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Abstract

:

This experimental study was carried out based on the nanotechnology approach to enhance the efficacy of engine oil. Atomic and surface structures of graphene oxide (GO) nanoparticles were investigated by using a field emission scanning electron microscope and X-ray diffraction. The nano lubricant was produced by using a two-step method. The stability of nano lubricant was analyzed through dynamic light scattering. Various properties such as thermal conductivity, dynamic viscosity, flash point, cloud point and freezing point were investigated and the results were compared with the base oil (Oil- SAE-50). The results show that the thermal conductivity of nano lubricant was improved compared to the base fluid. This increase was correlated with progressing temperature. The dynamic viscosity was increased by variations in the volume fraction and reached its highest value of 36% compared to the base oil. The cloud point and freezing point are critical factors for oils, especially in cold seasons, so the efficacy of nano lubricant was improved maximally by 13.3% and 12.9%, respectively, compared to the base oil. The flash point was enhanced by 8%, which remarkably enhances the usability of the oil. It is ultimately assumed that this nano lubricant to be applied as an efficient alternative in industrial systems.
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1. Introduction


Today energy demand is increasing, so the issue of optimizing and improving the efficacy of energy systems is a critical matter. The industry requires high-efficiency lubricating and cooling fluids. A new technique to improve the lubrication and thermal properties of fluids is the use of nanotechnology [1,2]. Oils are extensively used as lubricants and coolants for lubrication and heat transfer in various industries. The most critical oil applications for engines include lubricating at both high and low temperature, reducing wear across multiple moving parts, cooling of moving parts, and so on. Therefore, the viscosity and thermal conductivity of the oil are critical properties that must be considered because viscosity directly impacts both pumping power and pressure drop; in addition, higher thermal conductivity means more excellent and better heat transfer performance [3,4,5]. Furthermore, the performance of the oil at temperatures close to zero and high temperatures is essential.



Nano lubricants are among the newly emerged and evolved technologies that have drawn the attention of researchers for utilization in lubrication and heat transfer systems due to their unique thermophysical properties. Nano lubricants are a class of new types of fluids. The stability of nano lubricant and oil performance under various situations and very high and low temperatures are among the most critical points for achieving a functional nano lubricant for better understanding lubrication and heating systems [6,7,8].



Nano lubricants are a key component in the industry, as they improve the performance of the surfaces affected and engine efficiency, besides, reduce fuel consumption and maintenance costs [9,10]. Today, many lubricants with varying properties are produced for various mechanical systems, including internal combustion engines (ICEs).



Friction in mechanical systems is a leading cause of energy loss [11,12]. The use of lubricants is an efficient strategy to reduce friction and excess heat in mechanical systems. Therefore, improving the properties of oils conserves energy and inhibits its loss in systems [13,14,15]. The following sections cover some results obtained from the previous studies.



Timofeeva et al. [16] investigated the thermophysical properties of SiO2/thermal oil nano-lubricant such as thermal conductivity, density, specific heat capacity and viscosity under the influence of variations in temperature and volume fraction. Cationic surfactant was used to disperse the nanoparticles in the base fluid. The results showed that the surfactant and silica nanoparticles improved the thermal conductivity of the oil. Dynamic viscosity of the nano-lubricant was increased depending on the volume fraction of the nanoparticles and the quantity of surfactant. However, no results were reported on the chemical properties of this surfactant over the base oil.



Deepak and Ram [17] studied the effect of using Titanium oxide nanoparticles on an SAE 20W-40 oil and a vegetable oil. They examined various properties of nanoparticles such as viscosity, flash point and fire point. The results showed an increase in the viscosity of nano lubricant compared to base oils, which is not a positive result. Furthermore, the flashpoint and fire point of non-vegetable base oil improved, respectively, by 12.73% and 12.20%.



Ilyas et al. [18] studied nano-oils containing alumina nanoparticles in a thermal oil. The range of oil volume fraction was from 0.5% to 3% by mass. The stability of nanofluids was investigated under varying conditions. The rheological behavior of nanofluids was examined at high shear rates. The thermal conductivity and specific heat capacity of the nano lubricant were measured. According to the results, a remarkable improvement occurred in the thermal properties of oils containing alumina nanoparticles.



Ma et al. [19] experimentally investigated the effect of adding zinc oxide nanoparticles to engine oil for improving its properties. They studied different properties, namely dynamic viscosity, cloud, freezing and flash points. The results show that the viscosity of nano-oil increased to 25.3%; however, this is not a positive achievement. Other oil properties, such as cloud point, freezing point and flash point, have been improved to 22.2, 19.4 and 7.2 percent, respectively.



Ahmadi et al. [20] studied the effect of MWCNT nanoparticles on the properties of engine oil in different volume fractions. Viscosity, thermal conductivity, combustion point and pour point were tested as four quality parameters impacting the oil efficacy. According to the results, thermal conductivity and combustion point of nano lubricant with a volume fraction of 0.1 were improved, respectively, by 13.2% and 6.7% compared to the base oil. Furthermore, the pour point in the volume fraction of 0.2 was improved by 3.3%. The viscosity of the nano-oil was further increased due to the tubular structure of the nanoparticles.



The different characteristics of lubrication, heat transfer capacity and oil efficacy in systems at hottest and coldest temperatures are leading factors, which can influence power-pumping, electricity consumption by the system, usage limits and system operating range. Therefore, it is crucial to achieving a nano lubricant with suitable viscosity and higher thermal performance as an alternative for the base oil. For reaching an applied nano-oil with higher efficiency in systems, it is essential to entirely study parameters, such as thermal conductivity, viscosity, flash point, cloud point and freezing point. It is not sufficient to study only one or two parameters separately. This study uses Graphene oxide nanoparticles to enhance oil performance. In this study, characterization of nanoparticle, nano lubricant stability, thermal conductivity, dynamic viscosity, flash point, freezing point and pour point of SAE 50 oil at different volume fractions were evaluated.




2. Experimental


2.1. Materials and Methods


Graphene oxide is a high potential nanoparticle. It has high thermal conductivity, high specific surface area (SSA), hydrophilicity, insolubility and low density. This experimental research was carried out using graphene oxide nanoparticles. They were purchased from US Research Nanomaterials Inc. for characterization of the surface and atomic structure using FESEM, TEM and XRD. The physical properties of graphene oxide nanosheets are presented in Table 1. These properties were introduced by the sealer office.



FESEM tests were performed using TESCAN-MIRA III. The FESEM test analyzed the morphology and structure of graphene oxide nanoparticles. The FESEM image in Figure 1 shows the planar structure of graphene oxide nanoparticles. Graphene Oxide particle has a one nano dimension and 2D microscale. The physical structure of a particle depends on the method of synthesis possess.



Scanning transmission electron microscopy (TEM) test was used to determine the structure of nanoparticles in detail. The analysis was carried out using the PHILIPS EM device, 100 Kv, manufactured by Netherlands. The obtained result is presented in Figure 2. Surface structure of nanoparticles are observed. The figure shows that nanoparticles have a sheet structure.



Normal XRD test was performed using PHILIPS-PW1730. The scan was conducted from 10 to 90 degrees. Step size and time per step were used 0.05 degrees and 1 s, respectively. The XRD analysis was carried out to investigate the crystal structure of graphene oxide nanoparticles. This analysis is also known as the Bragg formulation of X-ray diffraction. The XRD image of graphene oxide nanoparticles is shown in Figure 3. The atomic structure of graphene oxide nanoparticles is confirmed by the peaks generated. The peaks in graphene oxide nanoparticles were seen at 11.15° and 42.5°. The results of the XRD test presented are similar to the results of previous studies [21].



The engine oil used in this study was of SAE 50 type provided by Behran Oil company. Table 2 presents the oil specifications according to the manufacturer’s certification. The main thermophysical parameters of the oil are reported in the table below.




2.2. Preparation of Nano Lubricant


The method of preparing nanofluids influences the quality of dispersed nanoparticles in the base fluid. It is crucial to prevent the agglomeration of nanoparticles during the preparation process [22,23]. Instability and accumulation due to the intermolecular forces in nanoparticles cause variations in the thermophysical properties of nanofluids [24].



In this study, nano lubricant was produced by the two-step method. For dispersing the particles, magnetic processes and ultrasonic waves were used. The nanoparticles mass for different volume fractions was calculated using Equation (1). The nanoparticles mass also base oil for preparing nano lubricant are reported in Table 3. However, more volumes were used to measure both the freezing point and flash point.


  φ    ( % )  =    m  G O      m  G O   +  m  O i l     × 100  



(1)







Nanoparticles were mixed for an hour in the base oil using the IKA C-MAG HS7 digital magnetic stirrer. The mixture of nanoparticles and base oil was subjected to ultrasonic waves for 60 min to homogenize and break up the lumps of particles. The Hielscher UP400St Ultrasonic Processor (400 W, 24 kHz) was used intermittently. An photograph of the nano lubricant samples is presented in Figure 4.




2.3. Measurement of Thermal Conductivity


The thermal conductivity of nano lubricant was measured using the transient hot-wire method (THWM) and according to ASTM D2717-95 standard. In this research KD2-Pro thermal property analyzer (Decagon Device, USA) was used. Thermal conductivity was measured under varying temperature conditions ranging from 35 °C to 75 °C. The KS-1 sensor was used for measurement and the temperature bath (model WNB 7 Memmert) to stabilize the temperature was used. According to the certificate of the KD2-Pro thermal property analyzer, the results measure by the KS-1 sensor can have a maximum of 5% error. At first, the accuracy of the analyzer was cheeked by using Glycerin verification standard and also pure water. Secondly, the temperature bath and thermal property analyzer have been run and, for measuring, we must wait to find a stable temperature and isothermal situation in the system. In this research, every sample was measured at least three times and the error was calculated. In Figure 5, experimental setup is presented.




2.4. Measurement of Viscosity


Viscosity was measured according to the ASTM D789 standard. Brookfield Rotational Viscometer (DV2EXTRA-Pro) with a small sample adaptor was employed to measure the viscosity of different nano lubricant samples. During the measurement, the spindle speed and the allowable torque range were adjusted from 10 to 90; this range is recommended for the Brookfield viscosimeter. Viscosity is related to torque because the viscosity is typically measured with the reaction torque on the motor. Therefore, the viscous drag on the immersed spindle and the viscosity of the fluid are correlated. The accuracy of Viscometer system is ±1% and repeatability of ±0.2%. Given the direct effect of temperature on fluid viscosity, a circulating temperature control system with an accuracy of 0.1 °C was used to keep the temperature of the samples constant during the experiment. The temperature bath model LAUDA Alpha RA 8 was utilized for this section.




2.5. Measurement of the Flash Point


Flash Point is a property that determines the stability and safety of fluid at elevated temperatures. The higher flash point measures the limitation on the maximum operating temperature for machines. Measurements were made according to the ASTM D93 standard. The flash point was measured using the close cup method in the Pensky-Martens device. The maximum error is less than two percent. The measurement of flash point can be an efficient way to prevent explosions in storage tanks. According to the standard, 250 mL of each nano-lubricant sample was prepared to measure the flash point. The following Petrotest comprises a stirrer, thermometer, gas source, a brass cup, heater and temperature control system.




2.6. Measurement of Pure Point and Freezing Point


The pour point is the temperature below which the oil loses its functional characteristics and enters the freezing stage. The freezing point is the temperature at which hydrocarbon crystals form when cooling and the oil hardens despite the opacity. This property of the nano lubricant is vital in cold and negative temperatures. These properties of nano lubricants are measured according to the ASTM D97 standard. The cooling system utilized in this research was Protest with a power value of 1300 W. To increase the accuracy of the cloud point, it is necessary to determine the freezing point and then measure the cloud point by decreasing the temperature of the frozen oil. According to evaluation data, the measurement system has an error, less than two percent.





3. Results


3.1. Stability of Nano-Lubricant


For evaluation of the particle size of nanoparticles, a particle size analyzer, namely, the VASCOTM nanoparticle size analyzer made by Cordouan technologies company, was used. The test was done two times, after one day and 40 days. According to Stokes’ law, the stability of graphene oxide nanosheets in viscous oil is prolonged because of the properties of nanosheets. The nanoparticles have a high specific surface area (SSA) and a planar structure, which reduces the sedimentation velocity. Figure 5 shows the results in detail. The stability of nano lubricants in the long term is a critical feature in practical applications. The average particle size is visible by the device when the laser beam strikes the nanoparticles dispersed in the oil. Data on the nanoparticle size range are according to the Mie scattering theory [25]. The results were measured; the first time was after one day and then after 40 days. The results in Figure 6 are presented. It can be seen, the majority of particles size were in a nanoscale range even after 40 days. In addition, for the second test, the nano lubricant was in a static situation ultimately. The result is acceptable because there is not any agglomeration.




3.2. The Effect of Temperature and Volume Fraction on Thermal Conductivity


Figure 7 shows the impact of temperature on the thermal conductivity of base oil and nano lubricant containing graphene oxide in various volume fractions and temperature ranges of 35 to 75 °C. The most remarkable improvement in thermal conductivity is observed at the highest volume fraction and the highest temperature. The results show that with increasing temperature, the thermal conductivity of the base oil decreases, while the thermal conductivity of the nano lubricant raises in higher volume fractions. This increase is more visible at elevated temperatures because, at higher temperatures, the energy level, movement and vibration of molecules nano lubricants will be increased. The process of increasing temperature leads to the loosening of molecular bonds between fluid layers and increases the speed of molecules and displacement at the microscale and is one of the main reasons for increasing the thermal conductivity [26]. The use of solid nanoparticles was a cause of increasing the thermal conductivity in this experiment, with a high surface to volume ratio and thermal conductivity. This feature of nano lubricant can be precious for use in car engines.



The relative thermal conductivity at various temperatures and volume fractions is shown in Figure 8. This parameter is obtained by dividing the thermal conductivity of the nanofluid by the thermal conductivity of the base fluid. According to the results, the rate of thermal conductivity increases with increasing temperature. In this experiment, when the temperature rises, the molecules of the base fluid accelerate at high speeds, which cause the Brownian motion of the solid nanoparticles by accidental collision and impact on the surface of the nanoparticles, thereby increasing the thermal conductivity of the nanofluid [27,28]. The maximum improvement of thermal conductivity (9.73%) was observed at 75 °C and a volume fraction of 1%.



In Table 4, a comparison between the present result with previous studies for thermal conductivity is presented. According to the presented results, we can say thermal conductivity enhancement depends on many different parameters such as base fluid, nanomaterial, concentration and the method of nano oil preparation. Some carbon base materials are high thermal conductivity, while their shapes cause increase pumping and electricity power. Conclusively, improving the thermal conductivity of nano oils is very complicated and depending on many parameters.




3.3. Rheological Behavior of the Nano Lubricant


In the present study, the rheological behavior of the nano lubricant was investigated. For Newtonian fluids, the relation between the shear rate and shear stress is linear. In order to study the rheological behavior in various volume fractions, the result of shear stress was shown in Figure 9. It is clear that the behavior of nano lubricant is Newtonian and it is similar to the base oil.



Effects of temperature on rheological behavior were investigated and the nano lubricant had Newtonian behavior from 35 °C to 75 °C. The shear stress has a linear trend in all volume fractions, so only the results for 35 °C and 65 °C were presented.



Figure 10 shows that viscosity behavior does not depend on the shear rate in temperatures of 35 °C and 65 °C in various volume fractions. The results at different volume fractions show no significant changes in the viscosity behavior of the nano lubricant. However, increasing the temperature from 35 °C to 65 °C resulted in decreased viscosity of the nano lubricant.




3.4. The Effect of Temperature and Volume Fraction on Viscosity


Figure 11 depicts the results of the dynamic viscosity of the nano lubricant under the effect of varying volume fractions. These variations are such that in the same volume fraction, an increase in the temperature will remarkably diminish the dynamic viscosity of nano lubricant, which is a leading problem of oils in the industry. In liquid flows, especially oils, molecules can overcome the intermolecular adhesion forces under the influence of more energy with elevated temperature. Consequently, the viscosity decreases under increasing temperature. The results show that the viscosity has decreased sharply with an increase in temperature. Increasing the temperature will extend the distance between the molecules of the nanoparticles and the base fluid, thereby diminishing the resistance of the flow layers and the viscosity of the nano lubricant.



The highest viscosity is observed at the lowest temperature and the highest volume fraction. At elevated volume fractions and by adding graphene oxide nanoparticles to the base fluid, the flow resistance increases, i.e., the nanoparticles collide more with each other when moving randomly. The viscosity increases by increasing the volume of nanoparticles in a constant quantity of oil and the presence of Van der Waals force. This physical structure of the nanoparticle hinders the layers from moving on each other, consequently raising the viscosity.



According to previous research, we can see that the shape, size and volume fraction of nanoparticles directly affect dynamic viscosity [33,34]. According to the results, graphene oxide nanoparticles improved thermal conductivity of oil, while viscosity behavior did not change.



The viscosity ratio of the nano lubricant to the base oil (relative viscosity of the nano lubricant) is calculated as Equation (2):


  Re l a t i v e V i s cos i t y =    μ  n f      μ  b f      



(2)




where    μ  n f     is the viscosity of the nano lubricant and    μ  b f     is the viscosity of the base fluid.



Figure 12 shows the ratio of the viscosity of nano-lubricant to the base oil. Variations in the viscosity at lower temperatures are greater than at higher temperatures. The variation decreases with increasing temperature, which is an influential factor in heat and mass transfer applications, such as pumping power and other viscosity issues. Furthermore, the thermal conductivity increases at elevated temperatures. Therefore, the viscosity of nano oil is remarkably sensitive to temperature and volume fraction. Consequently, at low concentrations, due to the small volume of nanoparticles in the base oil, variations in the viscosity are not very severe. With increasing the volume fraction, variations in the relative viscosity increase significantly. The highest viscosity ratio 1.36 is observed at 35 °C and a volume fraction of 1%.




3.5. The Result of the Flash Point


The flash point is the lowest temperature at which oil turns into steam and forms an explosive mixture with air. At near the flash point, the oil ignites instantly and then goes out. Therefore, the flash point of an oil is a determining parameter for the temperature conditions of the oil. These physical properties are a measure of the degree of ignition and volatility of the oil. The addition of graphene oxide nanoparticles with different volume fractions improves the oil performance for very hot temperatures, which increases the range and operating conditions of the oil. The results are presented based on the volume fraction function in Figure 13. At best, the flash point of the nano lubricant improves by 8% compared to the base oil. The flash point increases from 235 °C to 254 °C. The addition of nanoparticles, even with a low volume fraction, can positively influence oil performance.



Deepak and Ram [17] used TiO2 nanoparticles to increase the flash point of SAE 20 W40 and virgin coconut oil. Their results have a similar increasing trend compare to our result for flash point. The maximum improvement for their result is greater than 8% that we could achieve by adding 1% graphene oxide nanoparticle. In addition, Ettefaghi et al. [20] reported flash point parameter for SAE 20 W50 oil is increased by using MWCNT, the maximum improvement of this property was 6.7%.




3.6. The Results of Freezing Point and Cloud Point


The allowable limit for using the oil in extremely cold temperatures is highly critical. In ICEs, the oil and engine temperatures are at their lowest level in the first. In this case, the system is at its lowest temperature and the maximum wear occurs if the lubrication system does not operate properly. The cloud point results, as well as the ratio of variations in the nano lubricant are presented in Figure 14. According to experimental results, when the oil temperature cools and a cloudy layer or halo of paraffin crystals forms inside it, the nano lubricant will perform more efficiently. At this temperature, nano lubricants do not easily lose their fluidity and can yet be applicable. The best conditions are created for the nano lubricant at the highest concentration and the rate of changes increases up to 13.3%. By comparing the results of this research with the previous one, it seems that Graphene oxide nanoparticles are more efficient; for instance, [19] reported by using 1.5% ZnO nanoparticle, the cloud point increased about 12%. In addition, we achieved a better result compare to Esmaeilzadeh et al. [31], but they used higher volume fractions and could find lower cloud point.



The freezing point of the nanoparticle was investigated under various volume fractions and the results are shown in Figure 15. The results show that the base oil reaches the freezing point at −17 °C. By adding nanoparticles to the oil, the freezing temperature of the oil increases. Nanoparticles exert beneficial effects. Positive variations are visible at the base oil, even in very low volume fractions. The lowest freezing temperature is related to the maximum volume fraction and its value is equal to −19 °C. The results of the ratio of variations in the nano lubricant to the base oil show that the variations in the volume increase more and more with rising the volume fraction. Improving this parameter prevents the oil from freezing in negative weather conditions because the range and conditions of using this nano oil are more than the base oil.



Ma et al. [19] by using ZnO nanoparticles could reduce the freezing point to −20.3 °C, while, in this research, by adding 1% Graphene oxide, we achieved −19 °C for SAE 50 oil. We investigated the stability of the GO/SAE-50 nonlubricated and we realized it has appropriate stability for higher volume fractions while by increasing it, SAE-50 oil will have a higher dynamic viscosity that might will not acceptable for systems wanted using this nano lubricant as a highly efficient alternative oil.





4. Conclusions


This study aimed to improve the properties of SAE 50 oil. The effect of using graphene oxide nanoparticles with various volume fractions were investigated. The two-step preparation is a suitable method for this nano lubricant. During the preparing process, the viscosity is decreased at elevated temperatures of the base oil under the conditions of using a magnetic stirrer. In this case, the nanoparticles are fully mixed with the base fluid and undergo homogenization by ultrasonic waves for 60 min. The DLS test evaluated the stability of the nano lubricant at two times, the stability of the nano-lubricant was acceptable.



	
The thermal conductivity of nano lubricant increases by temperature and volume fraction. The volume fraction is more effective in improving thermal conductivity than temperature.



	
The highest increase in thermal conductivity of nano lubricant (9.73% improvement compared to the base oil) was observed at 75 °C and a volume fraction of 1%.



	
The viscosity of the nano lubricant increases due to the use of nanoparticles. These variations will not positively influence the system. In contrast, the viscosity decreases sharply with increasing temperature at all volume fractions. Viscosity fluctuations are considerable and it seems that the increase in viscosity caused by nanoparticles does not have a meaningful effect.



	
The viscosity of the nano lubricant was increased to a maximum rate of 1.36 in the volume fraction of 1%. This value was recorded at 35 °C.



	
The flash point indicates the performance of the oil in hot seasons and especially at elevated temperatures. By adding nanoparticles, the flash point increased from 235 °C to 254 °C. This feature improves the oil performance at high temperatures.



	
The results of cloud point and freezing point show that the oil performance has improved in cold temperatures. In most cases, the values of cloud point and freezing point improve, respectively, by 13.3 and 12.9%. Under these conditions, this nano lubricant can be used instead of base oil at lower temperatures.



	
Finally, given the thermal properties of this nano lubricant over the base oil, it seems to perform more efficiently under warmer and colder working conditions.
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Figure 1. FESEM of graphene oxide nanoparticles. 
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Figure 2. TEM of graphene oxide nanoparticles. 
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Figure 3. XRD of graphene oxide nanoparticles. 
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Figure 4. Nano lubricant samples. 
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Figure 5. Experimental system for measuring thermal conductivity. 
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Figure 6. The distribution of graphene oxide nanoparticles in the oil-based at two times. 






Figure 6. The distribution of graphene oxide nanoparticles in the oil-based at two times.



[image: Energies 14 02886 g006]







[image: Energies 14 02886 g007 550] 





Figure 7. The effect of temperature on the thermal conductivity of nano lubricant in different volume fractions. 
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Figure 8. Thermal conductivity ratio of nano lubricant at different temperatures. 
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Figure 9. Rheological behavior of nano lubricant at 35 °C (left) and 65 °C (right). 






Figure 9. Rheological behavior of nano lubricant at 35 °C (left) and 65 °C (right).



[image: Energies 14 02886 g009]







[image: Energies 14 02886 g010 550] 





Figure 10. Viscosity behavior of nano lubricant at 35 °C (left) and 65 °C (right). 
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Figure 11. The impact of volume fraction on viscosity of nano lubricant in different temperature. 
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Figure 12. Relative viscosity of nano lubricant in various volume fractions. 
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Figure 13. Flash point of the nano lubricant (left) and its ratio (right). 
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Figure 14. Cloud point of the nano lubricant (left) and its ratio (right). 
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Figure 15. Freezing point of the nano lubricant (left) and its ratio (right). 
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Table 1. Physical properties of graphene oxide nanosheets.
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	Physical Property
	Value





	Appearance color
	Black



	Morphology shape
	Nanosheet



	Diameter (µm)
	~2



	Purity (%)
	99.5



	density (kg/m3)
	~1000



	Thickness (nm)
	3.4–7



	Number of layers
	6–10










[image: Table] 





Table 2. Characteristics of SAE 50 engine oil.
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	Characteristic
	Value





	Kinematic viscosity at 100 °C
	1.8 × 10−5 (m2/s)



	Viscosity Index (VI)
	90



	Flash point
	246 (°C)



	Pour point
	−9 (°C)



	Total base number (TBN)
	4.1 (mg KOH/g)



	Density at 15 °C
	906 (kg/cm3)



	Specific heat capacity
	1900 (J/(kg∙°C))
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Table 3. Nanoparticles mass and oil used to prepare 55 mL of nano-lubricant for each sample.
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	Sample
	Solid Volume Fraction (%)
	   m  G O    (g)
	   m  O i l    (g)



	1
	0.00
	0.000
	49.83



	2
	0.10
	0.055
	49.77



	3
	0.25
	0.137
	49.69



	4
	0.50
	0.275
	49.55



	5
	1.00
	0.550
	49.28
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Table 4. A comparison between this study and previous studies.
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	Reference
	Base-Fluid
	Nanoparticles
	Volume Fraction Range (%)
	Maximum Thermal Conductivity Enhancement (%)
	Temperature Range (°C)





	Present work
	SAE 50
	GO
	0.1–1
	9.73 at 75 °C
	35–75



	[29]
	SAE 50 engine oil
	ZnO
	0.125–1.5
	8.74 at 55 °C
	25–55



	[30]
	Jatropha seed oil
	MWCNTs
	0.2–0.8 wt%
	6.76 at 65 °C
	25–65



	[20]
	SAE 20 W50
	MWCNTs
	0.1–0.5 wt%
	22.7 at 20 °C
	Just 20



	[31]
	Drilling oil
	Bentonite
	1–2
	8.05 at 25.6 °C
	25.6–120.1



	[32]
	Vegetable oil
	Cu
	0.1–0.5
	13.97 at 30 °C
	Just 30
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