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Abstract
This study focuses on the estimating the exergy efficiency of a refrigerator when the friction in its compressor is reduced due to using nanolubricants. There are three types of compressors, which are investigated in this study namely: 1-reciprocating compressor 2-linear compressor with refrigerant R134a 3-linear compressor with refrigerant R600a. To achieve the objective of this study, the required formulas for every types of compressors used are derived. It is found that adding different volume fractions of fullerene nanoparticles to the mineral oil and using it as a lubricant, improves the exergy efficiency of the refrigerator. The maximum exergy efficiency improvement by adding fullerene nanoparticles with the 0.5% volume fraction to mineral oil in reciprocating compressor is about 16%. The exergy efficiency improvement by using the same nanolubricant in the linear compressors with refrigerant R134a and R600a is around 10% and 14%, respectively.
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Nomenclature
s
COP
Coefficient of performance
  η
Kinematic viscosity 
COP
rev
Reversible coefficient of performance
  v
Rotating speed
f 
Friction coefficient of lubricant 
  p
Normal force
f '
Friction coefficient of nanolubricant 
 ∆S 
The change of entropy 
q
L
The absorbed heat from inside of refrigerator 
 T
0
 
The initial environment temperature 
η
E
Exergy efficiency of refrigerator
 W
Total work
  
η
E
'
Exergy efficiency of refrigerator using nanolubricant 
COP'      Coefficient of performance of refrigerator using nanolubricant
M           Ratio of nanolubricant friction coefficient to lubricant friction coefficient 
)
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1. Introduction
     In 1873, the concept of exergy was developed by J. Willard Gibbs [1], and during last decades exergy analysis was considered as an important key in the thermodynamic science [2-10]. In exergy analysis, the principles of mass conservation, energy conservation and the second law of thermodynamic are the appliances in order to design, assessment, improvement and optimization of an energy system [2, 11-15].
     Today, depleting the natural energy resources and increasing the cost of energy led to develop the high advanced energy system [15-24]. More than this, the usage of nanotechnology in different fields of engineering and effective feature of nanoparticles encourages engineers to apply this technology as much as possible. Different works and researches have been done for applying exergy and energy analysis and using renewable energy and utilizing nanotechnology [25-32], in this work the exergy efficiency of a refrigerator which is using nanolubrication is investigated.
     One of the most significant causes in irreversibilities of a system is friction and there are many works to apply the nanolubricants to reduce the rubbing friction. In this study, based on the experimental works which were held by Lee and Kwangho and etc. [33, 34] the change of friction coefficient by adding nanoparticles to the lubricant are used as initial data for estimating the exergy efficiency of three different compressors such as reciprocating compressor, linear compressor with refrigerant R134a and linear compressor with refrigerant R600a. The equation for calculating the exergy efficiency is derived, and the results for the mentioned compressors are illustrated.
     The derived formulas and the obtained results can be used in order to improve and optimize the performance of a refrigerator due to the exergy efficiency. The objective of this study is to estimate the exergy efficiency of a refrigerator which is using nanolubricants.

2. Methodology
2.1. Mathematical formulation to estimate the exergy efficiency of a refrigerator which is using nanolubricants 
The maximum amount of work that is potentially possible to be generated by a flow or system until it reaches equilibrium with the surrounding environment is known as exergy. Exergy is a tool to evaluate the changes of a system which is not completely in stable equilibrium with environment. Exergy analysis aims to determine the causes of irreversibilities and calculate the amount of exergy which is destroyed due to irreversibilities [35]. Exergy efficiency is a measure that determines the amount of possible efficiency improvement of a system.

The exergy efficiency of refrigerator could be expressed by the following formula [1]:  
                                                                                                          
For both refrigerators with and without nanolubricant, COPrev is the same, therefore it can be written:                                                                                                              


In the Eq. 2 and all the following equations the notation ( ' ) shows the properties of the refrigerator using nanolubricant in its compressor. Also we have: 


The amount of qL is the same for both refrigerators with and without nanolubricant, thus the fraction of exergy efficiency of these refrigerators can be determined by using equation 4:


In this study, it has been focused on the effect of using nanolubricant on the exergy efficiency of refrigerators through reducing rubbing friction. The energy loss due to the friction is shown in equation 5. On the other hand, Wfriction can be determined by equation 6:  



By using equations 5 and 6 it can be written:     
                                                                                                    
				     

The fraction of Wfriction and Wfriction is considered as variable M (Eq. 8). Therefore by using equation 7 and 8 there is:              
        

From equations 4, 6 and 9 the equation 10 is derived. As can be seen by using this equation the fraction of the exergy efficiency of a refrigerator with and without using nanolubricant, can be calculated.   


                                                    
2.2. Friction reduction by nano-additives in lubricants

2.2.1. Lubrication regimes and the Stribeck curve

     The Stribeck curve can be used to study the friction behavior [36, 37]. In this curve the coefficient of friction is shown as a function of ην∕p where η is kinematic viscosity, v is rotating speed and p is normal force. It includes three lubrication regimes namely mixed lubrication, hydrodynamic and boundary. In the boundary lubrication regime which occurs when ην∕p is low, the friction coefficient is completely depending on the properties of contacting surfaces. On the other hand, the friction coefficient is related to the properties of lubrication film in the hydrodynamic lubrication regime. Hydrodynamic lubrication regime happens when ην∕p is high. Between these two regimes, there is a mixed lubrication regime. In this regime the friction coefficient, is influenced by both properties of contacting surfaces and lubrication film [38].
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Fig.1. Different regimes of lubrication in the Stribeck curve [38].

2.2.2. Fullerene nanoparticles additives
     In an experiment conducted by Lee et al. [33], the friction coefficients of some nano-oils are determined. The applied nano-oils in this experiment namely nano-oils I, II, III and IV are made by adding the different volume fractions of fullerene nanoparticles to the raw mineral oil. 
     The different amounts of the friction coefficients for the used nano-oils and the mineral oil are shown in Fig. 2. The amount of the fixed rotating speed for this test was 1000 rpm. As can be seen in Fig. 2, by increasing the normal force the friction coefficients of both oils are increased. It is found that adding more fullerene nanoparticles to the lubricant has a positive effect on the lubrication characteristics of oils. The nano-oil IV has the least amount of friction coefficient among other different nano-oils. 
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Fig. 2. Results of the friction coefficient of nano-oils in different loads [33].

     The Stribeck curves of the nano-oils I, II, III and IV and raw mineral oil are shown in Fig. 3. When the load becomes more than 200N (ην∕p≤200) the friction coefficients of nano-oils I, II, III and IV increase. For the load above 200N, the temperature of the oils is increased due to the contact between surfaces increases and therefore the viscosity is decreased. In the boundary lubrication regime, increasing the normal force has the most effect on the friction coefficient.
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Fig. 3. Relation between ην∕p and friction coefficients for various nano-oils [33].

In another experimental work by Hwang at al. [34], the friction coefficient of the mineral oil and nano-oils I, II are determined in different loads by using the tribotester with type of disk-on-disk. Table 1 presents the different conditions of the test in this experimental work.         
    Table 1.The condition of test disk-on-disk type tribotester [34]
	Component
	Amount

	Axial force 
	0-1200 (N)

	Size of nanoparticles 
	~10 (nm)

	Rotating speed 
	1000 (rpm)

	Additive
	Fullerene (C60) Nanoparticles

	Specific gravity of raw oil and nanoparticles
	0.866 and 1.6

	Refrigerant oil
	nano-oil, mineral oil 









[image: ]     In the mentioned experimental work two nano-oils are used, which are provided by adding fullerene nanoparticles to the raw mineral oil. These nano-oils are called nano-oil I with 0.01% volume fraction and nano-oil II with 0.1%. The test is done under the 300 N to 1200N load that 300N load was added in every thirty minutes and the rotation of disks is fixed with amount of 1000 rpm. Because of polishing effect between nanoparticles two results are obtained. The first result shows the initial transient stage and the second one gives the steady state stage. The results in steady state stage are obtained by repeating the test until the effect of the polishing is disappeared. Fig. 4 shows the results in the transient stage. The amount of friction coefficient for mineral oil is steady at load 300N and by increasing the amount of load it increases. Fig. 4 also shows that at load 900N the friction coefficient for nano-oils decreased while the friction coefficient of the raw mineral oil increases and the regime becomes near to the boundary lubrication. 











Fig. 4. The friction coefficients for the mineral oil and nano-oils in the transient stage [34].

[image: ]In the steady state stage the friction coefficient in different normal force is shown in Fig. 5. When there is no polishing effect the amount of friction coefficient is constant in each step of loads. The amount of friction coefficient for mineral oil is 0.1 at load 1200N and the regime is near to the boundary lubrication. The friction coefficient for nano-oil I and II is around 0.05 and 0.01, respectively and it means that for nano-oil I and II the regime remains in hydrodynamic lubrication [image: ]regime.

 








Fig. 5. Results of the friction coefficient in steady state stage [34].

3. Results and discussion
The exergy efficiency improvement of different types of refrigerators which use three different compressors with different lubricant and nanolubricants is calculated by using derived Eq. 10. Based on this equation, the ratio of energy losses to input energy (wfriction/w) and ratio of nanolubricant friction coefficient to lubricant friction coefficient (M) the exergy efficiency improvement can be determined for any cases. In this study based on the experimental works were done by Lee, J., et al. [33] and Kim, J., et al. [39] the exergy efficiency improvement for three kind of refrigerators determined. These three types of refrigerators use reciprocating compressor, linear compressor with refrigerant R134a and linear compressor with refrigerant R600a. It is assumed that the used nanolubricant in these compressors is mineral oil with added different volume fractions of fullerene nanoparticles.
     For a refrigerator with reciprocating compressor the relation between energy loss due to the friction and the input energy is as follow [39]:    
                                       
By using Eq. 10 and 11 it can be written for reciprocating compressor:  
 
  
                                                                                                              

For linear compressor with refrigerant R134a [39]:

As the result of Eq. 10 and 14 for linear compressor with refrigerant R134a:



For linear compressor with refrigerant R600a it can be written [39]: 

Also for linear compressor with refrigerant R600a based on Eq. 10 and 17 there is:



[image: ]In the achieved equations (Eq. 13, 16, 19), the amount of "M" as variable, can be calculated as a function of load based on Fig. 2. Therefore percentage of exergy efficiency improvement can be estimated as a function of load for the different nano-oils by applying these achieved equations. The estimated exergy efficiency improvement for the nano-oils used in the linear compressor R134a, the linear compressor R600a and the reciprocating compressor has been shown in Fig.s 6, 7 and 8 respectively. 











Fig. 6. Exergy efficiency improvement of the reciprocating compressor using nanolubricant.

[image: ]










Fig. 7. Exergy efficiency improvement of linear compressor using nanolubricant with refrigerant R134a.
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Fig. 8. Exergy efficiency improvement of linear compressor using nanolubricant with refrigerant R600a.

     As it can be seen in these figures (Fig. 6, 7, 8), the nano-oil IV with 0.5% volume fraction of fullerene nanoparticles has the best quality in the improvement of exergy efficiency of refrigerators. The maximum amount of this improvement happens under the load of 500N in the reciprocating compressor with the amount of 16.2%. The maximum amount of exergy efficiency improvement for the both linear compressor with refrigerants R134a and R600a using nano-oil IV happens under the load of 400N with the amounts of 10.25% and 13.75% respectively. 
     On the other hand, using nano-oils I, II and III in all three kinds of compressors causes an improvement in the exergy efficiency and this improvement decreases with the increase of load. 

4. Conclusions
     In this study, the required formulas for calculating the exergy efficiency improvement of the refrigerator with using nanolubricants compared to one without using nanolubricants are derived. The compressors of the refrigerators which are investigated in this study are: 1-reciprocating compressor 2-linear compressor with refrigerant R134a 3-linear compressor with refrigerant R600a. The considered nanolubricant in this work is mineral oil with added different fraction of fullerene. As the result, it is found that the exergy efficiency of the refrigerator is improved by using this nanolubricant. Fig.s 6, 7 and 8 illustrate the achieved results of exergy efficiency improvement of reciprocating compressor, linear compressor with refrigerant R134a and linear compressor with refrigerant R600a, respectively. Based on Fig. 6 for the reciprocating compressor, the maximum exergy efficiency improvement by using nanolubricant with volume fraction of 0.5%, is estimated around 16%. The exergy efficiency improvement by using the same volume fraction of fullerene nanoparticles in linear compressor with refrigerant R134a and R600a is calculated around 10% and 14%, respectively.
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