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Abstract. The current research examines the improvement in performance 
of a vapor compression air conditioning system with a liquid-cooled 
condenser employing nanofluids and R-32 refrigerant. The air-cooled 
condenser is replaced with a counterflow tube-in-tube heat exchanger where 
the refrigerant is flowing through the inner tube and the cooling medium 
through the annulus. Water and nanofluids with copper oxide (CuO) and 
aluminum oxide (Al₂O₃) as base fluids at volume concentrations of 1% and 
2% are used as cooling media at 10, 15 and 20 LPM. The performance is 
assessed based on the compressor work, refrigeration effect, condenser 
capacity and coefficient of performance (COP). The experimental results 
show a substantial improvement in system performance using nanofluids. 
The highest COP (4.20) is observed with CuO nanofluid at 2% concentration 
and a flow rate of 20 LPM, which is about 31.25% higher than the 
conventional air-cooled system. The refrigeration effect and condenser 
capacity are also improved by 15.6% and 9.05%, respectively. The 
compressor work is reduced by approximately 12% due to enhanced heat 
dissipation. The findings indicate that the application of nanofluid-based 
liquid cooling in air conditioning systems substantially improves the thermal 
performance and presents a potential solution for energy-efficient cooling.  

1 Introduction 
Air conditioning systems that operate on the vapor compression refrigeration cycle are now 
essential to our society for domestic, commercial and industrial use. But the growing cooling 
demand has resulted in a substantial increase in worldwide energy demand, which has, in 
turn, exacerbated environmental issues such as greenhouse gas emissions and global 
warming. The heat rejection unit or condenser is one of the key components affecting the 
efficiency of an air conditioning system. Traditional air-cooled condensers use air as the 
cooling medium, but are limited in their efficiency due to the low thermal conductivity and 
convective heat transfer coefficient of air. This leads to higher condensing temperatures, 
higher compressor work, and lower coefficient of performance (COP). As such, there is a 
pressing need to investigate other cooling approaches that may improve heat transfer in the 
condenser and increase the system's efficiency[1]. 
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Liquid-cooled condensers are one such alternative to air-cooled condensers. Liquids, with 
their higher thermal conductivity and heat capacity than air, can enhance the heat transfer 
rate from the refrigerant. Of the many possibilities, counterflow heat exchangers, especially 
of the tube-in-tube type, exhibit better overall heat transfer performance because of the 
greater logarithmic mean temperature difference (LMTD) between the hot and cold streams. 
Substitution of the traditional air-cooled condenser with a liquid-cooled counterflow heat 
exchanger can lead to better condensation of the refrigerant, resulting in lower 
irreversibilities and improved energy efficiency of the system[2]. 
The development of nanotechnology has also provided opportunities to improve heat 
transfer. Nanofluids, prepared by suspending nanoparticles such as copper oxide (CuO) and 
aluminum oxide (Al₂O₃) in base fluids such as water, have improved thermophysical 
properties, such as thermal conductivity and convective heat transfer coefficients. The 
nanoparticles enhance the surface area for heat transfer and induce micro-mixing in the fluid, 
enhancing heat transfer. Such properties render nanofluids ideal for use in heat exchangers 
and cooling systems. The use of nanofluids in liquid-cooled condensers has the potential to 
further enhance heat rejection, improving the efficiency of vapor compression refrigeration 
systems[3]. 
Nanofluids and their application in enhancing heat transfer have been the subject of much 
research. The first study of Bilal et al. [2] described nanofluids and highlighted their superior 
thermal properties compared to conventional fluids. Subsequent studies by Badr et al. [3] 
demonstrated significant increases in thermal conductivity with metal oxide nanofluids such 
as CuO. Dilawar and Qayoum [4] investigated the nature of convective heat transfer of 
nanofluids and discovered that the heat transfer coefficients in the turbulent flow were greatly 
enhanced. Similarly, Chaudhari et al. [5] conducted experimental studies using Al2O3 
nanofluids in heat exchangers and reported that there were large improvements in the heat 
transfer. 
Within the refrigeration systems field, a number of researchers have studied the use of 
nanofluids to enhance efficiency of the systems. Bakthavatchalam et al. [6] investigated a 
domestic refrigerator with nano-refrigerants and found that COP increased and the energy 
consumption was reduced. Sarkar [7] studied the performance of heat exchangers made of 
nanofluids and discovered that the heat transfer rates were highly improved. F. Ahmed and 
Khan [8] explored the application of nanolubricants in air conditioning systems and found 
that it enhanced the heat transfer and the performance of the system. Abdallah et al. [9] 
conducted an extensive overview of the applications of nanofluids in heat transfer and 
highlighted their applications in the HVAC systems. Subsequent studies by Dilawar and 
Qayoum [10] and Ahmed and Ahamed [11] investigated how nanoparticle concentration and 
fluid properties affected thermal performance, and the significance of maximizing these 
features to achieve the highest efficiency. 
The more recent research has been directed towards the use of nanofluids in liquid-cooled 
condensers and advanced heat exchanger layouts. Zawawi et al. [12] compared the 
thermophysical characteristics of different nanofluids and their effects on the heat transfer 
performance. Nugroho et al. [13] conducted a study on water-cooled condensers and found 
that the COP was better than in the air-cooled systems. Hamadalla et al. [14] showed that 
counterflow heat exchangers can be effective in improving the heat transfer because of 
improved temperature gradients. Sharma et al. [15] and Arumuganainar et al. [16] compared 
various nanoparticles and came to the conclusion that CuO nanoparticles in nanofluids tend 
to increase thermal conductivity as compared to Al2O3 nanoparticles in nanofluids. Kumar 
et al. [17] examined the performance of nanoparticles in terms of concentration and found 
that higher the concentration, the better is the performance of heat transfer, but at a point, 
there are problems like high viscosity. 
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Further experimental research done by Abdullah and Soheel [18], Prabhakaran [19] and 
Javanjal et al. [20] have also proven the advantages of using nanofluids for enhancing the 
condenser performance and energy efficiency of the compressor. The recent studies of 
Zawawi et al. [21], Aljuwayhel et al. [22] and Xing et al. [23] have also extended the use of 
nanofluids to HVAC systems with considerable improvement in COP and heat transfer. All 
these studies demonstrate the potential of nanofluids to play a significant role in improving 
the performance of refrigeration and air conditioning systems. 
While these studies are promising, there are still some areas that need further investigation. 
The majority of the current work either deals with the properties of nanofluids or their use in 
generic heat exchangers, rather than their use in whole refrigeration systems. Moreover, there 
are limited experimental investigations that consider the combined effects of nanoparticle 
type, concentration, and coolant flow rate under controlled conditions in a condenser. 
Specifically, there is a lack of research on the use of liquid-cooled condensers with nanofluids 
and new low global warming potential refrigerants (such as R-32) in refrigeration systems. 
Moreover, there is a lack of comparative studies between different nanofluids (e.g. CuO and 
Al₂O₃) at the same operating conditions. These research gaps indicate the need for a 
comprehensive study into the interaction between nanofluid characteristics and operating 
conditions on the performance of the system. 
In view of the above, the present study aims to experimentally investigate the performance 
of a vapor compression air conditioning system equipped with a nanofluid-based liquid-
cooled condenser. A counterflow tube-in-tube heat exchanger is employed to replace the 
conventional air-cooled condenser, with the refrigerant flowing through the inner tube and 
the cooling fluid circulating through the annular region. Water and nanofluids based on CuO 
and Al₂O₃ with volumetric concentrations of 1% and 2% are used as cooling media at 
different flow rates of 10, 15, and 20 LPM. The performance of the system is evaluated in 
terms of compressor work, refrigeration effect, condenser capacity, and coefficient of 
performance. The study also aims to quantify the improvement in system performance 
achieved through the use of nanofluids and to identify the optimal combination of 
nanoparticle type, concentration, and flow rate for maximum efficiency.  

2 Experimental Setup 
The experimental investigation is carried out on a modified vapor compression air 
conditioning system designed to evaluate the performance of a nanofluid-based liquid-cooled 
condenser using R-32. Modification of the conventional air-cooled condenser in the split air 
conditioning system with a counterflow tube-in-tube heat exchanger is performed to improve 
the heat rejection performance. The layout of the experimental set-up is shown in Figure 1, 
where the liquid-cooled condenser is integrated in the vapor compression cycle and the 
external loop. 
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Fig. 1. Schematic diagram of the modified vapor compression system with nanofluid-based liquid-
cooled condenser 

 
The system is comprised of the main components of a vapor compression refrigeration 
system, which includes a hermetically sealed compressor, evaporator, expansion device and 
the modified condenser. The refrigerant circulates in the compressor, and its pressure is 
increased from low pressure (approximately 1 bar) to high pressure (approximately 10 bar), 
which increases the temperature of the refrigerant to about 65°C. The superheated refrigerant 
at high pressure then flows to the tube-in-tube heat exchanger, which is used as the condenser 
in this study. The refrigerant rejects heat to the cooling medium, condensing and leaving the 
condenser at a temperature of nearly 40°C. Enthalpy remains constant during the expansion 
process, and the pressure of the refrigerant drops to the level of the evaporator. It then 
evaporates in the evaporator and is sent back to the compressor. 
The main component of the experimental system is the counterflow tube-in-tube heat 
exchanger, which allows heat exchange to occur. The heat exchanger is illustrated in Figure 
2. The refrigerant is flowing in the inner tube and the cooling fluid (water or nanofluid) is 
flowing in the annulus between the inner and outer tubes. Counterflow heat exchanger design 
helps to maintain a temperature difference between refrigerant and cooling fluid in the heat 
exchanger, which results in a higher logarithmic mean temperature difference (LMTD), and 
improved heat transfer performance compared to parallel flow heat exchangers. The material 
of the tubes has high thermal conductivity to ensure good heat transfer between the fluids. 
 

 
Fig. 2. Counterflow tube-in-tube heat exchanger used as a liquid-cooled condenser 
 
In this study, the cooling fluid comprises distilled water and nanofluids with copper oxide 
(CuO) and aluminum oxide (Al₂O₃) nanoparticles. The nanofluids are synthesized at volume 
concentrations of 1% and 2% by mixing the nanoparticles with water. The nanofluids are 
prepared by stirring and then sonication to ensure dispersion and stability of the nanoparticles 
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in the base fluid. The improved thermal conductivity and convective heat transfer properties 
of the nanofluids help in better heat transfer during the condensation process. 
The cooling fluid is circulated in a closed loop comprising a storage tank, centrifugal pump, 
flow control valve and an external radiator. The layout of the cooling loop is depicted in 
Figure 3. The centrifugal pump keeps the fluid circulating through the annular space of the 
heat exchanger at various flow rates of 10, 15 and 20 LPM. The fluid, which has absorbed 
heat from the refrigerant, is then circulated to an external radiator for heat dissipation to the 
environment. The cooled fluid is then returned to the system for continual heat extraction. 
 

 
Fig. 3. External cooling loop with pump and radiator for nanofluid circulation 
 
The nanofluid cooling loop is depicted in Figure 3. The nanofluid is kept in a storage tank 
and is recirculated by a centrifugal pump. The nanofluid from the tank is circulated through 
the annulus of the tube-in-tube heat exchanger, where it is heated by the refrigerant 
circulating through the inner tube. The warm nanofluid is then passed through a radiator to 
reject heat to the ambient air. The nanofluid, after being cooled in the radiator, returns to the 
storage tank, completing the cooling cycle. The nanofluid recirculation helps to keep the 
condenser temperature and enhance the system performance. 
The experimental procedure consists of operating the system in steady-state for different 
conditions. The system is initially run with water as the refrigerant at different flow rates, 
and then with CuO and Al₂O₃ nanofluids at concentrations of 1% and 2%. The pressure and 
temperature of the system are recorded at steady-state condition for each case. The data is 
then used to calculate the system's performance, including the compressor work, refrigeration 
effect, condenser capacity and coefficient of performance (COP), using the relevant 
thermodynamic relationships. 
The experimental setup is designed to give consistent results with repeatability. A high degree 
of accuracy is maintained to ensure a reasonable uncertainty of the measurements. The liquid 
cooling with nanofluid and a counterflow heat exchanger is a good system to investigate the 
enhancement in heat transfer and performance. 

3 RESULTS AND DISCUSSION 
The performance evaluation of the R-32 vapor compression air conditioning system is done 
experimentally under different cooling conditions, including air cooling, water cooling and 
nanofluid liquid cooling, with copper oxide (CuO) and aluminium oxide (Al₂O₃) at 1% and 
2% volume concentration. The experiments are conducted at three different mass flow rates 
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of the cooling medium (10, 15 and 20 LPM) to investigate the effect of flow rate and 
nanoparticle concentration on the system performance. 
The key performance indicators (KPIs) analysed in the current study are the compressor 
work, refrigeration effect, condenser capacity and coefficient of performance (COP). These 
are evaluated from the temperature and pressure measurements and the variations are plotted 
with respect to the mass flow rate of the cooling fluid. This enables the comparison of the 
thermal performance of the conventional and nanofluid cooling systems. 
Furthermore, it is observed that the replacement of the existing air-cooled condenser with a 
liquid-cooled condenser results in significant enhancement in the performance of the air 
conditioning system. Further improvement in performance is achieved by the use of 
nanofluids due to the improved thermal properties. This results in increased refrigerant 
condensation, decreased compressor work and increased refrigeration effect. The following 
subsections describe the effect of cooling medium, nanoparticle concentration and mass flow 
rate on these parameters. 

3.1 Effect of Cooling Medium and Flow Rate on Compressor Work 

Figure 4 illustrates the effect of the cooling medium and mass flow rate on the compressor 
work, with the compressor work plotted against the type of cooling medium and mass flow 
rate. From the figure, it is observed that the compressor work decreases with an increase in 
mass flow rate for all the cooling media, indicating an improvement in heat transfer in the 
condenser section of the system. 

 
Fig. 4. Variation of compressor work with different cooling fluids at various mass flow rates 

 
In the case of water as the cooling media, the work of the compressor decreases from 49 
kJ/kg (at 10 LPM) to 48 kJ/kg (at 15 LPM) and 47 kJ/kg (at 20 LPM), which corresponds to 
a reduction of 4.08% when the flow rate is increased from 10 LPM to 20 LPM. This is 
because the increase in the coolant flow rate enhances the convective heat transfer, leading 
to better condensation and consequently lower compressor work. 
Similar reduction is found for the nanofluid-based cooling system with even greater 
enhancement. For CuO nanofluid at 1% concentration, the compressor work decreases from 
47 kJ/kg at 10 LPM to 46 kJ/kg at 15 LPM and 45 kJ/kg at 20 LPM, which corresponds to a 
reduction of 4.26%. The result is further improved with 2% CuO concentration, with the 
compressor work reducing from 46 kJ/kg at 10 LPM to 45 kJ/kg at 15 LPM and 44 kJ/kg at 
20 LPM, resulting in a reduction of approximately 4.35%. Comparing the water-based system 
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at 10 LPM to the 2% CuO nanofluid at 20 LPM, there is a substantial decrease of 10.20% in 
the compressor work. 
In the case of Al₂O₃ nanofluid, similar results are found, but not as significant as CuO. At 1% 
concentration, the compressor work reduces from 48 kJ/kg at 10 LPM to 47 kJ/kg at 15 LPM 
and 46 kJ/kg at 20 LPM (equivalent to 4.17% reduction). At 2% concentration, the values 
are further reduced from 47 kJ/kg at 10 LPM to 46 kJ/kg at 15 LPM and 45 kJ/kg at 20 LPM, 
corresponding to a reduction of 4.26%. Relative to the pure water at 10 LPM, using 2% Al₂O₃ 
nanofluid at 20 LPM results in a reduction of approximately 8.16% in compressor work. 
To conclude, the results in Figure 4 indicate that the higher the mass flow rate of the cooling 
fluid, the better the heat is removed in the condenser, and hence, the lesser the compressor 
work. Also, the use of nanofluids leads to an improvement in the system performance due to 
the improvement in thermophysical properties of the nanofluids, such as thermal conductivity 
and convective heat transfer coefficient. The minimum compressor work of 44 kJ/kg is 
obtained for CuO nanofluid (2% concentration) and 20 LPM mass flow rate, suggesting that 
the incorporation of nanofluids can save a substantial amount of energy consumption of the 
compressor. 

3.2 Effect of Cooling Medium and Flow Rate on Refrigeration Effect 

Figure 5 indicates the relative change of refrigeration effect with refrigerant and mass flow 
rate. The figure indicates that the refrigeration effect of all the cooling media increases with 
the flow rates of the mass, implying that the system would perform better with a better heat 
transfer in the condenser. 
 

 
Fig. 5. Variation of refrigeration effect with different cooling fluids at various mass flow rates 
 
The refrigeration effect in the case of using water as the cooling medium is enhanced to 162 
kJ/kg at 10 LPM to 165 kJ/kg at 15 LPM and then 168 kJ/kg at 20 LPM which translates to 
a total improvement of about 3.70 percent with the increase in flow rate of the refrigerant 
between 10 LPM and 2 This is due to the fact that there is improved condensation that 
increases the capacity of the refrigerant to absorb heat in the evaporator. 
The refrigeration effect of CuO nanofluid at 1% concentration is 170 kJ/kg at 10 LPM, 174 
kJ/kg at 15 LPM and 178 kJ/kg at 20 LPM, which is an improvement of about 4.71. The 
greater improvement is seen in CuO nanofluid at the concentration of 2% where the 
refrigeration effect increases to 176 kJ/kg at 10 LPM, 180 kJ/kg at 15 LPM, and 185 kJ/kg at 
20 LPM, which is an improvement of about 5.11. The result of using 2% CuO nanofluid at 
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20 LPM as compared to the water-based system at 10 LPM shows a significant enhancement 
of refrigeration effect by about 14.20. 
The same trend is noted with Al 2 O 3 nanofluid, but the improvement is not as high as in the 
case of CuO. Refrigeration effect at 1% concentration is 168 kJ/kg at 10 LPM, 172 kJ/kg at 
15 LPM and 176 kJ/kg at 20 LPM which is an improvement of about 4.76. The values also 
rise at 2 percent concentration, 174 kJ/kg at a flow rate of 10 LPM, 178 kJ/kg at 15 LPM and 
182 kJ/kg at 20 LPM with an improvement of about 4.60 percent. At 20 LPM and 
concentration of 2% Al₂O₃ nanofluid, the refrigeration effect is increased by 12.35% 
compared to the case of water at 10 LPM. 
Generally, the findings given in Figure 5 show that the higher the mass flow rate of the 
cooling medium, the better the refrigeration effect as a result of the enhanced heat rejection 
in the condenser that results in more effective evaporation. Also, nanofluids are much better 
than water in terms of thermal capacity that increases the heat transfer process.  Among all 
configurations, CuO nanofluid at 2% concentration and 20 LPM flow rate yields the highest 
refrigeration effect of 185 kJ/kg, demonstrating its effectiveness in improving the cooling 
capacity of the system. 
 

3.3 Effect of Cooling Medium and Flow Rate on Condenser Capacity 

The change in condenser capacity with various cooling fluids and mass flow rates is shown 
in Figure 6. The figure shows a gradual increase in the condenser capacity with increasing 
mass flow rate for all the cooling media; this is an indication of better heat removal capacity 
of the condenser. 
 

 
Fig. 6. Variation of condenser capacity with different cooling fluids at various mass flow rates 
 
In the case of water as the cooling fluid, the condenser capacity is 211 kJ/kg at 10 LPM, 213 
kJ/kg at 15 LPM and 215 kJ/kg at 20 LPM, which corresponds to an improvement of 1.90% 
as the flow rate is varied from 10 LPM to 20 LPM. This is due to the increase in heat removal 
from the refrigerant with the increased flow rate of the coolant. 
For the system using CuO nanofluid at 1% concentration, the condenser capacity increases 
from 217 kJ/kg at 10 LPM to 220 kJ/kg at 15 LPM and 223 kJ/kg at 20 LPM, resulting in an 
improvement of about 2.76%. At a higher concentration of 2% CuO nanofluid, a greater 
improvement is seen with the condenser capacity increasing from 222 kJ/kg at 10 LPM to 
225 kJ/kg at 15 LPM and 229 kJ/kg at 20 LPM, corresponding to an improvement of 3.15%. 
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15 LPM and 176 kJ/kg at 20 LPM which is an improvement of about 4.76. The values also 
rise at 2 percent concentration, 174 kJ/kg at a flow rate of 10 LPM, 178 kJ/kg at 15 LPM and 
182 kJ/kg at 20 LPM with an improvement of about 4.60 percent. At 20 LPM and 
concentration of 2% Al₂O₃ nanofluid, the refrigeration effect is increased by 12.35% 
compared to the case of water at 10 LPM. 
Generally, the findings given in Figure 5 show that the higher the mass flow rate of the 
cooling medium, the better the refrigeration effect as a result of the enhanced heat rejection 
in the condenser that results in more effective evaporation. Also, nanofluids are much better 
than water in terms of thermal capacity that increases the heat transfer process.  Among all 
configurations, CuO nanofluid at 2% concentration and 20 LPM flow rate yields the highest 
refrigeration effect of 185 kJ/kg, demonstrating its effectiveness in improving the cooling 
capacity of the system. 
 

3.3 Effect of Cooling Medium and Flow Rate on Condenser Capacity 

The change in condenser capacity with various cooling fluids and mass flow rates is shown 
in Figure 6. The figure shows a gradual increase in the condenser capacity with increasing 
mass flow rate for all the cooling media; this is an indication of better heat removal capacity 
of the condenser. 
 

 
Fig. 6. Variation of condenser capacity with different cooling fluids at various mass flow rates 
 
In the case of water as the cooling fluid, the condenser capacity is 211 kJ/kg at 10 LPM, 213 
kJ/kg at 15 LPM and 215 kJ/kg at 20 LPM, which corresponds to an improvement of 1.90% 
as the flow rate is varied from 10 LPM to 20 LPM. This is due to the increase in heat removal 
from the refrigerant with the increased flow rate of the coolant. 
For the system using CuO nanofluid at 1% concentration, the condenser capacity increases 
from 217 kJ/kg at 10 LPM to 220 kJ/kg at 15 LPM and 223 kJ/kg at 20 LPM, resulting in an 
improvement of about 2.76%. At a higher concentration of 2% CuO nanofluid, a greater 
improvement is seen with the condenser capacity increasing from 222 kJ/kg at 10 LPM to 
225 kJ/kg at 15 LPM and 229 kJ/kg at 20 LPM, corresponding to an improvement of 3.15%. 

The condenser capacity is increased by 8.53% for 2% CuO nanofluid at 20 LPM compared 
to the water system at 10 LPM. 
Similarly, for Al₂O₃ nanofluid, the trend remains the same with a marginal drop in 
enhancement. At 1% concentration, the condenser capacity is 216 kJ/kg, 219 kJ/kg and 222 
kJ/kg for 10 LPM, 15 LPM and 20 LPM, respectively, which shows an improvement of 
around 2.78%. At 2% concentration, the condenser capacity rises from 221 kJ/kg to 224 kJ/kg 
and 227 kJ/kg at 10 LPM, 15 LPM and 20 LPM, respectively, with an improvement of about 
2.71%. The improvement in the condenser capacity at 20 LPM using 2% Al₂O₃ nanofluid is 
about 7.58% when compared to the baseline case of 10 LPM water. 
In conclusion, the findings in Figure 6 suggest that a higher mass flow rate of the cooling 
fluid improves the heat rejection of the condenser. The addition of nanofluids also leads to 
an enhancement in the condenser capacity due to their higher thermal conductivity and 
enhanced convective heat transfer. The largest condenser capacity (229 kJ/kg) is obtained 
with CuO nanofluid at 2% concentration and 20 LPM flow rate, which shows that such a 
configuration is effective in enhancing the heat rejection of the system. 
 

3.4 Effect of Cooling Medium and Flow Rate on Coefficient of Performance 
(COP) 

The coefficient of performance (COP) is plotted in Figure 7 for different cooling fluids and 
mass flow rates. From this figure, it can be noted that the COP is increasing with an increase 
in the mass flow rate for all the cooling media, which suggests an improvement in the system 
performance due to the improved heat transfer in the condenser. 
 

 
Fig. 7. Variation of coefficient of performance (COP) with different cooling fluids at various mass flow 
rates 
 
The COP also increases by 7.85 percent with the increase in flow rate between 10 LPM and 
20 LPM (in the case of water, the cooling medium) where the COP at 10 LPM is 3.31, 15 
LPM is 3.44 and 20 LPM is 3.57. This is because of the increased heat away in the condenser 
and thus less work is done by the compressor and the performance of the refrigeration system 
is enhanced.  
For CuO nanofluid at 1% concentration, the COP increases from 3.61 at 10 LPM to 3.78 at 
15 LPM and 3.96 at 20 LPM, resulting in an improvement of approximately 9.69%. A greater 
improvement in COP is observed when CuO nanofluid is used at 2% concentration, where 
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COP increases from 3.83 at 10 LPM to 4.00 at 15 LPM and 4.20 at 20 LPM, corresponding 
to an increase of 9.66%. Compared to the water-based system at 10 LPM, the COP is 
increased by a significant 26.89% when 2% CuO nanofluid is used at 20 LPM. 
In the case of Al₂O₃ nanofluid, a similar trend is observed with a slightly less improvement 
than CuO. The COP rises from 3.50 (10 LPM) to 3.66 (15 LPM) and 3.83 (20 LPM) for 1% 
concentration, giving rise to an improvement of 9.43%. At 2% concentration, the COP 
increases from 3.70 at 10 LPM to 3.87 at 15 LPM and 4.04 at 20 LPM, corresponding to a 
9.19% improvement. At 20 LPM, the COP improvement due to the use of 2% Al₂O₃ 
nanofluid is about 22.05% compared to the base case of water at 10 LPM. 
Overall, the results presented in Figure 7 clearly suggest that the coefficient of performance 
(COP) of the system can be significantly enhanced by increasing the mass flow rate and using 
nanofluids.  The enhanced COP is due to the combined effect of decreased compressor power 
and increased refrigeration effect (increased heat removal in the condenser). The highest 
value of COP (4.20) is obtained with 2% CuO nanofluid at 20 LPM flow rate, showing its 
better performance in enhancing the system efficiency. 

3.5 Discussion on Thermodynamic Enhancement Mechanism 

The improved performance of the vapor compression air conditioning system with nanofluid 
liquid cooling can be explained by a combination of thermodynamic and heat transfer effects 
resulting from the enhanced properties of the cooling fluid. The findings in the previous 
subsections show that employing nanofluids for cooling substantially lowers the work input 
to the compressor, while enhancing the refrigeration effect, condenser capacity and 
coefficient of performance. This is mainly attributed to the better heat rejection in the 
condenser, which in turn affects the thermodynamic cycle. 
The presence of nanoparticles (e.g. copper oxide (CuO) and aluminum oxide (Al₂O₃)) in the 
base fluid enhances the effective thermal conductivity of the coolant. This enhances heat 
transfer between the refrigerant and the coolant in the tube-in-tube heat exchanger. This 
enables the refrigerant to better condense, lowering the condensing temperature and pressure. 
This reduces the condensing temperature, which leads to a lower pressure ratio and hence, 
lower compressor work. This effect is evident in the experimental data, with a reduction in 
the compressor work as nanofluids and flow rates increase. 
Besides higher thermal conductivity, nanofluids also have better convective heat transfer 
properties due to the nanoparticles, which induce micro-mixing and turbulence in the fluid. 
This increases the heat transfer coefficient in the annular space of the heat exchanger, 
resulting in better heat transfer from the refrigerant. This leads to enhanced subcooling of the 
refrigerant at the outlet of the condenser and consequently increases the refrigeration effect 
as more heat is absorbed by the refrigerant in the evaporator. Consequently, the cooling 
capacity and performance of the system is increased. 
The effect of the mass flow rate is also important in enhancing the performance of the system. 
The increased rate of flow of the cooling fluid (10 LPM to 20 LPM) enhances convective 
heat transfer coefficient due to the decrease in thermal boundary layer thickness and the rise 
in Reynolds number of the flow. This results into greater heat transfer and improvement in 
the condenser performance. But the improvement in performance levels off at higher flow 
rates, suggesting that there is a critical flow rate beyond which additional improvement in 
system performance may not be significant. 
When comparing the performance of CuO and Al₂O₃ nanofluids, it is observed that CuO 
nanofluid performs better under all conditions. This is likely due to its superior thermal 
conductivity when compared to Al₂O₃, allowing for better heat transfer. Moreover, a higher 
concentration of nanoparticles (2% instead of 1%) enhances the thermophysical properties of 
the nanofluid, leading to better performance. However, it should be noted that increasing the 
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COP increases from 3.83 at 10 LPM to 4.00 at 15 LPM and 4.20 at 20 LPM, corresponding 
to an increase of 9.66%. Compared to the water-based system at 10 LPM, the COP is 
increased by a significant 26.89% when 2% CuO nanofluid is used at 20 LPM. 
In the case of Al₂O₃ nanofluid, a similar trend is observed with a slightly less improvement 
than CuO. The COP rises from 3.50 (10 LPM) to 3.66 (15 LPM) and 3.83 (20 LPM) for 1% 
concentration, giving rise to an improvement of 9.43%. At 2% concentration, the COP 
increases from 3.70 at 10 LPM to 3.87 at 15 LPM and 4.04 at 20 LPM, corresponding to a 
9.19% improvement. At 20 LPM, the COP improvement due to the use of 2% Al₂O₃ 
nanofluid is about 22.05% compared to the base case of water at 10 LPM. 
Overall, the results presented in Figure 7 clearly suggest that the coefficient of performance 
(COP) of the system can be significantly enhanced by increasing the mass flow rate and using 
nanofluids.  The enhanced COP is due to the combined effect of decreased compressor power 
and increased refrigeration effect (increased heat removal in the condenser). The highest 
value of COP (4.20) is obtained with 2% CuO nanofluid at 20 LPM flow rate, showing its 
better performance in enhancing the system efficiency. 

3.5 Discussion on Thermodynamic Enhancement Mechanism 

The improved performance of the vapor compression air conditioning system with nanofluid 
liquid cooling can be explained by a combination of thermodynamic and heat transfer effects 
resulting from the enhanced properties of the cooling fluid. The findings in the previous 
subsections show that employing nanofluids for cooling substantially lowers the work input 
to the compressor, while enhancing the refrigeration effect, condenser capacity and 
coefficient of performance. This is mainly attributed to the better heat rejection in the 
condenser, which in turn affects the thermodynamic cycle. 
The presence of nanoparticles (e.g. copper oxide (CuO) and aluminum oxide (Al₂O₃)) in the 
base fluid enhances the effective thermal conductivity of the coolant. This enhances heat 
transfer between the refrigerant and the coolant in the tube-in-tube heat exchanger. This 
enables the refrigerant to better condense, lowering the condensing temperature and pressure. 
This reduces the condensing temperature, which leads to a lower pressure ratio and hence, 
lower compressor work. This effect is evident in the experimental data, with a reduction in 
the compressor work as nanofluids and flow rates increase. 
Besides higher thermal conductivity, nanofluids also have better convective heat transfer 
properties due to the nanoparticles, which induce micro-mixing and turbulence in the fluid. 
This increases the heat transfer coefficient in the annular space of the heat exchanger, 
resulting in better heat transfer from the refrigerant. This leads to enhanced subcooling of the 
refrigerant at the outlet of the condenser and consequently increases the refrigeration effect 
as more heat is absorbed by the refrigerant in the evaporator. Consequently, the cooling 
capacity and performance of the system is increased. 
The effect of the mass flow rate is also important in enhancing the performance of the system. 
The increased rate of flow of the cooling fluid (10 LPM to 20 LPM) enhances convective 
heat transfer coefficient due to the decrease in thermal boundary layer thickness and the rise 
in Reynolds number of the flow. This results into greater heat transfer and improvement in 
the condenser performance. But the improvement in performance levels off at higher flow 
rates, suggesting that there is a critical flow rate beyond which additional improvement in 
system performance may not be significant. 
When comparing the performance of CuO and Al₂O₃ nanofluids, it is observed that CuO 
nanofluid performs better under all conditions. This is likely due to its superior thermal 
conductivity when compared to Al₂O₃, allowing for better heat transfer. Moreover, a higher 
concentration of nanoparticles (2% instead of 1%) enhances the thermophysical properties of 
the nanofluid, leading to better performance. However, it should be noted that increasing the 

nanoparticle concentration may cause an increase in fluid viscosity, which in turn may affect 
the fluid dynamics and pumping power, although this is not significant in the concentration 
range used in this work. 
In summary, the system performance improvement in the present study is a combined effect 
of improved thermal conductivity, heat transfer, reduced condensing temperature and flow 
rate. The use of nanofluid liquid cooling in the condenser helps minimise the irreversibilities 
in the system, improving the efficiency of the air conditioning system, and is a promising 
technology for future cooling systems. 
 

4 Conclusion 
This research explores the improvement in the performance of vapor compression air 
conditioning systems by substituting the air-cooled condenser with a nanofluid-cooled 
counterflow liquid-cooled heat exchanger with R-32 refrigerant. The experimental study is 
conducted with water, copper oxide (CuO) and aluminum oxide (Al₂O₃) nanofluids at 1% 
and 2% volume concentrations, and 10, 15 and 20 LPM mass flow rates. 
This study shows that the adoption of liquid cooling considerably enhances the system's 
thermal performance over air cooling. Higher mass flow rates of the cooling medium lead to 
improved heat transfer in the condenser, which in turn reduces the work of the compressor, 
and increases the refrigeration effect and condenser capacity. The application of nanofluids 
enhances these effects, owing to their enhanced thermophysical properties. 
Among the cases considered, CuO nanofluid is more efficient than Al₂O₃ nanofluid due to its 
higher thermal conductivity. The best performance is recorded for CuO nanofluid at 2% 
concentration and a flow rate of 20 LPM, with the compressor work reduced to 44 kJ/kg, the 
refrigeration effect increased to 185 kJ/kg, and the condenser capacity to 229 kJ/kg. In this 
case, the coefficient of performance reaches a maximum of 4.20. 
When compared to the base case, the use of nanofluids leads to a reduction of about 10.20% 
in compressor work, and an increase of about 14.20% in refrigeration effect, 8.53% in 
condenser capacity and 26.89% in coefficient of performance. These have been made better 
by increased heat transfer characteristics, reduced condensing temperature, and better 
performance of the system. 
To sum up, the study proves that the implementation of nanofluids in liquid-cooled 
condensers is a viable and promising way of enhancing the performance of air conditioning 
systems. The findings reveal that nanofluids and appropriate flow conditions may lead to 
significant energy savings and increase in efficiency.  Future work may focus on investigating 
long-term stability, optimization of nanoparticle concentration, and evaluation under real 
operating conditions for large-scale applications. 
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