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ABSTRACT 

The paper provides with presentation of perspective configuration of indirect propane 
refrigeration system that is equipped with circulation loop with usage of carbon dioxide as heat 
transfer fluid. The proposed system configuration is especially dedicated for commercial 
refrigeration systems. A close attention has been paid to the analytical modelling of operation  
of the carbon dioxide circulation loop. The model was formulated to determine the optimum 
height of the liquid downcomer based on the determination of flow resistance and heat transfer 
rate in evaporation and condensation processes. The effect of the change in the refrigeration 
capacity of the system on the coefficient of performance COP of the entire indirect system was 
analysed for the first time. The analysis was performed for three different carbon dioxide 
evaporation temperatures for the system’s refrigeration capacity, ranging from 0.5 to 10 kW. 
It has been proven that the system efficiency increases by up to 23% with an increase 
in the refrigeration capacity of the system. An increase in evaporation temperature 
in the circulation loop from -20ºC to 0ºC improves the COP of the entire indirect refrigeration 
system by approximately 50%. The above findings indicate that indirect cooling systems 
using naturally circulated CO2 as a heat transfer fluid should be designed for operation 
at maximum refrigeration capacity. 
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1. INTRODUCTION

The application of circulation loop with a non-flammable and non-toxic substance as a heat 
transfer fluid may be thought of as a solution that makes it possible to effectively apply some 
natural working fluids. The Forced Circulation Loop (FCL) systems that use liquid pumping 
devices can be distinguished. Such solutions are common, e.g., in solar-collectors-
based systems presented by Al-Jaboory (2020). The second solution is the Natural 
Circulation Loop (NCL), where the circulation is conducted by gravity due to the pressure 
differences produced from the temperature difference and the liquid phase column height. 
As a result, these systems achieve more reliable operation and, additionally, the investment 
and operating costs of the installation can be significantly reduced. In addition, 
the NCLs provide safe, quiet, and maintenance-free operation and are very promising 
solutions to various applications, e.g. in nuclear energy shown by Nisrane et al. (2020), 
electronic devices cooling developed by Tong et al. (2021) or even domestic refrigerators 
presented by Kumar et al. (2009). For NCL, working fluids with suitable thermo-physical 
properties should be applied to enhance the heat transfer process. The selection 
of the working fluids could be considered an individual 
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task for each system configuration and its thermal capacity. Researchers Bay et al. (2020) 
compared various potential substances and illustrated the differences between them. In recent 
years, carbon dioxide has been gaining popularity as a working fluid in circulation systems, 
because it is a non-toxic, non-flammable, and environmentally friendly substance 
with an indicator GWP equal to one and ODP equal to zero. Thippeswamy et al. (2020) 
conducted an experimental study and confirmed that CO2 achieves a heat transfer coefficient 
that is up to nine times higher than water and brine solutions as working fluids. It should 
be noted that carbon dioxide has a low critical temperature (−31 °C) and critical pressure at 7.37 
MPa, which gives it an advantage and uniqueness because it performs well in supercritical 
conditions.  
An especially prominent issue for the NCL design is the appropriate height of the liquid 
downcomer, because this provides the driving force in the analysed loop. This height 
is determined by the flow resistance, working pressure, and the amount of liquid phase 
in a two-phase flow. Zhang et al. (2019) conducted simulation with a large loop height 
of up to 10 m in NCL for a refrigeration system. They showed that the large loop height 
can both enhance or weaken NCL performance because a larger height reinforces 
circulation but also provides higher thermal resistance.  
An appropriate structure is essential for real applications, so the liquid downcomer, pipes 
diameter, and relevant operation parameters must be carefully selected. This paper presents 
an approach to the analytical modelling of NCL to determine the optimum height 
of the liquid downcomer for given boundary conditions and operation parameters. 
Also presented is an approach to evaluating the COP of a system depending on the heat load 
of the circulation loop. 

2. TEST APPARATUS AND PROCEDURE

The analysed indirect refrigeration system is presented in Figure 1. The system consists 
of a propane compressor refrigeration system and carbon dioxide natural circulation loop. 
It is assumed that the propane chiller has one main refrigeration circuit, consisting 
of a semi-hermetic reciprocating compressor, plate evaporator and electronic expansion 
valve, and an auxiliary circuit with an exchanger built into the tank for emergency 
cooling of CO2.The measuring system includes Coriolis flowmeters and measuring 
sensors adapted to high-pressure circuits. The second loop is only forced by gravity, 
where the correct height of the liquid downcomer is essential. An additional issue considered 
in the system is the possibility of self-regulation of the NCL. Note that the lack of an expansion 
element reduces investment and operating costs and increases the attractiveness 
of the system. The research problem is an issues related to the operation of a two-phase 
circulation loop is to maintain stable operation of the system. This depends on a number 
of thermodynamic, geometric and thermal-flow parameters, both of the working medium 
itself and the system in which this medium works. Liquid-gas two-phase flow can take 
on different structures, so a specific axial or radial concentration distribution 
of the two phases, depending on the amount of liquid and gas, and these changes can also 
occur depending on the length of the pipe.  
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Figure 1: Schematic diagram of propane refrigeration unit equipped with a CO2 circulation loop: 
1—propane condenser with fan; 2—expansion valve; 3—plate heat exchanger as evaporator in the 

propane cycle and condenser in the 𝐂𝐎𝟐 circulation loop; 4—compressor; 5—𝐂𝐎𝟐 tank; 6—𝐂𝐎𝟐 
evaporator 

Figure 2: Photograph of propane refrigeration unit 

2.1.      Approach for system modelling process 

It is necessary to consider the consequences of the NCL operation’s response to the energy 
efficiency of the entire refrigeration system, which consisted of a propane refrigeration unit 
and CO2 circulation loop. The refrigeration unit and circulation loop are coupled in the plate 
heat exchanger. In practice, this means that, as the condensation temperature of CO2 
increases, the evaporation temperature of propane in the plate exchanger should also 
increase. However, increasing the evaporation temperature of propane refrigeration unit will
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directly increase the coefficient of performance (COP) of this system, as this is the primary 
means of improving this indicator, as can be seen from the following formula: 

𝐶𝑂𝑃 =
𝑄𝑜

𝑃
, Eq. (1) 

where 𝑄𝑜 is refrigeration capacity, and P is the motive electric power of the compressor 
of the propane refrigeration unit. The motivating power to drive the refrigeration unit 
can be determined according to the formula: 

𝑃 =  ṁ𝛥ℎ, Eq. (2) 

where ∆h is the enthalpy difference in the refrigerant (propane) produced by the compressor. 
Based on the difference between the specific enthalpy of a saturated liquid at the condensation 
temperature hin and specific enthalpy of a saturated vapour at the evaporation temperature 
hout in propane refrigeration unit, we can calculate the required mass flux that 
should be compressed by the compressor: 

𝑚̇ =
𝑄𝑜

ℎ𝑜𝑢𝑡 − ℎ𝑖𝑛

Eq. (3) 

To determine the evaporation temperature of propane, it is necessary to determine the heat 
transfer coefficient of the plate heat exchanger between the considered working fluids (propane 
and carbon dioxide). The assessment of evaporation heat transfer of propane may 
be conducted by using the following heat transfer correlation presented by Incropera et al. 
(2006): 

𝑁𝑢 = 0.022√𝜁0𝛽𝛽𝑡𝑅𝑒0.825𝑃𝑟0.54, Eq. (4) 
where the necessary values are defined as follows: 

𝑅𝑒 =
𝑤𝐷ℎ⍴

µ
, Eq. (5) 

𝜁0 =
0.3164

𝑅𝑒0.25
, Eq. (6) 

𝛽𝑡 = 1 + (−
0.66𝐷0

𝐷ℎ
) 𝑙𝑛

4.23(0.65 + 1.07 𝑙𝑔
𝐷ℎ
𝐷0

0.3164
, Eq. (7) 

Boiling side heat transfer coefficients k and overall heat transfer coefficient U may then 
be calculated using the following formulas: 

𝑘 =
𝑁𝑢𝜆

𝐷ℎ
, Eq. (8) 

𝑈 =
1

1
𝑘𝐶𝑂2

+
𝛿
𝜆

+
1

𝑘𝑅290

Eq. (9) 

Based on the overall heat transfer coefficient, the temperature difference in the plate exchanger 
can be determined using the refrigeration capacity and heat transfer surface area of the heat 
exchanger: 

𝑄̇ = 𝐴𝑈ΔT. Eq. (10) 
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2.2.     Results 

Important aspect of NCL design is selection of the appropriate length and diameter 
of the pipeline. An optimised design should be based on the selection of an optimum pipeline 
diameter depending on the possibility of reaching the optimum height of the liquid downcomer, 
where the length of the pipeline results from the installation configuration that matches 
the application conditions. Therefore, the objective of the NCL design is to achieve a system 
capacity that can meet the required refrigeration capacity. In terms of NCL modelling with CO2, 
the difference in these temperatures is particularly important due to the properties of carbon 
dioxide. An increase in the temperature difference 𝑡𝑒  and 𝑡𝑐  will necessitate an increase 
in the liquid downcomer, which can enable NCL operations and achieve self-adjustment 
of refrigerant mass flux. In addition, the diameter of the pipeline is closely related 
to temperature differences. Figure 3 shows the calculated dependence of the necessary 
height difference in the liquid downcomer on the difference between evaporation 
and condensation temperatures for various pipeline diameters. 

Figure 3: Height of the liquid downcomer with respect to temperature difference

In the above graph, the larger diameter of the pipeline achieves better results for given 
height differences in the liquid downcomer. The larger diameter of the pipeline results 
in a higher mass flux in the working fluid and can be still a more attractive choice for loop 
design due to its ability to manage higher actual heat loads. Of course, it should be noted that 
larger pipeline diameters lead to increase in the investment costs of the circuit, especially 
in the case of special vapour high-pressure pipes for CO2. 
Based on the calculations, the required temperature differences between CO2 condensation 
and CO2 evaporation of lower than 2 K have been obtained. Based on these 
temperature differences, the required mass flux in propane in the propane refrigeration unit, 
the electrical power consumed by the compressor and the results are shown in the Table 1. 
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Table 1: Predicted required operation parameters for the propane refrigeration unit 

Evaporation Temperature of CO2  −20 °C 

Heat 
Load of 

NCL 
[kW] 

Mass Flux of 𝑪𝑶𝟐 

[kg/s] 
Evaporation Temperature of 

Propane [°C]
Mass Flux of 

Propane [kg/s] 
Enthalpy Difference 

∆h [kJ/kg]  

Power of the 
Compressor 

P [kW] 

500 0.00177 −21.37 0.00650 64.19 0.414 

1500 0.00531 −20.77 0.00652 62.86 0.410 

2500 0.00885 −20.07 0.00654 62.05 0.406 

3500 0.01240 −19.37 0.00655 61.23 0.401 

4500 0.01593 −18.67 0.00657 60.42 0.397 

5500 0.01947 −17.97 0.00658 59.61 0.392 

6500 0.02301 −17.17 0.00660 58.68 0.387 

7500 0.02655 −16.37 0.00661 57.75 0.382 

8500 0.03009 −15.57 0.00663 56.83 0.377 

9500 0.03363 −14.77 0.00665 55.91 0.372 

10,000 0.03541 −14.27 0.00666 55.33 0.369 

Evaporation temperature of CO2  −10 °C 

Heat load 
of NCL 

[kW] 

Mass flux of 𝐶𝑂2 

[kg/s] 
Evaporation temperature of 

propane [°C]
Mass flux of 

propane [kg/s] 
Enthalpy difference ∆h 

[kJ/kg] 

Power of the 
compressor 

P [kW] 

500 0.00193 −11.24 0.00672 51.96 0.349 

1500 0.00580 −10.64 0.00673 51.29 0.345 

2500 0.00967 −9.94 0.00675 50.49 0.341 

3500 0.01353 −9.24 0.00676 49.70 0.336 

4500 0.01740 −8.54 0.00678 48.90 0.332 

5500 0.02127 −7.84 0.00680 48.11 0.327 

6500 0.02514 −7.04 0.00681 47.32 0.322 

7500 0.02900 −6.24 0.00683 46.42 0.317 

8500 0.03287 −5.44 0.00685 45.52 0.312 

9500 0.03674 −4.54 0.00687 44.51 0.306 

10,000 0.03867 −4.04 0.00689 43.95 0.303 

Evaporation temperature of CO2  0 °C 

Heat load 
of NCL 

[kW] 

Mass flux of 𝐶𝑂2

[kg/s] 
Evaporation temperature of 

propane [°C]
Mass flux of 

propane [kg/s] 
Enthalpy difference ∆h 

[kJ/kg] 

Power of the 
compressor 

P [kW] 

500 0.02170 −1.09 0.00696 40.55 0.282 

1500 0.00650 −0.51 0.00698 39.91 0.279 

2500 0.01083 +0.21 0.00700 39.15 0.274 

3500 0.01516 +0.91 0.00701 38.35 0.269 
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4500 0.01949 +1.61 0.00703 37.58 0.264 

5500 0.02382 +2.31 0.00705 36.78 0.259 

6500 0.02815 +3.01 0.00707 36.05 0.255 

7500 0.03248 +3.81 0.00709 35.18 0.249 

8500 0.03681 +4.61 0.00711 34.31 0.244 

9500 0.04114 +5.51 0.00714 33.34 0.238 

10,000 0.04331 +6.01 0.00713 33.88 0.234 

According to Table 1, it can be clearly seen how the power consumed by the compressor 
decreases as the NCL heat load increases. Figure 4 is presented showing how the COP 
of a propane refrigeration unit changes with the change in heat load of NCL 
for 3 different evaporation temperatures of CO2 in circulation loop. 

Figure 4: Effect of CO2 evaporation temperature and heat load of NCL on COP of propane 
refrigeration unit. 

4. CONCLUSIONS

Based on the presented results following conclusions can be drawn: 
 An analytical model is presented for the design of refrigeration systems with a circulation 

loop. Calculations of pressure losses in the circuit both for two-phase flow and single-
phase flow were presented. The optimum height of the liquid downcomer 
can be determined, depending on the flow resistance of the entire loop and the diameter 
of the pipeline.

 The effect of a change in the refrigeration capacity of the circulating loop on the COP 
level of the coupled propane compressor refrigeration system was analysed. The highest 
COP was obtained for a CO2 evaporation temperature of 0 °C; then, the COP value was 
9.3 for a thermal capacity of 0.5 kW and 11.2 for a thermal capacity of 10 kW. 
An up to 23% increase in system efficiency was found as the refrigeration capacity 
of the system increases. Operation of indirect refrigeration system with CO2 circulation 
loop at reduced cooling capacity is the least efficient. 
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 Raising the evaporation CO2 temperature in the circulation loop from −20 °C to 0 °C 
improves the COP of the entire indirect refrigeration system by about 50%. 
This is of significant importance in terms of the applicability of such systems.

 The obtained calculation results will be used in experimental studies, through which 
it will be possible to make much more extensive analysis and evaluation of self-
regulating capabilities of the installation.

NOMENCLATURE 

D Pipe diameter (m) Dh hydraulic diameter (m) 
h Specyfic enthalpy (J/kg) k heat transfer coefficient (W/m2K)
Re Reynolds number Pr Prndtl number 
Nu Nusselt number Q Thermal capacity (W) 
w Velocity (m/s) 

Greek symbols 
𝛽 turbulence damping factor 𝛽𝑡 forced turbulence coefficient 

∆T temperature difference (K) µ dynamic viscosity (Pas)
Subscript 

 c condenser e evaporator 
𝑖𝑛 inlet 𝑜𝑢𝑡 outlet 

Abbreviations 
𝐶𝑂𝑃 coefficient of performance 𝐹𝐶𝐿 forced circulation loop 
GWP global Warming potential 𝑁𝐶𝐿 natural circulation loop 
OPD ozone depletion potential 
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