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ABSTRACT: Hydrochlorofluorocarbon and chlorofluorocarbon refrigerants commonly used in vapour compression 

refrigeration system (VCRS) have been phased out due to their negative impact on the ecosystem. R134a and R600a 

refrigerants were considered as their replacement, but they possess low thermal properties, thereby affecting the 

performance of the VCRS. In this study, the effect of varying aluminium oxide (Al2O3) nanoparticle size (10 nm, 20 

– 30 nm and 80nm) and volume concentration (1%, 3%, 5% 10% and 20%) on the capacity and exergy efficiency of 

each component of VCRS for the optimisation of the VCRS performance and reduction of energy consumption was 

analysed using R134a and R600a refrigerants. The nanolubricant were prepared using the two-step method. The VCRS 

showed no significant deterioration in the performance of its components as confirmed for over 24 hours when 

nanorefrigerant was used. The compressor capacity of nanorefrigerant was lower than that of pure refrigerants while 

the addition of nanoparticle enhanced the refrigeration effect. The exergy efficiency of the vapour compression system 

improved with the addition of nanoparticles into the system, the exergy destruction caused by friction in the 

compressor significantly reduced, thereby reducing the energy consumed by the system. 
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I. INTRODUCTION 

The vapour compression refrigeration systems (VCRS) are 

used in industries and homes for cooling and preservation. 

Hydrofluorocarbon (HFC), hydrochlorofluorocarbons 

(HCFC), chlorofluorocarbon (CFC), fluorocarbon (FC), 

hydrocarbon (HC) and azeotropes are some the of common 

refrigerants used in VCRS and air conditioners because of its 

excellent thermophysical properties but the Kyoto protocol 

classified them as environmentally unsafe because of their 

negative effects on the ozone layer and emission of greenhouse 

gases (UNEP, 1997). Due to this, refrigerant experts seek for 

alternative refrigerants that are eco-friendly with lower green 

warming potential (GWP), zero ozone depletion potential 

(ODP) and excellent thermophysical properties. 

Environmentally friendly refrigerants such as R134a and 

R600a has lower GWP and ODP but possess lower thermal 

conductivity (Ogbonnaya et. al., 2022). Therefore, there is a 

need to improve their heat transfer properties to enhance the 

rate of heat transfer within the system and the surroundings, 

thereby, enhancing the energy efficient, heat transfer, 

refrigeration effect, COP, and reduce energy consumed by the 

system. Other properties that affect the performance and 

exergy efficiency of the VCRS are the viscosity, density, 

surface tension, and specific heat capacity of the refrigerants 

(Patil et. al., 2006).  

The dispersion of nanoparticles into eco-friendly 

refrigerant affects the thermal conductivity, density, viscosity, 

pH, surface tension and thermal properties of the heat transfer 

fluid (Faizan and Han, 2016; Kushwaha et. al., 2016; 

Ogbonnaya, et. al., 2020; Sanukrishna et. al., 2017).  

Mahbubul, et. al. (2013) experimentally studied the impact of 

nanoparticle concentration on the thermal conductivity of 

nanorefrigerant.  The nanorefrigerant was prepared by 

dispersing Al2O3 of mean diameter 13 nm into R141b 

refrigerant and the concentrations considered in the analysis 

was varied from 0.5% to 2%. At 2% concentration, the result 

revealed an enhancement of 141% when compared with the 

base R141b refrigerant. Manasa et. al., (2021), studied the 

effect of nanoparticle concentration and temperature on the 

thermal conductivity of CuO/R600a nanorefrigerants. The 

thermal conductivity of nanorefrigerant was observed to 

increase as the temperature of the nanorefrigerant increased. 

This enhancement was attributed to the increase in Brownian 

motion. Considering the viscosity of the mixture of copper 

oxide (CuO) and cerium oxide (CeO2) nanoparticles dispersed 

in polyolester oil (POE), the viscosity increased as the 

concentration of CuO/CeO2 nanoparticle increased (Mohamed 

et. al. 2022). Mahdi et. al. (2017) reported that the viscosity of 
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Al2O3/R134a nanorefrigerant of nanoparticle size 20 – 30 nm 

with a volume concentration of 0.01% and 0.02% increased as 

the concentration increased. An increase of 1.4% and 5.2% was 

obtained for 0.01% and 0.02% particle concentration, 

respectively. The increase in viscosity tends to affect the 

pumping power of the compressor and pressure drop within the 

VCRS. The nanoparticle size, shape, structure, and type, 

addition of surfactant, and temperature have significant impact 

on the thermophysical properties, heat transfer characteristics 

of the nanorefrigerants (Ali and Salam, 2020; Ogbonnaya et. 

al., 2020).  

The effect of nanorefrigerants on the VCRS performance 

was studied by dispersing 20 nm multiwalled carbon nanotube 

(MWCNT) in R134b refrigerant (Yang et. al., 2015). The 

results showed an enhancement in the heat transfer when 

compared with pure R141b and the Nusselt number increased 

by 40%. The addition of nanoparticles into the refrigerant 

enhanced the thermophysical properties of the heat transfer 

fluid and heat transfer characteristics of the VCRS (Kushwaha 

et. al., 2016). The performance of VCRS using CuO/R134a, 

Al2O3/R134a, ZnO/R152a and TiO2/R600a nanorefrigerant at 

0.1%, 0.3% and 0.5% nanoparticles concentration was 

conducted by Katoch et. al. (2022). The results were analysed 

using Simulink model and the heat transfer characteristics of 

nanoparticles was observed to be optimal at a lower 

concentration of 0.1%. Kundan and Singh (2020) studied the 

influence of volume flow rate on the COP, cooling capacity 

and energy consumption of the VCRS using Al2O3/R134a 

nanorefrigerant with nanoparticle size of 20 nm and mass 

concentration between 0.5% and 1%. The study observed that 

an increase in the volume flow rate of nanorefrigerant 

improved that COP and the cooling capacity of the VCRS. 

Using 0.5 vol% of CuO and Cu/Ag nanoparticles dispersed in 

R134a, Yilmaz (2020) observed that the highest COP of 

20.88% was obtained for Cu/Ag alloy nanolubricant when 

compared with pure R134a refrigerant. Studying the lubricant 

and 5.52% higher than CuO nanolubricant. The enhanced COP 

of Cu/Ag alloy was attributed to the higher thermal 

conductivity, best anti-friction and anti-wear characteristics of 

Cu/Ag alloy when compared with CuO and pure lubricant. 

Studying the energy consumption of Zirconium Oxide-R134a 

nanorefrigerant (ZrO2/R134a), Baskaran et. al. (2022) 

reported that the energy consumed by ZrO2/R134a was 6.25% 

lower than pure 134a refrigerant. Using Copper oxide (CuO) 

of nanoparticle size 20-30 nm dispersed in R600a/R290 

refrigerant, Singh and Ansari (2017) study reported that the 

energy consumption of the VCRS reduced by 13.5% to 19.7% 

along with temperature drop between 40 oC and 25 oC when 

nanorefrigerant is used. 

The efficiency of engineering systems can never be 100 

percent because exergy is found to be destroyed within the 

system. Therefore, the exergy analysis is a useful tool used in 

understanding the overall performance of any system and its 

various components. The model of the thermal performance of 

VCRS using three nanoparticles (Cu, Al2O3 and TiO2) 

dispersed in R718 refrigerants was analysed by Mishra (2015). 

The exergy efficiency of the system using nanoparticles and 

eco-friendly refrigerant improved from 8% to 32% when 

compared with pure refrigerants. Considering the exergy 

destruction in each of the components of the VCRS, it was 

observed that the destruction was highest in the expansion 

valve followed by the condenser, compressor, and evaporator. 

The sub cooler was the most efficient component. In the study 

conducted by Ajayi et. al. (2019) the compressor process of the 

VCRS using R134a/Al2O3 nanorefrigerant was observed to be 

higher than pure R134a at the start of the experiment. The 

greater the value of the exergy of the compression process the 

better the performance of the system but at 200 minutes, the 

exergy of the R134a/Al2O3 nanorefrigerant below that of pure 

R134a. This reinforces the important of analysing the 

performance and exergy of VCRS using nanorefrigerant over 

an extended period. Using nanorefrigerant from metallic oxide 

(Al2O3, TiO2 and ZnO) nanoparticles, Karthick et. al. (2020) 

reported that the exergy efficiency of the VCRS decreased with 

an increase in evaporator temperature. The increase in exergy 

efficiency was 7.51%. This improvement was attributed to the 

lower evaporator temperature and reduced frictional losses in 

the compressor. The efficiency defect in the components of the 

VCRS was lower when compared with plain mineral oil. The 

exergy analysis of the VCRS using different nanoparticles was 

investigated by Ajayi et. al. (2018). The study involved the use 

of aluminium composite nanolubricant in a refrigerator 

compressor system. The aluminium-based nanolubricants used 

were aluminium oxide (Al2O3), aluminium nickel (AlNi), 

aluminium cobalt (AlCo) and silver aluminium (AgAl) and the 

results were compared with the conventional base oil (Capella 

D). From the result obtained, all the nanolubricant/R134a 

systems performed better than the conventional base oil system 

except for AgAl-composite. AlNi-composite 

nanolubricant/R134a system exhibited the highest exergy 

efficiency. Abdulftah and Tariq (2019) reported that an 

increase in the percentage of nanoparticles in the base 

refrigerant will result in decreased system performance. 

Complete comprehension of the heat transfers and fluid flow 

behaviour of nanorefrigerants considering the size and 

concentration of nanoparticles, and type of refrigerant during a 

phase change is inevitable for the overall development of more 

energy-efficient design with better heat transfer performance. 

From the literature reviewed, authors did not consider the 

combined effect of nanoparticle size and concentration on the 

capacities and exergy efficiency of each component in the 

VCRS and how they affect the overall performance of the 

system. Therefore, this study evaluates the influence of varying 

nanoparticle size and concentration on capacities and 

irreversibility of the components of the VCRS along with the 

overall exergy efficiency of the system. This study is necessary 

for the optimisation of the VCRS performance and reduction 

of energy consumption using R134a and R600a refrigerants 

and irreversibility analysis describes all losses in the system’s 

components and the overall system. The analysis is aimed at 

determining the maximum performance of the system, 

identifying the main site of exergy destruction, and showing 

the direction for potential improvement in VCRS using Al2O3 

nanorefrigerant. 
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Figure 1: Samples of nanolubricants Figure 2:  Experimental Test Rig (A) Front View (B) Side view (C) 

Back view 

II. MATERIALS AND 

METHODS/METHODOLOGY/EXPERIMENTAL 

PROCEDURE 

 

Aluminium oxide nanoparticles of nominal size 10 nm, 

20 – 30 nm and 80 nm were used in this study. The two-step 

method was used in the preparation of 1 %, 3 %, 5 %, 10 %, 

and 20 % mass concentration of nanolubricant. Some of the 

samples as nanolubricant produced are shown in Figure 1. The 

appropriate quantity of dry Al2O3 was weighed using the 

digital electronic balance and then dispersed into the lubricant. 

The sample was transferred to the ultrasonic bath and mixed 

for 180 min to destroy nanoparticles agglomerates and mixed 

mechanically for 120 min using the magnetic stirrer to increase 

the stability of the nanoparticles in the lubricant. Surfactant 

was not added during the sample preparation.  

The volume concentration of nanoparticles in the 

lubricant was calculated using Eqn. (3.1) (Das, Putra, Thiesen, 

& Roetzel, 2003).  

∅ =
𝑚𝑝 𝜌𝑝⁄

𝑚𝑝 𝜌𝑝+𝑚𝑙 𝜌𝑙⁄⁄
                                                    (1) 

where ϕ is the nanoparticle volume concentration 

(v/v),𝑚𝑝 and 𝑚𝑙  are the masses of the nanoparticle and 

lubricant respectively while 𝜌𝑙  and 𝜌𝑝 are liquid phase density 

of the lubricant and nanoparticle respectively. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2 shows the experimental test rig used in the 

evaluation of the capacities and exergy analyses of the various 

components of the VCRS. The test rig consists of the 

compressor, condenser, evaporator, expansion valve, pressure 

gauge and temperature data logger. An air-cooled condenser 

was used and the heat transfer between the fluid and the 

surrounding relied only on gravity circulation of the ambient 

air. The condenser selection depended on the capacity of the 

refrigeration system, the type of refrigerant, the compressor 

size, and the type of cooling medium available. The inner and 

outer diameters of the condenser were given as 6.5 mm and 12 

mm respectively with an overall length of 9.41 m for the R134a 

and R600a setup. The tube of the evaporator is made up of 

copper with an inner diameter of 10 mm and an outer diameter 

of 13 mm. The K-type thermocouples were used to measure 

the temperature at the inlet and outlet of the condenser while 

for the evaporator, two K-type thermocouples were placed at 

the inlet and outlet of the evaporator to measure the 

temperatures of the working fluid. Reciprocating compressor 

for R134a and R600a were used to compress and pressurize 

gaseous refrigerant flowing out of the evaporator. The 

compressors are hermetically sealed type. The suction and 

discharge pressure of the compressor was measured with two 

pressure gauges placed at the inlet and outlet of the 

compressor. A throttling device made up of copper was used 

to suddenly contract and expand the liquid nanorefrigerants, 

thereby causing some of the liquid to change into a gas state at 

constant enthalpy. The throttling device also controls the 

quantity of the refrigerant that should enter the evaporator 

subject to the refrigeration load. The refrigerator setup was 

positioned on a platform in an air-cooled room. The 

temperature and pressure of the room were at atmospheric 

conditions. The system was thoroughly checked for leaks 

before it was charged. The experiment was conducted over a 

period of 24 hours per sample. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The capacity analysis of the various components of the 

vapour compression refrigeration system is essential in 

evaluating the overall performance of the vapour compression 

refrigeration system. The capacity of the condenser and 

evaporator determines the rate at which heat is given out or 

absorbed by the refrigerant during the process of condensation 

or evaporation respectively while in the compressor, the 

capacity denotes the amount of work done by the compressor. 

The capacities of the compressor, condenser, evaporator, and 

expansion valve were obtained from Eqns. (2), (3), (5) and (6) 

respectively (Brasz, 2013; Dinҫer, 2003). 

The compression capacity is given in Eqn. (2) as: 

�̇�𝑐𝑜𝑚𝑝 = �̇�𝑛𝑓(ℎ2 − ℎ1)                                              (2) 

where �̇�𝑐𝑜𝑚𝑝 is the compressor power, �̇�𝑛𝑓the mass flow 

rate of the nanorefrigerant and ℎ is the enthalpy.  
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The condenser capacity (�̇�𝑐) is given in Eqn. (3) 

�̇�𝐶 = �̇�𝑛𝑓(ℎ2 − ℎ3)                                                    (3) 

The refrigeration capacity (�̇�𝐸) of the system is given in 

Eqn. (4) 

𝑄𝐸 = �̇�𝑛𝑓(ℎ1 − ℎ4)                                                     (4) 

For the expansion valve 

ℎ3 = ℎ4                                                                  (5) 

The second law of thermodynamics was employed to 

carry out the exergy analysis of the different components in the 

system. This analysis describes all losses in the system’s 

components and the overall system. The analysis is aimed at 

determining the maximum performance of the system, 

identifying the main site of exergy destruction, and showing 

the direction for potential improvement. Eqns. (6), (7), (8) and 

(9) for the compressor, condenser, evaporator, and expansion 

valve, respectively (Bayrakci & Ozgur; 2009). 

Compressor exergy (�̇�𝑤) balance is given in Eqn. (6) 

𝐼�̇� = �̇�𝑛𝑓(ℎ1 − 𝑇𝑜𝑠1) − �̇�𝑛𝑓(ℎ2 − 𝑇𝑜𝑠2) + 𝑃𝑐𝑜𝑚     (6) 

where s is the entropy, 𝑇𝑜 is the reference temperature, 

𝑃𝑐𝑜𝑚 is the compressor power. 

Condenser exergy (𝐼�̇�) balance is given in Eqn. (7) 

𝐼�̇� = �̇�𝑛𝑓(ℎ2 − 𝑇𝑜𝑠2) − �̇�𝑛𝑓(ℎ3 − 𝑇𝑜𝑠3)                      (7) 

Evaporator exergy (�̇�𝐸 ) balance is given in Eqn. (8)    

𝐼�̇� = �̇�𝑛𝑓(ℎ4 − 𝑇𝑜𝑠4) − �̇�𝑛𝑓(ℎ1 − 𝑇𝑜𝑠1) + �̇�𝑛𝑓(ℎ1 −

ℎ4) (1 −
𝑇0

𝑇𝐸
)                                                        (8) 

where  𝑇𝐸  is the temperature of the evaporator. 

Expansion valve (�̇�𝐸𝑥𝑝) exergy balance is given in Eqn. (9) 

𝐼�̇�𝑥𝑝 = �̇�𝑛𝑓𝑇𝑜(𝑠4 − 𝑠3)                                         (9) 

The total exergy (𝜂𝑒𝑥𝑒) of the vapour compression 

refrigeration system is given in Eqn. (10) 

𝜂𝑒𝑥𝑒 = (1 −
𝐼𝑡𝑜𝑡𝑎𝑙

𝑊𝑐𝑜𝑚𝑝
) × 100                      (10) 

where 𝐼𝑡𝑜𝑡𝑎𝑙  is the total exergy from the different 

components of the VCRS, 𝑊𝑐𝑜𝑚𝑝 is the compressor work. 

 

III. RESULTS AND DISCUSSION 

 

A. Capacities Analyses of the Vapour Compression 

Refrigeration System’s Components Compressor capacity  

Figures 3 shows the compressor capacity for R600a for 

various nanoparticle concentrations and sizes. The compressor 

capacity of pure R600a was higher than that of Al2O3/R600a 

nanorefrigerant at all concentrations and sizes except at 20 

percent concentration where 20 – 30 nm and 80 nm sized 

nanoparticles were slightly higher. The work done by the 

compressor was higher for pure R600a when compared with 

nanoR600a. This further explains the reason behind the high 

energy consumption for pure R600a as observed (Ogbonnaya 

et. al. 2023). The average compressor capacity for 10 nm was 

observed to be lower than other nanoparticle sizes, thereby, 

making 10 nm more suitable for use in the VCRS also 

considering the enhanced performance of the system 

(Ogbonnaya et. al., 2023). Considering the trend of the 

compressor capacity with respect to the concentration, it can 

be observed that the minimum compressor capacity of 0.23954 

kJ/s, 0.3065 kJ/s and 0.3241 kJ/s was observed for 10 nm, 20 

– 30 nm and 80 nm Al2O3/R600a nanorefrigerants at a 

concentration of 5 percent, 10 percent, and 1 percent 

respectively. A compressor capacity of 0.3755 kJ/s was 

obtained for pure R600a refrigerant. At a higher concentration 

and particle size, the viscosity increases thereby causing the 

compressor to do more work in pumping the nanolubricant 

(Ogbonnaya et. al., 2020). Thus, it can be inferred that size and 

concentration have an impact on compressor capacity. 

The compressor capacity for pure R134a and 

Al2O3/R134a nanorefrigerants is presented in Figure 4. The 

compressor capacity of Al2O3/R134a nanorefrigerant was 

found to be lower than that of pure R134a at all concentrations. 

This implies that more work will be required to compress and 

pump pure R134a refrigerant into the condenser. 

The least compressor capacity considering each 

nanoparticle size are given as 0.4710 kJ/s for 10 nm at 5%, 

0.5434 kJ/s for 20 – 30 nm at 20% and 0.4310 kJ/s for 80 nm 

at 20%. The value of 0.7524 kJ/s was obtained for pure R134a 

refrigerant. Across the nanoparticle sizes and considering the 

average compressor capacity, it can be deduced that 20 – 30 

nm sized Al2O3/R134a nanorefrigerant required the least work 

in compressing the nanorefrigerant. This explains why the 

coefficient of performance of 20 – 30 nm sized Al2O3/R134a 

nanorefrigerant was high and the power consumption was low 

(Ogbonnaya et. al., 2023). Amongst the nanoparticle sizes, the 

compressor capacity for 10 nm was the highest. This observed 

trend, strongly suggests that the lubricity of the nanolubricant 

plays a significant role in compressor capacity. Therefore, a 

tribological study of nanolubricant needs to be conducted to 

fully understand the relationship between the nanoparticle 

concentration and size on the lubricity of the nanolubricant and 

compressor capacity of the VCRS.  

The compressor capacity for pure R600a and its 

nanorefrigerant was observed to be lower than that of pure 

R134a and its nanorefrigerants. This further gives reasons as to 

why R600a and its nanorefrigerant consumed less energy. The 

compressor capacity of nanorefrigerant was lower than that of 

pure refrigerants. This implies that less work will be required 

in compressing and pumping the nanorefrigerant into the 

condenser. In the compressor, work is not only required in 

compressing and pumping the refrigerant, but it is also required 

in overcoming friction within the moving part of the 

compressor. The viscosity of the nanorefrigerant plays a vital 

role in determining the compressor capacity of the VCRS. The 

higher the viscosity, the higher the work required in 

compressing and pumping the refrigerant into the condenser 

but from (Ogbonnaya et. al., 2020), it can be deduced that the 

viscosity of pure refrigerant is lower. For pure refrigerants, it 

is expected that the low viscosity will imply a lower 

compressor capacity, but this trend was not observed. 

Sanukrishna et. al. (2017), confirmed that the low 

concentration of nanoparticles dispersed in synthetic oil 

enhanced the tribological properties of the compressor oil 

(base oil). This further highlights the fact that the lubricity of a 

lubricant is as important as its viscosity. From the result 

obtained, it is suggested that the work required to overcome 

friction in the moving part of the compressor is higher due to 

the low lubricity of pure refrigerant. 
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Figure 3: Average compressor capacity at varying volume concentrations of Al2O3/R600a nanorefrigerant and pure R600a. 

Back view 

 
Figure 4: Average compressor capacity at varying volume concentrations of Al2O3/R134a nanorefrigerant and pure R134a. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

1) Condenser capacity 

The condenser of a vapour compression refrigeration 

system removes heat from the refrigerant to reduce the 

temperature of the liquid refrigerant below the saturation 

temperature. The condenser capacity determines the rate at 

which heat is removed from the refrigerant to condense it from 

vapour to liquid. Reducing the temperature of the refrigerant 

increases the refrigeration effect thereby improving the 

performance of the VCRS. 

Figure 5 shows the condenser capacity of pure R600a and 

Al2O3/R600a nanorefrigerant for different concentrations and 

sizes. On average, the condenser capacity of pure R600a and 

80 nm-Al2O3/R600a nanorefrigerants were observed to be 

high. The high condenser capacity indicates that the 

temperature difference between the refrigerant and the 

condensing medium is high. Therefore, the higher the 

temperature difference, the higher the rate at which heat is 

removed from the refrigerant to the surrounding. From the 

result obtained, the addition of nanoparticles into the 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 refrigerant reduced the condenser capacity except in few 

concentrations. The amount of heat removed from pure R600a 

is obtained as 1.2737 kJ/s. The lowest condenser capacity for 

10 nm, 20 – 30 nm and 80 nm had a value of 0.9117 kJ/s, 

0.8412 kJ/s and 1.1049 kJ/s at a concentration of 3%, 20% and 

1%, respectively.  

Figure 6 shows the condenser capacity for pure R134a and 

Al2O3/R134a nanorefrigerants. The condenser capacity of 

Al2O3/R134a nanorefrigerant at all nanoparticle size was 

observed to be higher than that of pure R134a at 10 percent 

concentration. Considering the nanoparticle sizes, it was 

observed that the condenser capacity increased as the 

nanoparticle concentrations increased but there was a sharp 

decrease at 5 percent concentration, after which the condenser 

capacity increased at 10 percent concentration and decreased 

again at 20 percent concentration. The condenser capacity of 

pure R134a was obtained as 2.3601 kJ/s while the percentage  
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Figure 5: Average condenser capacity at varying volume concentrations of Al2O3/R600a nanorefrigerant and pure R600a. 

 
Figure 6: Average condenser capacity at varying volume concentrations of Al2O3/R134a nanorefrigerant and pure R134a. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

fluctuation of the condenser capacity when compared with that 

of pure R134a. 

The addition of nanoparticles reduced the condensing 

temperature across the condenser. This trend was also obtained 

in the research conducted by Kunda and Singh (2020) using 

Al2O3/R134a nanorefrigerant with a nanoparticle size of 20 nm 

and mass concentration of 0.5% and 1%. The substantial drop 

in the condenser temperature reduces the condenser capacity. 

The rate at which heat is removed from the condenser of the 

vapour compression refrigeration system affects the 

temperature that the refrigerant will enter the evaporator. 

Therefore, the condenser capacity determines the refrigeration 

effect and the overall performance of the system. The 

condenser capacity of pure R134a and its nanorefrigerant was 

observed to be lower than that of pure R600a and its 

nanorefrigerants. 

 

2)   Refrigeration capacity 

The refrigeration capacity is the rate of heat absorbed from 

the evaporator space to change the phase of the refrigerant 

from liquid to vapour. In Figure 7 the refrigeration effect of 

pure R600a was observed as 0.8982 kJ/s. The refrigeration 

capacity of 80 nm sized nanorefrigerant was observed to be 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

higher than that of pure R600a at higher concentrations. The 

refrigeration capacity of the evaporator determines the 

performance of the VCRS. A high refrigeration effect is 

desired in the system. The refrigeration capacity of 10 nm and 

80 nm were found to increase as the nanoparticle concentration 

increased except at 1 percent concentration where the 

refrigeration capacity of 10 nm was found to be higher. 

Figure 8 shows that the refrigeration capacity of 20 – 30 

nm dispersed in R134a was higher than that of 10 nm and 80 

nm sized nanoparticles but at a higher concentration of 10 

percent and 20 percent, it was observed that 80 nm and 10 nm 

were higher, respectively. The crystalline nature of 20 – 30 nm 

is suggested to be the reason behind its varying behaviour in 

hydrocarbon and HFC refrigerants. The refrigeration effect 

was observed to increase as the nanoparticle concentration 

increased but there was a sharp decrease at 5 percent 

concentration after which it increased as the concentration 

increased. This same trend was observed in condenser capacity 

analysis. Sharma and Rana (2015) stated that the refrigeration 

effect increased with the increase in concentration but in this 

study, the relationship between the refrigeration effect and 

concentration is nonlinear. 
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 Figure 7: Average refrigeration capacity at varying volume concentrations of Al2O3/R600a nanorefrigerant and pure R600a. 

 Figure 8: Average refrigeration capacity at a varying volume concentration of Al2O3/R134a nanorefrigerant and Pure R134a 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

B. Exergy Analysis of Vapour Compression Refrigeration 

System 

 

1) Compressor exergy 

The compressor is a major component in the vapour 

compression refrigeration system which aids in circulating the 

refrigerant through the VCRS and increases the vapour 

pressure of the refrigerant to create a pressure difference 

between the condenser and the evaporator. Figure 9 shows the 

average compressor exergy for R600a, for many sizes and 

concentrations of Al2O3/R600a nanorefrigerants. In most 

cases, it was observed that pure R600a refrigerant had the 

highest compressor exergy destruction when compared with 

nanorefrigerant except at 20% where 20 – 30 nm sized 

nanorefrigerant had the highest. 

Comparing the compressor exergy destruction across the 

various nanoparticle sizes with that of pure R600a, it is 

observed that 20 – 30 nm had the highest compressor exergy 

destruction of magnitude above pure R600a at 20 percent 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

concentration while 10 nm had the least compressor exergy 

destruction below pure R600a at 5 percent concentration. On 

average, it is concluded that the compressor exergy destruction 

increased as the nanoparticle size increased. Therefore, 10 nm 

nanoparticles sized Al2O3 was observed to possess the least 

average exergy destruction while pure R600a had the highest 

exergy destruction.  

Considering the nanoparticle concentration, the exergy 

destruction in the compressor decreases as the concentration 

decreases for 10 nm and 80 nm but above 5 percent 

concentration, the compressor exergy destruction increases. 

Therefore, it can be concluded that 10 nm and 80 nm sized 

nanoparticles had the least exergy destruction at 5 percent 

concentration, while 20 – 30 nm had the least exergy 

destruction at 10%. The highest exergy destruction in the 

compression occurred at 1 percent and 20 percent 

concentration. This can be attributed to the viscosity and 

lubricity of the fluid. 
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Figure 9: Average compressor exergy destruction for varying volume concentrations of Al2O3/R600a nanorefrigerant and pure R600a. 

Figure 10: Average compressor exergy destruction for varying volume concentrations of Al2O3/R134a nanorefrigerant and pure R134a. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The average compressor exergy for R134a for various 

concentrations and nanoparticle sizes is shown in Figure 10. 

Pure R134a had the highest compressor exergy destruction at 

all concentrations except at 10 percent concentration where 80 

nm had the compressor highest exergy destruction. Comparing 

the compressor exergy destruction across the various 

nanoparticle sizes with that of pure R134a, it is observed   that 

80 nm had the highest exergy destruction above pure R134a at 

10 percent concentration while 10 nm had the least compressor 

exergy destruction below pure R134a at 1 percent 

concentration. Therefore, less exergy is destroyed in the 

compressor when 10 nm sized nanoparticle was used in the 

vapour compression refrigeration system. On average, 10 

percent concentration had the highest exergy destruction 

across the different nanoparticle sizes while 20% concentration 

had the least.  

The existence of friction in the moving part of the 

compressor is a source of irreversibility in the compressor. 

From the result obtained from the analysis of R600a and 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

R134a, it is found that the addition of nanoparticles into the 

compressor oil improves the lubricity of the lubricant, thereby 

reducing the friction in the moving part. This causes a 

reduction in the exergy destruction and thereby make useful 

energy available for use in the VCRS; this further improves the 

performance of the system. The irreversibility was found to be 

lower at a smaller nanoparticle size of 10 nm and increases as 

the nanoparticle size increased. The increase in irreversibility 

can be attributed to the higher viscosity of nanolubricant at 

higher nanoparticle size. It was also observed that the exergy 

destruction in the compressor was higher for R134a 

nanorefrigerant when compared with that of R600a. 

 

2) Condenser exergy 

The average condenser exergy destruction for R600a and 

R134a are shown in Figures 11 and 12, respectively. As heat is 

rejected from the refrigerant to the environment through the 

condenser, it was observed in Figure 11 that average condenser 

exergy destruction was higher for nanorefrigerant when 
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Figure 11: Average condenser exergy destruction for varying volume concentrations of nanorefrigerant and pure R600a. 

Figure 12: Average condenser exergy destruction for varying volume concentrations of Al2O3/R134a nanorefrigerant and pure R134a. 

compared with pure R600a except at 10% where 10 nm had the 

lowest exergy destruction. Considering the nanoparticle 

concentration, it was observed that the exergy destruction was 

highest at 5 percent concentration for 10 nm and 80 nm while 

20 nm had the highest at 20 percent concentration. 

Exergy destruction for R134a is shown in Figure 12, the 

condenser exergy destruction of 20 – 30 nm was found to be 

higher than that of pure R134a concentration at all concentration 

while 10 nm was higher only at 1 percent and 5 percent 

concentrations. For 80 nm, it was observed that the condenser 

exergy for 80 nm was negative for all concentrations except at 

5 percent and 20 percent concentrations. This implies that there 

was an increase in entropy generation. Considering the average 

exergy destruction, it can be concluded that 80 nm had the least 

exergy destruction while 20 – 30 nm has the highest exergy 

destruction in the condenser of the vapour compression 

refrigeration system. 

The exergy destruction was found to be higher for R134a 

nanorefrigerant when compared with R600a nanorefrigerant. 

The air-cooled type of condenser was used for this analysis and 

the temperature difference between the surrounding and the 

refrigerant is a major determinate in exergy destruction when 

considering the condenser; therefore, further studies need to be 

conducted to study the effect of ambient conditions such as 

temperature and humidity on the rate of exergy destruction in 

the condenser when using nanorefrigerants. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

3) Evaporator exergy 

       Figure 13 shows the average evaporator exergy 

destruction of R600a for various sizes and concentrations of 

Al2O3 nanoparticles. 

Considering the various nanoparticle sizes, it is observed 

that for 10 nm sized nanoparticle, the exergy destruction 

increased as the concentration increased but at higher 

concentrations of 10 percent and 20 percent, a decreased in 

exergy destruction was observed and a contrary trend was 

observed with 20 – 30 nm sized nanoparticles. Exergy 

destruction was observed to decrease as the concentration 

increased but at a higher concentration of 10 percent and 20 

percent concentration, there was an increase in exergy 

destruction. The trend for 80 nm sized nanoparticle was 

observed to be inconsistent in the increase in nanoparticle 

concentration. The increase in the exergy destruction in the 

evaporator can be attributed to the decrease in the evaporator’s 

temperature.  

This increase occurs because of the increasing temperature 

difference between the evaporator and its surroundings. For 

each nanoparticle size, 10 nm sized Al2O3 nanoparticles at 10% 

concentration had the least evaporator exergy destruction while 

5% had the highest exergy destruction. For 20 – 30 nm 

nanoparticle size, 5% concentration had the least exergy 

destruction while 10% had the highest exergy destruction.  
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Figure 13: Average evaporator exergy destruction for varying volume concentrations of nanorefrigerant and pure R600a. 

Figure 14: Average evaporator exergy destruction for varying volume concentrations of Al2O3/R134a nanorefrigerant and pure R134a. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

For 80 nm, 20% concentration had the least exergy 

destruction while 5% had the highest exergy destruction, the 

highest exergy destruction was observed at 5 percent 

concentration for 10 nm sized while the lowest was obtained at 

5 percent for 20 – 30 nm when considering Al2O3. 

Figure 14 shows the exergy destruction of the evaporator 

when pure R134a refrigerant and Al2O3/R123a nanorefrigerants 

were used. The result showed that the average exergy 

destruction in the evaporator for pure R134a refrigerant was 

higher than that of nanorefrigerant for 10 nm and 20 – 30 nm 

sized nanoparticles except at 5 percent and 10 percent 

concentration where 10 nm was higher. On average, the exergy 

destruction was highest for 80 nm sized nanoparticles. This 

implies that the exergy destruction in the evaporator increases 

as the nanoparticle size increased. Considering the destruction 

with respect to nanoparticle concentration, it was observed that 

the exergy destruction increased as the concentration increased 

and at 5 percent concentration, the value obtained for 10 nm was 

almost the same for pure R134a refrigerant. In summary, 20 - 

30 nm sized nanoparticle had the lowest exergy destruction in 

the evaporator while 80 nm had the highest exergy destruction 

for varying nanoparticles. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

4) Throttle exergy 

        Considering the throttle exergy destruction for R600a 

nanorefrigerant as shown in Figure 15, it is observed that the 

exergy destruction of pure R600a was lower than that of 

Al2O3/R600a nanorefrigerants. On average, the exergy 

destruction of 20 – 30 nm was higher than that of other 

nanorefrigerant at higher concentrations. From this analysis, it 

can be concluded that 5% concentration for nanoparticle size 

had the highest exergy destruction while 3% had the least 

exergy destruction. 

The 10 nm nanoparticle sized Al2O3 had the average least 

exergy destruction while 20 – 30 nm had the most exergy 

destruction in the throttle of the vapour compression 

refrigeration system. Considering 80 nm sized nanorefrigerant, 

the exergy destruction increased as the concentration increased 

but decreased after 5 percent concentration, while for 10 nm 

sized nanorefrigerant the exergy destruction fluctuated as the 

concentration increased with the highest at 5 percent 

concentration. For 20 – 30 nm, the exergy increased as the 

concentration increased. 
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Figure 15: Average throttle exergy destruction for varying volume concentrations of nanorefrigerant and pure R600a. 

Figure 16: Average throttle exergy destruction for varying volume concentrations of Al2O3/R134a nanorefrigerant and pure R134a. 

The average throttle exergy for R134a for various 

concentrations and nanoparticle sizes is shown in Figure 16. The 

exergy destruction of pure R134a was found to be lower than 

that of Al2O3/R600a nanorefrigerants for 10 nm and 20 nm sized 

nanoparticles. The exergy destruction of 80 nm was found to be 

lower than that of pure R134a refrigerant and the value obtained 

was found to be negative. The negative sign indicated that the 

nanorefrigerant was subcooled at the outlet from the throttle and 

the entropy at that point was higher than that at the inlet. The 

exergy destruction of 10 nm and 20 – 30 nm nanorefrigerant 

decreased with the increase in concentration. In summary, 

considering the average exergy destruction for R134a, 80 nm 

sized nanoparticles had the lowest exergy destruction in the 

throttle while 20 – 30 nm had the highest exergy destruction for 

varying nanoparticles. Comparing the throttle exergy 

destruction between R600a and R134a nanorefrigerants, it is 

observed that exergy destruction was higher for R134a when 

compared with R600a nanorefrigerant. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

5) Overall system exergy efficiency 

The exergy efficiency of the vapour compression 

refrigeration system aids in determining and giving insight into 

the process performance of the VCRS. The exergy efficiency of 

the whole vapour compression refrigeration system is shown 

with pure refrigerants and nanorefrigerants is shown Table 1. 

Considering nanoparticles sizes across various concentration for 

R600a, 10% concentration for 10 nm had the highest exergy 

efficiency of 32.10% while 20% concentration for 20 -30 nm 

had the least exergy efficiency lower than the exergy of pure 

R600a with efficiency of 24.19%. The exergy efficiency for 

Al2O3/R134a was highest 1% concentration for 10 nm. 

 

IV. CONCLUSION 

The combined effect of nanoparticle size and 

concentration on the optimal performance of the vapour 

compression refrigeration system considering the capacities 

and irreversibility analysis of the various components of the 

VCRS was studied.    
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Concentration Exergy Efficiency 

(10 nm) 

Exergy Efficiency 

(20 -30 nm) 

Exergy Efficiency 

(80 nm) 

 R600a R134a R600a R134a R600a R134a 
0% 24.19 22.12 24.19 22.12 24.19 22.12 

1% 23.30 35.61 24.17 31.67 24.26 26.34 

3% 25.58 22.96 24.99 22.88 23.82 27.45 
5% 30.89 28.90 24.15 26.37 24.46 27.39 

10% 32.10 22.12 25.98 26.55 23.26 27.24 

20% 23.19 23.66 21.95 30.53 23.31 29.09 

 

Table 1: Exergy efficiency for varying volume concentrations of nanorefrigerant and pure refrigerants 
 

 

 

 

 

 

 

 

 

The capacities of the components in the VCRS were 

enhanced with the addition of nanoparticles into the VCRS. 

The Al2O3 nanoparticles improved the lubricity of the 

compressor oil, thereby reducing friction, the compressor 

capacity and the energy required in compressing the 

refrigerants. 

The exergy efficiency of the vapour compression system 

improved with the addition of nanoparticles into the system. 

The exergy destruction caused by friction in the compressor 

was significantly reduced despite the destruction in the 

compressor was higher when compared with the other 

components of the VCRS. 

The lower nanoparticle size is more efficient when 

compared with larger nanoparticle sizes. NanoR600a 

possessed a higher exergy efficiency when compared with 

nanoR134a. 

This study have aided in determining the maximum 

performance of the system by identifying the main site of 

exergy destruction, and showing the direction for potential 

improvement in VCRS when using Al2O3 nanoparticles of 

different sizes and concentrations. 
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