 51.5 35.3 4.40
12 33.0 3.0 13.1 61.1 65.2 54.7 35.7 4.75
13 34.1 3.0 13.2 65.5 66.1 55.9 36.0 5.07
14 35.0 3.0 13.2 70.6 67.0 57.4 36.3 5.48
15 35.8 3.0 13.4 76.0 67.8 60.2 36.6 5.70
16 37.5 3.0 13.5 81.4 69.2 65.9 36.9 6.28

Table 3 
Experimental results for different air inlet velocities.

Case ṁCO₂, 
g/s

vair, 

in, 
m/s

Tair, 

in, oC
TCO₂, 

in, oC
PCO₂, 

in, bar
ΔPCO₂, 
kPa

ΔPair, 
Pa

Q̇air, 
kW

1 33.6 2.2 7.0 64.5 64.2 59.3 20.8 5.56
2 33.3 2.5 6.7 63.5 63.3 58.5 25.8 5.88
3 32.9 3.0 6.2 62.4 62.3 58.4 34.6 6.30
4 32.7 3.5 6.6 61.9 61.8 58.0 45.0 6.45
5 32.6 4.0 7.0 61.5 61.4 57.7 55.5 6.60
6 32.4 4.5 6.9 61.0 60.9 57.3 68.3 6.77
7 32.1 4.9 6.8 61.4 60.6 57.4 78.8 7.03
8 34.0 2.0 10.8 68.0 66.4 57.6 19.2 4.90
9 33.9 2.5 11.6 67.5 66.0 57.6 26.8 5.21
10 34.0 3.0 12.9 67.2 66.0 57.5 35.9 5.29
11 33.8 3.5 12.6 66.3 65.2 57.8 46.0 5.52
12 33.8 4.0 12.9 65.6 64.9 58.0 56.5 5.70
13 33.6 4.5 12.8 65.0 64.5 58.0 69.4 5.83
14 33.6 4.8 12.8 64.9 64.2 57.5 78.3 5.90

L. Chai and S.A. Tassou                                                                                                                                                                                                                       Applied Thermal Engineering 303 (2026) 132522 

6 



under otherwise similar operating conditions.
Increasing airflow enhances heat removal from the refrigerant by 

improving the air-side heat transfer coefficient, while simultaneously 
increasing the pressure losses associated with air flow through the fin 
passages. As presented in Table 3, for CO₂ mass flow rates of 32.1–33.6 
g/s and air temperatures of 6.2–7.0 ◦C, increasing the air velocity from 
2.2 m/s to 4.9 m/s reduced the condenser inlet temperature from 
64.5 ◦C to 61.4 ◦C and the inlet pressure from 64.2 bar to 60.6 bar. The 
refrigerant-side pressure drop decreased slightly from 59.3 kPa to 57.4 
kPa, whereas the air-side pressure drop increased substantially from 
20.8 Pa to 78.8 Pa. Correspondingly, the heat transfer rate increased 
from 5.56 kW to 7.03 kW. Similar trends were observed under higher air 
temperature conditions (10.8–12.9 ◦C), where CO₂ mass flow rates 
ranged from 33.6 g/s to 34.0 g/s. Increasing the air velocity from 2.0 m/ 
s to 4.8 m/s decreased the condenser inlet temperature from 68.0 ◦C to 
64.9 ◦C and the inlet pressure from 66.4 bar to 64.2 bar, while the 
refrigerant-side pressure drop remained nearly constant at 57.5–58.0 
kPa. In contrast, the air-side pressure drop increased markedly from 
19.2 Pa to 78.3 Pa, and the heat transfer rate increased from 4.90 kW to 
5.90 kW. The increase in heat transfer rate with air velocity is primarily 
attributed to the enhancement of the air-side convective heat transfer 
coefficient, which reduces the thermal resistance on the air side and 
promotes more effective heat rejection from the refrigerant. Improved 
cooling conditions lower the refrigerant temperature throughout the 
condenser, resulting in reduced condenser inlet temperature and pres
sure. In contrast, the refrigerant-side pressure drop exhibits only minor 
variations because the refrigerant mass flow rate remains nearly con
stant, and changes in refrigerant thermophysical properties induced by 
enhanced cooling have a limited influence on flow resistance. The sig
nificant increase in air-side pressure drop is associated with the higher 
airflow resistance through the finned passages, where increased air ve
locity intensifies frictional and inertial losses.

4. Model development and validation

A distributed model was developed to simulate the thermohydraulic 
performance of CO₂ finned-tube condensers. The condenser is dis
cretized into multiple evenly spaced segments along the flow path, 
which enables detailed calculation of local temperature, pressure, and 
flow characteristics. This segmental approach captures nonlinear vari
ations along the condenser and provides higher fidelity compared with 
lumped-parameter models which cannot resolve localized thermody
namic effects. As shown in Fig. 4b, each segment is modelled as an in
dividual cross-flow heat exchanger, allowing local variations in 
thermodynamic and flow properties to be captured more accurately. 
Within each segment, the mass quality, temperature and pressure of CO₂ 
and temperature and pressure of cooling air are determined through the 
application of energy balance equations and fluid flow resistance re
lationships. The heat transfer and fluid flow processes in each segment 
are governed by the effectiveness-NTU method [26], which enables the 
calculation of segmental heat transfer rates based on local inlet condi
tions and heat exchanger effectiveness. Pressure drop across each 
segment is evaluated using appropriate friction correlations, and the 
cumulative effect is used to determine the overall pressure loss along the 
tube.

For a given segment i, the heat transfer rate from the CO₂ to the 
cooling air is given by 

Q̇i = εi Cmin,i
(
TCO₂,in,i − Tair,in,i

)
(8) 

εi =
1 − exp

[
− NTUi

(
1 − C*

i
) ]

1 − C*
i exp

[
− NTUi

(
1 − C*

i
) ] (9) 

C*
i =

Cmin,i

Cmax,i
(10) 

Cmin,i = min
(
ṁair,icpair,i, ṁCO₂,icpCO₂,i

)
(11) 

Fig. 4. Model of CO₂ finned-tube condenser. (a) Whole heat exchanger and (b) each segment.
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Cmax,i = max
(
ṁair,icpair,i, ṁCO₂,icpCO₂,i

)
(12) 

NTUi =
UiAi

Cmin,i
(13) 

UiAi =
1

1
hCO₂,iACO₂,i

+ Rt,i +
1

hair,iAair,iηair,i

(14) 

where Q̇, ε, C, NTU and U denote the heat transfer rate, heat exchanger 
effectiveness, heat capacity rate, number of transfer unit and overall 
heat transfer coefficient, respectively. T, ṁ, h, A, R and η represent the 
temperature, mass flow rate, heat transfer coefficient, heat transfer area, 
thermal resistance through the tube and surface efficiency of a finned 
tube, respectively.

The CO₂-side heat transfer coefficient and frictional pressure drop are 
evaluated using different correlations depending on the local flow 
regime within the condenser. Unlike previous work by Chai et al. [9], 
which focused on single-phase supercritical gas coolers, the present 
study addresses subcritical condensation with phase-change phenom
ena, requiring fundamentally different model treatment and enabling 
prediction of latent heat-dominated heat transfer processes. In the two- 
phase condensation region, the heat transfer coefficient is calculated 
using the correlation proposed by Shah [27], which accounts for the 
effects of mass flux, vapour quality, and thermophysical properties, and 
is widely validated for predicting CO₂ condensation in channels under 
high-pressure conditions. The two-phase frictional pressure drop is 
determined using the Chisholm correlation [28], which incorporates 
both liquid and vapour phase contributions and accounts for momentum 
and frictional effects in two-phase flow. In the single-phase superheated 
gas region, the CO₂ convective heat transfer coefficient is calculated 
using the Gnielinski correlation [29], which is applicable for turbulent 
flow in smooth tubes and includes the influence of Reynolds number and 
Prandtl number. In addition, the Petukhov–Kirillov correlation [30] is 
used to evaluate the friction factor under turbulent single-phase flow 
conditions, ensuring accurate prediction of pressure losses in the su
perheated region. By combining Shah and Chisholm correlations for the 
two-phase region with Gnielinski and Petukhov–Kirillov correlations for 
the single-phase superheated region, the model provides a consistent 
and physically based description of both thermal and hydraulic behav
iours of CO₂ across different thermodynamic states. These state- 
dependent correlations improve the robustness and predictive accu
racy of the distributed condenser model. The heat transfer and pressure 
drop characteristics of the cooling air flowing across the finned-tube 
heat exchanger are evaluated using the empirical correlations pro
posed by Wang et al. [31], which are specifically developed for finned- 
tube heat exchangers. The fin efficiency is evaluated using the approx
imation method proposed by Schmidt [32], which is widely applied for 
finned-tube heat exchangers due to its simplicity and reasonable accu
racy. The heat transfer and friction factor correlations employed in the 
CO₂ finned-tube condenser model are summarized in Appendix A.

During the calculation, the model requires only the inlet properties 
of CO₂ and cooling air, while outlet properties are obtained through two 
nested iterative routines. The inside iteration adjusts the segmental tube 
wall temperature until the heat transfer rates predicted from the CO₂ and 
air sides converge, ensuring energy balance and accounting for wall 
thermal resistance. The outside iteration adjusts the CO₂ outlet mass 
quality incrementally to satisfy the overall inlet temperature boundary 
condition, enabling global convergence while maintaining segmental 
accuracy. Segmental heat transfer rates and pressure drops are calcu
lated sequentially, and cumulative pressure drops are used to determine 
total condenser resistance. This methodology captures coupled thermal 
and hydraulic interactions along the finned-tube condenser, accounting 
for the nonlinear dependencies of CO₂ thermophysical properties in the 
subcritical cycle. As shown in Fig. 5, the flowchart provides a clear 
schematic of these steps, showing the sequential calculation of 

segmental heat transfer and pressure drop, the inside iteration for wall 
temperature convergence, and the outside iteration for mass quality 
adjustment. CO₂ thermophysical properties including density, specific 
heat capacity, thermal conductivity and dynamic viscosity, were ob
tained from the NIST REFPROP v10.1 database based on the local 
temperature and pressure. REFPROP employs high-accuracy real-fluid 
equations of state and transport-property models, enabling accurate 
representation of the non-ideal thermodynamic behaviour of CO₂ over a 
wide range of operating conditions. The use of a real-gas thermophysical 
model is particularly important in high-pressure and near-critical ap
plications, where ideal-gas assumptions may lead to significant de
viations in the prediction of thermodynamic properties, phase 
equilibrium, and transport processes [21,33].

In the present modelling approach, the condenser is assumed to 
operate under steady-state conditions, with all system variables 
remaining constant over time. Heat exchange between the condenser 
and the surrounding environment is neglected, implying that all heat 
transfer occurs solely between the refrigerant and the cooling air. Axial 
heat conduction along the tube wall and within the fins is assumed to be 
negligible compared to convective heat transfer. These simplifications 
reduce computational complexity while maintaining sufficient accuracy 
for predicting the overall thermohydraulic performance of the finned- 
tube condenser. Each condenser tube is discretised into 20 equal seg
ments along the refrigerant flow direction. The selection of 20 segments 
is based on a segment independence analysis. Additional simulations 
were conducted with higher segment numbers (e.g., 30, 40, and 50 
segments), and the results showed negligible variations in predicted heat 
transfer rate and pressure drop (within ±1%).

The accuracy of the distributed CO₂ finned-tube condenser model 
was evaluated by comparing predicted heat transfer rates and pressure 
drops with experimental measurements under 30 distinct operating 
conditions, as summarized in Tables 2 and 3. Fig. 6 presents the com
parison of total heat transfer rates, showing that model predictions 
deviate by less than 10% from the experimental values across all 

Fig. 5. Flow chart of CO₂ finned-tube condenser model.
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conditions. This close agreement indicates that the distributed 
effectiveness-NTU model, in conjunction with the applied segmental 
heat transfer correlations, reliably captures the energy transport pro
cesses within the condenser, including the effects of variations in CO₂ 
mass flow rate, air velocity, and inlet temperatures.

The comparison of CO₂-side pressure drops, shown in Fig. 7, dem
onstrates that predicted values remain within ±15% of the measured 
data for all operating points. The slightly larger deviations compared to 
heat transfer are attributed to the sensitivity of two-phase pressure drop 
to local flow patterns, tube friction, and flow regime transitions, which 
are inherently approximated through empirical correlations. Nonethe
less, the model effectively reproduces the overall hydraulic behaviour of 
the refrigerant, confirming its capability for accurate prediction of 
segmental pressure drops. For the air-side pressure drop, Fig. 8 shows 
that predicted values are within ±10% of experimental measurements 
across the tested conditions. This agreement validates the correlations 
used for convective heat transfer and airflow resistance on finned 
surfaces.

5. Model results and discussion

The model results are presented graphically to illustrate the 

influence of key operating parameters on condenser thermohydraulic 
performance. The effects of CO₂ mass flow rate on the condenser ther
mohydraulic performance are illustrated by Figs. 9 and 10. The varia
tions in heat transfer rate and outlet mass quality are presented in Fig. 9, 
while Fig. 10 shows the corresponding refrigerant-side and air-side 
pressure drops. For a CO₂ inlet temperature of 65.0 ◦C, inlet pressure 
of 65.0 bar, air velocity of 3.0 m/s, and air inlet temperature of 13.0 ◦C, 
an increase in CO₂ mass flow rate from 25.0 g/s to 40.0 g/s increased the 
heat transfer rate by 21.1%, from 4.54 kW to 5.50 kW. Simultaneously, 
the outlet mass quality increased from 0.23 to 0.61, indicating a higher 
outlet vapour quality. This behaviour is attributed to the reduced 
refrigerant residence time within the condenser at higher mass flow 
rates, which limits the extent of condensation despite the increase in 
heat transfer rate. The refrigerant-side pressure drop increased signifi
cantly from 36.6 kPa to 74.0 kPa due to the higher flow velocity and 
associated frictional losses within the tubes. In contrast, the air-side 
pressure drop remained constant at 34.2 Pa because the air velocity 
was maintained at a fixed value.

The predicted local distributions of CO₂ temperature and heat 
transfer coefficient provide detailed insight into the evolution of thermal 
resistance and condensation behaviour along the flow path. These pro
files are essential for identifying regions of enhanced heat transfer, 
evaluating the physical consistency of the model, and improving the 

Fig. 6. Comparison of heat transfer rate between model prediction and 
experimental measurement.

Fig. 7. Comparison of CO₂ pressure drop between model prediction and 
experimental measurement.

Fig. 8. Comparison of air pressure drop between model prediction and 
experimental measurement.

Fig. 9. Variations of heat transfer rate and outlet mass quality with CO₂ mass 
flow rate.
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understanding of local condensation mechanisms, thereby supporting 
performance optimisation. Fig. 11 illustrates the axial variation of local 
CO₂ temperature and local heat transfer coefficient along the tube length 
for CO₂ mass flow rates ranging from 25.0 g/s to 40.0 g/s. LCO₂, x is the 
local tube length measured along the CO₂ flow direction. Along the flow 
direction, the CO₂ temperature decreases from 65.0 ◦C at the inlet to the 
saturation temperature of approximately 25.5 ◦C. Higher refrigerant 
mass flow rates result in higher temperatures in the upstream super
heated region because of reduced residence time, despite enhanced local 
heat transfer coefficients. In contrast, the local heat transfer coefficient 
initially increases along the tube in the superheated region and reaches a 
pronounced peak in the saturated region, where intensified convection 
and phase-change heat transfer occur. With increasing mass flow rate, 
this peak shifts downstream and increases in magnitude, from 6.3 kW/ 
(m2⋅K) at 25.0 g/s to 9.2 kW/(m2⋅K) at 40.0 g/s, indicating enhanced 
local heat transfer under higher refrigerant velocities.

The influence of air velocity on the condenser thermohydraulic 
performance is presented in Figs. 12 and 13. For a CO₂ inlet temperature 
of 65.0 ◦C, inlet pressure of 65.0 bar, mass flow rate 33.0 g/s, and air 
inlet temperature of 13.0 ◦C, increasing the air velocity from 2.0 m/s to 
5.0 m/s enhances the air-side convective heat transfer coefficient, 
thereby reducing the overall thermal resistance and increasing the total 
heat transfer rate from 4.54 kW to 5.84 kW. This improved heat rejec
tion capacity promotes more extensive condensation of CO₂, leading to a 
reduction in outlet vapour quality from 0.61 to 0.27. The higher air 

velocity strengthens forced convection over the finned surfaces, 
increasing the temperature gradient between the refrigerant and air and 
accelerating phase change. In terms of pressure losses, the air-side 
pressure drop increases significantly and approximately linearly from 
18.2 Pa to 75.5 Pa due to elevated frictional effects within the fin pas
sages at higher flow rates. In contrast, the CO₂ pressure drop shows only 
a weak dependence on air velocity, varying slightly between 53.0 kPa 
and 61.0 kPa and tending to stabilise at approximately 60.0 kPa. This 
weak sensitivity is attributed to the fact that refrigerant-side flow con
ditions are primarily governed by mass flux and thermophysical prop
erties, which are not directly affected by changes in external air flow 
rate.

Fig. 14 presents the variation of local CO₂ temperature and heat 
transfer coefficient for air velocities of 2.0 m/s, 3.5 m/s, and 5.0 m/s. 
The CO₂ temperature decreases along the tube from 65.0 ◦C to approx
imately 25.5 ◦C, with higher air velocities accelerating the cooling 
process due to enhanced air-side convective heat transfer and reduced 
thermal resistance. The local heat transfer coefficient increases along the 
flow direction and attains a maximum value of approximately 7.8 kW/ 
(m2⋅K), reflecting the transition from superheated to two-phase flow and 
intensified phase-change heat transfer. With higher air velocity, this 
peak shifts upstream, indicating earlier onset of effective condensation 
and stronger local convective interaction near the condenser inlet, 
driven by higher air-side heat transfer coefficients.

The influence of inlet air temperature on the thermohydraulic 

Fig. 10. Variations of CO₂ pressure drop and air pressure drop with CO₂ mass 
flow rate.

Fig. 11. Local CO₂ temperature and heat transfer coefficient for different CO₂ 
mass flow rates.

Fig. 12. Variations of heat transfer rate and outlet mass quality with 
air velocity.

Fig. 13. Variations of CO₂ pressure drop and air pressure drop with air velocity.
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performance of the CO₂ condenser is presented in Figs. 15 and 16. For a 
CO₂ inlet temperature of 65.0 ◦C, inlet pressure of 65.0 bar, mass flow 
rate 33.0 g/s, and air velocity 3.5 m/s, as the inlet air temperature in
creases from 7.0 ◦C to 20.0 ◦C, the reduced thermal driving force be
tween CO₂ and air progressively weakens convective heat transfer, 
leading to a decline in the total heat transfer rate from 6.84 kW to 3.54 
kW. This reduction directly affects the condensation process, resulting in 
an increase in outlet vapour quality from 0.01 to 0.87, which reflects a 
transition from nearly complete condensation at low air temperatures to 
seriously incomplete condensation at higher air temperatures due to 
insufficient heat rejection within the available surface area and resi
dence time. The air-side pressure drop remains nearly constant at 
approximately 43.5 Pa because the airflow rate and heat exchanger 
geometry are unchanged, and therefore aerodynamic resistance is un
affected by thermal boundary conditions. In contrast, the CO₂ pressure 
drop shows a weak non-monotonic behaviour, increasing slightly from 
56.4 kPa at 7.0 ◦C to 59.9 kPa at 13.0 ◦C before decreasing to 43.4 kPa at 
20.0 ◦C. This trend is attributed to the coupled effects of temperature- 
dependent refrigerant properties and phase distribution. At lower air 
temperatures, enhanced condensation increases liquid fraction and 
frictional resistance, while at higher air temperatures reduced conden
sation intensity leads to a predominantly vapour-phase flow with lower 
density and viscosity, thereby decreasing pressure losses.

Fig. 17 presents the variation of local CO₂ temperature and heat 
transfer coefficient for inlet air temperatures of 7.0 ◦C, 13.0 ◦C, and 

19.0 ◦C. A lower inlet air temperatures promote faster cooling due to a 
larger local temperature driving force, which enhances convective heat 
transfer and accelerates condensation. The local heat transfer coefficient 
increases along the flow direction and reaches a maximum value of 
approximately 7.8 kW/(m2⋅K), corresponding to the transition from 
superheated to two-phase flow. With decreasing inlet air temperature, 
this peak shifts upstream, indicating an earlier initiation of phase- 
change heat transfer and a shortened superheated region because of 
intensified external cooling conditions.

6. Conclusions

This study presented a combined experimental and numerical 
investigation of the thermohydraulic performance of a CO₂ finned-tube 
condenser operating under subcritical conditions. A distributed 
segment-by-segment effectiveness–NTU model was developed and 
validated using extensive experimental measurements. The main con
clusions are as follows: 

• The thermohydraulic performance of the CO₂ finned-tube condenser 
is strongly influenced by refrigerant mass flow rate, air velocity, and 
inlet air temperature. Increasing the CO₂ mass flow rate enhanced 
heat transfer owing to greater thermal energy transport and higher 
refrigerant-side heat transfer coefficients. However, the associated 
increase in refrigerant velocity resulted in higher refrigerant-side 

Fig. 14. Local CO₂ temperature and heat transfer coefficient for different 
air velocities.

Fig. 15. Variations of heat transfer rate and outlet mass quality with inlet air 
temperature.

Fig. 16. Variations of CO₂ pressure drop and air pressure drop with inlet air 
temperature.

Fig. 17. Local CO₂ temperature and heat transfer coefficient for different inlet 
air temperatures.
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pressure losses. Increasing air velocity improved heat rejection and 
promoted more complete condensation by reducing the dominant 
air-side thermal resistance, although this benefit was accompanied 
by a substantial increase in air-side pressure drop. In contrast, 
elevated inlet air temperatures reduced the thermal driving force for 
heat transfer, resulting in lower heat transfer rates and incomplete 
condensation.

• The developed distributed model successfully captured the coupled 
heat transfer, phase-change, and pressure-drop processes occurring 
in both the superheated and two-phase regions of the condenser. 
Validation against 30 operating conditions demonstrated deviations 
within ±10% for heat transfer rate, ±15% for refrigerant-side pres
sure drop, and ±10% for air-side pressure drop, confirming the 
robustness and predictive capability of the modelling approach.

• Model predictions revealed detailed local thermohydraulic behav
iour that is difficult to obtain experimentally. The refrigerant tem
perature decreased progressively from the superheated region to the 
saturation temperature, while the local heat transfer coefficient 
increased sharply upon entering the condensation region. The 
highest heat transfer coefficients occurred within the two-phase re
gion and were strongly affected by operating conditions. Increasing 
the refrigerant mass flow rate shifted the location of the peak heat 
transfer coefficient downstream, whereas increasing air velocity or 
reducing inlet air temperature shifted the peak upstream, indicating 
an earlier onset of condensation and enhanced local heat transfer.

• The combination of high-quality experimental measurements and 
validated distributed modelling provides a reliable framework for 

analysing and optimising subcritical CO₂ finned-tube condensers. 
The proposed methodology can support the design of high-efficiency 
refrigeration and heat pump systems and can be extended to alter
native heat exchanger geometries and operating conditions. Future 
work will focus on extending the model to a wider range of condenser 
geometries and operating conditions, including trans-critical appli
cations, to further enhance its applicability and generality.
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Appendix A. Heat transfer and friction factor correlations employed in the CO₂ finned-tube condenser model.

The two-phase condensation heat transfer coefficient is calculated using the correlation proposed by Shah [27]. 

hTP =

⎧
⎪⎨

⎪⎩

hI when Jg > 0.98(Z + 0.263)− 0.62

hI + hNu when 0.98(Z + 0.263)− 0.62
< Jg < 0.95

(
1.254 + 2.27Z1.249)− 1

hNu when Jg < 0.95
(
1.254 + 2.27Z1.249)− 1

(A.1) 

hI = hLO

(

1+
3.8
Z0.95

)(
μL

μG

)

(A.2) 

hNu = 1.32Re− 1/3
LO

(
ρL(ρL − ρG)gk3

L
μ2

L

)(
μL

μG

)

(A.3) 

hLO =
0.023Re0.8

LO Pr0.4
L kL

D
(A.4) 

Z =

(
1
x
− 1
)0.8

Pr0.4
L (A.5) 

Jg =
xG

(
gDρG(ρL − ρG)

)0.5 (A.6) 

where h is the heat transfer coefficient, ⍴, μ, and k respectively are the density, viscosity and thermal conductivity, Re and Pr denote the Reynold 
number and Prandtl number, D is the inside diameter of tube, g is the acceleration due to gravity, x is the vapour quality and G is the mass flux. The 
subscripts TP, L, G and LO respectively mean two-phase, liquid phase, vapour phase and liquid phase flowing alone in the tube.

The two-phase frictional pressure drop is determined using the Chisholm correlation [28]. 
(

dP
dz

)

TP
= ϕ2

L

(
dP
dz

)

L
(A.7) 

ϕ2
L = 1+

C
X
+

1
X2 (A.8) 
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X =

⎡

⎢
⎢
⎢
⎣

(
dP
dz

)

L(
dP
dz

)

V

⎤

⎥
⎥
⎥
⎦

1/2

(A.9) 

where 
(

dP
dz

)

TP
, 
(

dP
dz

)

L 
and 

(
dP
dz

)

V 
are the two-phase, the single-phase liquid and gas pressure gradients, respectively, ϕ2

L is the Lockhart-Martinelli two- 
phase multiplier. The parameter C depends on the flow regime and is typically selected based on the combination of laminar or turbulent flow in each 
phase.

The superheated single-phase heat transfer coefficient is calculated using the Gnielinski correlation [29] and friction factor is calculated by the 
Petukhov–Kirillov correlation [30]. 

Nu =
(f/8)(Re − 1000)Pr

1 + 12.7(f/8)1/2( Pr2/3 − 1
) (A.10) 

f = (0.790lnRe − 1.64)− 2 (A.11) 

The heat transfer and pressure drop of cooling air flowing across the finned-tube heat exchanger are calculated using the correlations proposed by 
Wang et al. [31]. 

j =

⎧
⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎩

0.9047Rej1
Dc

(
Fs

Dc

)j2(Pt

Pl

)j3(Ss

Sh

)− 0.0305

N0.0782 for N > 2 and ReDc < 700

1.0691Rej4
Dc

(
Fs

Dc

)j5(Ss

Sh

)j6
Nj7 for N = 1, 2 or N > 2 and ReDc > 700

(A.12) 

f = 1.201Ref1
Dc

(
Fs

Dc

)f2(Pt

Pl

)f3(Ss

Sh

)f4
Nf5 Sn

f6 (A.13) 

In these correlations, j1–j7 and f1–f7 are empirical coefficients that depend on the specific fin geometry and are obtained through regression of 
experimental data. 

j1 = − 0.2555 −
0.0312
(Fs/Dc)

− 0.0487N (A.14) 

j2 = 0.9703 − 0.0455
̅̅̅̅̅̅̅̅̅̅
ReDc

√
− 0.4986

(

ln
Pt

Pl

)2

(A.15) 

j3 = 0.2405 − 0.003Re+5.5349
(

Fs

Dc

)

(A.16) 

j4 = − 0.535+0.017
(

Pt

Pl

)

− 0.0107N (A.17) 

j5 = 0.4115+5.5756

̅̅̅̅̅̅̅̅̅̅
N

ReDc

√

ln
N

ReDc

+24.2028

̅̅̅̅̅̅̅̅̅̅
N

ReDc

√

(A.18) 

j6 = 0.2446+1.0491
(

Ss

Sh

)

ln
Ss

Sh
− 0.216

(
Ss

Sh

)3

(A.19) 

j7 = 0.3749+0.0046
̅̅̅̅̅̅̅̅̅̅
ReDc

√
lnReDc − 0.0433

̅̅̅̅̅̅̅̅̅̅
ReDc

√
(A.20) 

f1 = − 0.1401+ 0.2567ln
(

Fs

Dc

)

+ 4.399e− Sn (A.21) 

f2 = − 0.383+0.7998ln
(

Fs

Dc

)

+
5.1772

Sn
(A.22) 

f3 = − 1.7266 − 0.1102lnReDc − 1.4501
(

Fs

Dc

)

(A.23) 

f4 = 0.4034 − 0.199
(Ss/Sh)

ln(Ss/Sh)
+0.4208

ln(Ss/Sh)

(Ss/Sh)
2 (A.24) 

f5 = − 9.0566+ 0.6199lnReDc +
32.8057
ln(ReDc )

−
0.2881

lnN
+

0.9583
N1.5 (A.25) 

f6 = − 1.4994+ 1.209
(

Pt

Pl

)

+
1.4601

Sn
(A.26) 

The geometric parameters incorporated into the correlations include the fin spacing (Fs), fin collar outside diameter (Dc), transverse tube pitch (Pt), 
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and longitudinal tube pitch (Pl), which collectively define the structural arrangement of the finned-tube bundle. In addition, for enhanced fin surfaces, 
parameters such as slit breadth in the airflow direction (Ss), slit height (Sh), number of tube rows (N), and number of slits in an enhanced zone (Sn) are 
included to account for the influence of fin modifications on airflow disturbance and heat transfer enhancement. ReDc is the Reynolds number based on 
tube collar diameter.

Data availability

Data will be made available on request.
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