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Abstract: This work involves an experimental study on the performance of automobile air-conditioning systems by adding Al2O3 nanoparticles to oil compressors to investigate their impacts on the enhancement of the speed cooling of refrigeration systems and to compare it with the system operated using only oil. The Al2O3 nanoparticles have been added to the oil compressor for different ranges of mass concentration (Ø = 0.1%, Ø = 0.15% and Ø = 0.2%). The stability of Al2O3 nanoparticles has been tested by direct observation for different time periods. The results indicated that the air conditioning system that operated by using Al2O3-oil was better than the system that operated with pure oil. For Ø = 0.2%, the results indicated that the cooling speed and the efficiency of the system operated with Al2O3-oil are increased by 13% and 18%, respectively, as compared to the pure oil system. This study shows that the thermos-physical properties of refrigerant oil are enhanced by 15% when Ø is increased.
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Nomenclature



	ρp
	Density of Nano atoms (kg/m3)



	ρf
	Pure oil density (kg/m3)



	M
	Weight (kg)



	mp
	The nanoparticles weight (kg)



	Mf
	Weight of oil (kg)



	m
	Mass flow rate of the refrigerant (kg/s)



	Cp
	Specific heat capacity of the refrigerant (J/kg.°C)



	Th
	High temperature or heat source temperature (°C)



	Tc
	Low temperature or heat sink temperature (°C)



	I
	Input Amber to the system (Amber)



	V
	Input voltage (Volt)



	K
	Thermal conductivity (W/m.K)



	kn
	Thermal conductivity of Nano-oil (W/m.K)



	kf
	Pure oil thermal conductivity (W/m.K)



	μnf
	The viscosity of the Nano-oil (Pa.s)



	μbf
	The viscosity of the pure oil (Pa.s)



	Ø
	Mass friction (%)





1  Introduction

Car air conditioning (AC) systems keep the interior of the vehicle at a pleasant temperature by absorbing heat and expelling it outside. They are common in the automotive industry for luxury, safety, and health reasons [1]. AC systems in cars have various applications in industry and academia. They are essential for providing a pleasant environment for drivers and passengers, transporting temperature-sensitive goods, and studying thermodynamic properties [2]. The utilization of AC systems has influenced climate change because of the refrigerants such as hydrofluorocarbons (HFCs) utilized, which add to the greenhouse effect. Advancements have led to the creation of environmentally friendly refrigerants such as hydrofluoric olefins (HFOs) [3]. AC Systems Using Water as a Working Fluid: Some AC systems use water as a working fluid, offering advantages like efficient heat transfer, high specific heat capacity, and environmental friendliness [4,5]. The use of monotype nanofluids in AC systems has attracted interest in boosting thermal conductivity and heat transfer characteristics, leading to enhanced cooling efficiency [6,7].

So, nanofluids have been proposed as potential working fluids in refrigeration systems due to their enhanced thermal conductivity and heat transfer properties. In recent years, several studies have been conducted to investigate the use of nanofluids in refrigeration systems. Okonkwo et al. [8] provided a comprehensive overview of the use of nanofluids in refrigeration systems. The investigation has discussed the different types of nano-particles used in refrigeration systems, their effects on the thermo-physical properties of the nanofluids and the performance of refrigeration systems using nanofluids. They concluded that the use of nano-fluids can significantly improve the performance of refrigeration systems. Utilizing Al2O3 as a coolant addition in automobiles in much their impact on the environment. It has been proven that the nano-sized Al2O3 particles increase the effectiveness of radiators that are used as heat exchangers. This results in an overall increment in heat transfer coefficients and the thermal efficiency of the engines [9–11]. The Al2O3 compound imposed in compressor oil amplifies the power of the air conditioning (AAC) cooling systems in vehicles. Increasing the Al2O3-SiO2/PAG composite nano-lubricant in the AAC system leads to better cooling, higher COP, easy compressor work, and, ultimately, less power requirement [12,13]. Hybrid nano-lubricants with Al2O3-SiO2/PAG at specific composition ratio, e.g., 60:40 over the investigation period of 40 h, the COP has been enhanced to a maximum of 16.31% and the compressor work has been decreased by 18.65%. Additionally, applying composite nano-lubricants and fuzzy modelling optimization also yields as much as an 88% increase in the AAC systems performance which is better than single-component nano-lubricants [14]. The use of Al2O3 nano-particles as a refrigerant additive showed a high efficiency improvement along with reducing the power consumption making Al2O3 a promising additive in improving the AAC system [15].

Husainy et al. [16] investigated the performance of a domestic refrigerator using R600a refrigerant and nanofluids containing copper oxide (CuO) and alumina (Al2O3) nano-particles. The results showed that the use of nanofluids improved the coefficient of performance (COP) of the refrigerator by up to 13%. Afolalu et al. [17] presented the performance of a vapour compression refrigeration system using carbon nano-tube-based nanofluids. The results showed that the use of nanofluids improved the COP of the system by up to 5.5% compared to the use of conventional refrigerants. Said et al. [18] investigated the effects of using alumina nanofluids in a domestic refrigerator. The results showed that the use of nanofluids improved the COP of the refrigerator by up to 8%. The study also reported that the use of nanofluids reduced the compressor power consumption by up to 12%. Sözen et al. [19] presented the effects of using nano refrigerants containing alumina and titanium dioxide nanoparticles on the performance of a domestic refrigerator. The results showed that the use of nano-refrigerants improved the COP of the refrigerator by up to 18%. Moreover, the use of nano-refrigerants reduced the compressor power consumption by up to 16%. Sanukrishna et al. [20] provided an overview of the use of nanofluids as refrigerants for low-temperature applications. The investigation has discussed the different types of nano-particles used in refrigeration systems, their effects on the thermo-physical properties of the nanofluids and the performance of refrigeration systems using nanofluids. The findings show that the use of nanofluids as refrigerants has the potential to significantly improve the performance of refrigeration systems. Jiang et al. [21] experimentally analyzed the performance of a vapour compression refrigeration system using Al2O3-R134a nanofluid. The results showed that the use of nano-fluids improved the performance of the refrigeration system by reducing compressor work by up to 13% and increasing the COP by up to 22%. Ajayi et al. [22] experimentally investigated the performance of a vapour compression refrigeration system using a nano-refrigerant consisting of R600a and copper oxide nanoparticles. The results showed that the use of nano-refrigerant improved the COP of the refrigeration system by up to 11.4%. Raja et al. [23] experimentally investigated the performance of a vapour compression refrigeration system using SiO2-R134a nano-refrigerant. The results showed that the use of nano-refrigerant improved the COP of the refrigeration system by up to 20% compared to the use of R134a. Adelekan et al. [24] experimentally evaluated the performance of a domestic refrigerator using nano-refrigerants containing aluminium oxide nanoparticles. The results showed that the use of nano-refrigerant improved the COP of the refrigerator by up to 8%. Nano-scale alumina oxide particles have demonstrated the potential as a coolant additive in the automobile air conditioning system, which can reduce energy consumption. Researchers have shown that when the Al2O3 nano-crystals are used in oil nano-composite, the heat transfer coefficient and the efficiency of the AAC system can considerably be increased [25,26]. On top of that, the nano refrigerants that contain Al2O3 nano-particles accelerate the heat transfer being far more efficient than existing technologies. That has the potential to decrease the amount of energy needed for operation [27,28]. Meanwhile, the use of Al2O3 nano-particles with suitable refrigerants was recorded to have better COP and energy savings as compared to the earlier results, which signifies strong positive impacts on energy efficiency [29]. Thus, applying that Al2O3 compound as a coolant additive gives clear evidence of the efficacy of the coolant system of the car air conditioner.

A full check in the open literature investigations reveal that there are some experimental and numerical investigations deal with refrigerating systems of car to improve their performances by modifying the system through using e.g., indirect evaporator cooler, evaporative water and heat pipe. The review on previous studies show that the studies that assumes the improving the performance of refrigerating system by using nano particles are very limited. Moreover, the survey on the literature reveal that there is no experimental investigation deal with enhancing the speed cooling of refrigerating systems of car by adding nano-particles to the compressor oil. The employed of nano-particles to the oil compressor objected to enhance the speed cooling through improving the heat exchange and thus, this issue can improve the refrigerating system performance. To have a better insight on the actions of using nano particles to the compressor oil on the performance of refrigerating system, an experimental investigation is required. So, the main target of this investigation is to experimentally perform and compare the performance of refrigerating systems of car without and with adding Al2O3 nano-particles to oil under different operating conditions. The temperature difference, speed cooling and COP are presented for the tested parameters with different values of mass concentration. The present research offers empirical proof of the effect of Al2O3 nanoparticles on cooling rate, effectiveness, and thermo-physical attributes, supplementing the existing body of knowledge and addressing the voids in the comprehension of nanofluids in AC systems.

2  Experimental Test Rig

The cooling system in an automobile plays a critical role in maintaining the engine’s temperature and preventing it from overheating. Fig. 1 indicates the main feature of the test rig consisting of the:
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Figure 1: Photograph and schematic of the experimental system

1-The compressor is the power unit of the air-conditioning system that puts the refrigerant under high pressure before it pumps it into the condenser, where it changes from a gas to a liquid. A fully functioning compressor is necessary for the air-conditioning system to provide peak performance. On most cars, A/C compressors are driven by an engine-accessory belt.

2-The air-conditioning condenser is a radiator positioned between the car’s grille and the engine-cooling radiator in which the gaseous refrigerant sheds heat and returns to a liquid state. The liquid refrigerant flows to the evaporator inside the dashboard, where it cools the cabin.

3-A standard sight glass with indicator also usually has a dual function. it monitors whether the moisture content of the refrigerant is within acceptable limits and whether liquid refrigerant is always present at the expansion valve.

4-The air-conditioning evaporator is a small radiator inside the dashboard that provides cold air for the air-conditioning system. It is called the evaporator because it is where the freezing liquid refrigerant takes on any heat from the air blown through it and changes into a gaseous state (evaporating it) before returning it to the air-conditioning condenser to shed the heat; the process is constantly repeated. The air that emerges from the air conditioner is cold as a result. The evaporator is typically hidden inside the vehicle’s dashboard and can be labor-intensive to replace, which then requires a full system recharge.

5-Refrigerant is a substance that carries out the “transfer of heat process” by cycling through the air conditioning system and absorbing heat when becoming a gas, and giving off heat when becoming a liquid. HFC-134a (R134a) is used in air conditioners because it evaporates and liquefies easily, and has chemically stable and non-degenerative properties.

6-The primary function of a thermostat is to maintain a minimum operating temperature in the car’s engine. When the engine is started, the antifreeze and coolant mixture is kept within the engine by the thermostat. It opens upon reaching a specified temperature.

The test was conducted under laboratory conditions, with half an hour between stages, and at the same ambient temperature. The system was cleaned using R-11 after testing. All of the components in Fig. 1 work together to maintain the engine’s temperature and prevent it from overheating, which can cause damage and reduce the engine’s lifespan. It is important to regularly maintain and replace these components as needed to ensure the cooling system is functioning properly.

3  Properties of Nanofluids

Nanofluids are a class of engineered fluids that consist of a base fluid (usually a liquid) and nano-particles with diameters in the range of 1–100 nm. Due to the unique properties of nano-particles, nanofluids exhibit several enhanced physical properties compared to their base fluids. Thermal conductivity is commonly measured using the hot-wire method, KD2 Pro Analyzer, and coaxial cylinders method. Rotational viscometers like Brookfield LVDV-III Rheometer are used for viscosity measurements. Both properties increase with nanoparticle concentration, but viscosity decreases with temperature. The two-step preparation method ensures the stability and dispersion of nanoparticles [30–33]. Some of these properties are calculated as [34–37].

Density:

ρn=(1−∅)ρf+∅ρp(1)

Thermal conductivity:

kn=kf(ks+2kf−2∅(kf−ks)ks+2kf+∅(kf−ks))(2)

Viscosity:

μnf=μbf(1+2.5∅)(3)

Specific heat transfer:

CPnf=(1−∅)CPbf×ρbf+∅×ρp×Cppρnf(4)

4  Nano-Oil Preparation

Nano-oil was prepared, which is solid nano-particles of (Al2O3) suspended in (Suniso 4GS) refrigerant oil it represents performance lubricants that are highly stable, wax-free, and suitable for use in refrigeration compressors and heat pumps. They are compatible with both H-CFC and natural refrigerants and are approved by major air-conditioner manufacturers worldwide. These oils are ideal for various installations and are miscible with various refrigerants, ensuring long service life. In the beginning, the amount of oil to be used in the device was calculated and the amount of solid nano-particles was calculated by using the equation below:

mp=∅×ρp×(mfρf)(1−∅)(5)

After calculating the amount of solid nano-particles, they are combined with the refrigerant oil in two ways:

A. Mechanical method

An electric mixer, as shown in Fig. 2, was used to mix the oil with the solid nano-particles in the quantities that were calculated according to the above equation, by running the mixer for a certain period of time ranging between (25–40) min until it appears completely homogeneous, where their specification are (1 L, 220 V, 50 Hz) and (7000 RPM).
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Figure 2: Photographs of the mechanical and ultrasonic mixing processes for nano-particles

B. Using an ultrasound machine

The oil mixed with the nano-fluids in the mechanical way is placed in a beaker, as shown in Fig. 2, and the device is operated for a certain period of time ranging from (30–45) min, where their specification are (400 W, 220 V, 50 Hz) and (LUC-410).

5  Using an Ultrasound Machine

The experimental error analysis is conducted based on the content provided by Ahmad [38]. The Root Sum Square (RSS) method is used to calculate the uncertainty ratio for the measured physical quantities and the calculated physical quantities. For independent variables and dependent variables, the bias error is calculated from the following equation [39]:

B=±[(12Resolution)2+(Accuracy)2]1/2(6)

The average measured value is calculated as follows:

χ¯=1n∑i=1nχi(7)

The standard deviation (σ) of the sampling distribution is calculated as follows:

σχ=[1n−1∑i=1n(χi−χ¯)2]1/2(8)

Thus, the average standard deviation (σχ¯) of the values can be deduced using the following relationship:

σχ¯=σχN(9)

Using the student-t distribution at the 95% confidence limit with degrees of freedom N–1. Accordingly, the total accuracy limits are as follows:

Pχ=t(N−1),95%×σχ¯(10)

By integrating the initial error terms at 95%, since it is an absolute value, the following relationship is used as [39]:

Uχ=±[B2+Pχ2]1/2(11)

Accordingly, the experimental error rate (percentage) is calculated from the following relationship:

Uχχ%=±(Uχχ)×100(12)

In Eqs. (6)–(12), χ is any independent coefficient. Table 1 shows the uncertainties values of the independent variables and physical properties.
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A standard error analysis is employed to perform an uncertainty assessment, assessing the precision of the current experimental method. The maximum uncertainty of the thermocouples is found to be 0.5% (Manufacturer: omega, Bridgeport, NY, USA), while uncertainties for different values are calculated as follows [40].

Analyzing the error rate for temperatures, it should be noted that the design specifications of the device used in temperature measurement are (Accuracy = ±0.2% + 0.1°C, Resolution = 0.1°C).

PT,ave.=t(N−1),95%∗σT¯, ave.(13)

ΔTave.=[BTemp2+PTave.2]0.5(14)

ΔTave.Tave.%=±(ΔTave.T¯ave.)×100(15)

The uncertainty ratio of the physical properties was also calculated based on the temperature rate, in addition, the power was calculated based on the following information from the voltage and current supplied to the system:

BV=±[(12Resolution)2+(Accuracy)2]0.5(16)

Pv=t(25−1),95%∗σv¯(17)

ΔV=±[(BV)2+(PV)2]0.5(18)

ΔVV%=±(ΔVV¯)×100(19)

Note that the design specifications of the voltage regulator used (Accuracy = (±1.2% + 3%) V, Resolution = 0.01 V), and the design specifications of the digital electric current intensity reader device used are (Accuracy = (±2.5% + 5%) A, Resolution = 0.01 A), as shown in the following equations:

BIc=±((12Resolution)2+(Accuracy)2)0.5(20)

PIc=t(25−1),95%∗σI¯c(21)

ΔIc=±[(BIc)2+(PIc)2]0.5(22)

ΔIcIc%=±(ΔIcI¯c)×100(23)

6  Stability of Nanofluids

Nanofluids are colloidal suspensions consisting of nanoparticles dispersed in a base fluid, and they have gained much attention due to their enhanced thermal conductivity and heat transfer properties. However, their stability is an important factor that must be taken into account for practical applications. The stability of nanofluids can be influenced by several factors such as particle size, concentration, surface charge, and surface chemistry. Overall, the stability of nanofluids is a complex phenomenon that depends on multiple factors. Further research is required to fully understand the mechanisms involved in nanofluid stability and to develop strategies for improving the stability of nanofluids for practical applications [41–44]. From Fig. 3, it can be observed that the nanoparticles remain stable in the oil around 15 h. After that, the nanoparticles begin to separate from the oil. If the system is stopped for a short period of time and then re-operated, the nanoparticles can be mixed once again with the oil due to the oil circulation process and rising temperature by taking into consideration there is a possibility to deposit some parts of nanoparticles within the system.
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Figure 3: Photograph of the process of stability Al2O3-oil

7  Evaluation of COP

The performance of the system (COP) is a critical metric used to evaluate the efficiency of an automotive air conditioning system. It is affected by different factors including compressor speed, ambient temperature, refrigerant charge, and the efficiency of heat exchangers. The COP is calculated as the ratio of useful heating or cooling provided by any system divided by the amount of energy consumed by the system as follows [45,46]:

Coefficient of Performance:

COP=Cooling OutputElectrical Energy Input(24)

where the cooling output is the amount of heat withdrawn from an area by an air conditioning system, indicating its ability to reduce indoor temperature. On the other hand, the electrical energy input displays the amount of electricity used by an air conditioning unit to power the system, enabling efficient operation and control of indoor air temperature and humidity.

8  Results and Discussion

Fig. 4 shows the comparison of density, viscosity and thermal conductivity between pure oil and Al2O3-oil with a mass concentration range of 0.1%, 0.15% and 0.2%. From Fig. 4, the results show that the conventional oils with Al2O3 nanoparticles lead to improved physical thermal properties further validated by the work of Husainy et al. [16] and Ajayi et al. [22]. These improvements have manifested themselves in an enhanced fluid behaviour that highlights the high potential for the use of nanofluids to outperform traditional fluids across numerous application areas, with heightened value placed on efficient heat transfer and superior heat capacity.
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Figure 4: Comparison of density, viscosity and thermal conductivity between pure oil and Al2O3-oil

Fig. 5 shows the temperature inside the cabin along with speed cooling with and without adding Al2O3 nanoparticles with a mass concentration range of 0.1%, 0.15% and 0.2%. In particular, the addition of Al2O3 nanoparticles to the oil aligns with the work of Li et al. [26] and Daniel et al. [27], who reported that Al2O3 nanoparticles in oil-nano leads to improved performance of heat transfer and hence, the speed cooling has been raised about 9%, 10% and 13% for mass concentrations of 0.1%, 0.15% and 0.2%, respectively, as compared to the pure oil. The test was conducted under laboratory conditions, with half an hour between stages, and at the same ambient temperature. The system was cleaned using R-11 after testing as may be seen in Fig. 5. This finding emphasizes the features of thermal properties of Al2O3 nanoparticles for improving the heat dissipation systems. The increment is due to the increase in the physical properties of the nano-oil.
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Figure 5: Temperature inside the cabin testing over time with and without the addition of Al2O3 nanoparticles to oil

Fig. 6 shows the comparison between the thermal performance coefficient (COP) with and without adding Al2O3 nanoparticles to oil under different values of mass concentration. The results indicated that the thermal performance coefficient of the nano-oil system has been increased by 13%, 15% and 18% for mass concentrations 0.1%, 0.15% and 0.2%, respectively, as compared to the system that used pure oil. This indication demonstrated that the use of Al2O3 nano-particles significantly improved the heat transfer performance and enhanced the cooling rate under the same operating and surrounding conditions resulting from increasing the physical properties of nano-oil. This relationship between nanoparticle concentration and thermal properties is supported by the findings of Mert et al. [10], Afolalu et al. [17], Said et al. [18], Sharif et al. [28], and Babarinde et al. [29], Their results demonstrated improvements in thermophysical properties and coefficient of performance (COP) in system, which aligns with the enhanced COP observed in our study when using Al2O3 nanoparticles.

[image: images]

Figure 6: Comparison of thermal performance comparison (COP) between pure oil system and modifiying system (nano + oil) under different values of mass concentration of nano-particles

9  Conclusions

From the current investigation, the following findings are listed in brief:

1.   The comparison between the system operated by only oil and the system operated by Al2O3-oil shows that the using of Al2O3 nanoparticles leads to a rise in the speed cooling by 13% for Ø = 0.2%. This increase implies that the using of Al2O3 nanoparticles has a great impact on hastening cooling within the setup and thus, this helps to improve the thermal management.

2.   The findings display that the value of COP increases by 18% when using Al2O3-oil with Ø = 0.2% as compared to the pure oil case. This means that the addition of Al2O3 nanoparticles to oil has a high influence on the rate of heat transfer. Thus, it can be ideally used for any application, where heat control is paramount.

3.   The findings show that the increase Ø leads to enhancing the thermo-physical characteristics of nanofluid by 15% for Ø = 0.2% and hence, this value represents the maximum improvement. Also, the results display that there is a direct relationship between Ø and thermal properties of nanofluid, such as thermal conductivity, viscosity, and density. This enhancement shows that there is room for optimizing the characteristics of nanofluids toward tailored thermal management demands.

4.   The use of Al2O3 nanoparticles to compressor oil significantly enhanced the cooling system, the heat dissipation rate, and the thermal efficiency highlighting the versatility and benefits of nanofluids in various applications that require efficient heat conduction and enhancing the thermo-mechanical performance.

To progress the present investigation, the next investigations are listed as follows:

1.   Extend the nano-oil stability testing beyond 15 h for practical use.

2.   Investigate the actions of using CuO or SiO2 nanoparticles instead of Al2O3 on the performance of all components.

3.   The study may be improved in the future by assessing the cooling system performance under real-world conditions for practical insights.
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Table 1: The Uncertainties of the independent variables and physical properties in the experiment

Quantity Uncertainty Unit
Temperature +0. 2 °C
Density +0.8 kg/m?
Specific heat capacity +2.5 J/kg.°C
Thermal conductivity +0.75 W/m.°C
Viscosity +0.7 N.s/m*
Power +0.6 w
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