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Abstract

:

This article mainly concerns theoretical research on entropy generation influences due to heat transfer and flow in nanofluid suspensions. A conventional nanofluid of alumina-water (Al2O3-H2O) was considered as the fluid model. Due to the sensitivity of entropy to duct diameter, mini- and microchannels with diameters of 3 mm and 0.05 mm were considered, and a laminar flow regime was assumed. The conductivity and viscosity of two different nanofluid models were examined with the help of theoretical and experimentally determined parameter values. It was shown that order of the magnitude analysis can be used for estimating entropy generation characteristics of nanofluids in mini- and microchannels. It was found that using highly viscous alumina-water nanofluid under laminar flow regime in microchannels was not desirable. Thus, there is a need for the development of low viscosity alumina-water (Al2O3-H2O) nanofluids for use in microchannels under laminar flow condition. On the other hand, Al2O3-H2O nanofluid was a superior coolant under laminar flow regime in minichannels. The presented results also indicate that flow friction and thermal irreversibility are, respectively, more significant at lower and higher tube diameters.
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1. Introduction


In the past few decades, along with the continuous growth of industries and developments in nanotechnology, a need has arisen for more effective methods of cooling and for enhanced heat transfer characteristics. The heat transfer process is central to many engineering applications (i.e., car radiators, refrigerators, power generation plants, industrial heat exchangers, etc.). The performance of micro-electro-mechanical systems (MEMS) in heat transfer devices and engines is improved with the increasing ability of a fluid medium to transfer large amounts of heat through a small temperature difference, which enhances the efficiency of converting energy in these devices [1]. This circumstance has led to the appearance of a new group of coolants using nanofluids. The heat transfer performance of liquids including suspended solid nanopowders was investigated by Masuda et al. in 1993 [2]. Nonetheless, Choi was the first to introduce the notion of nanofluids in 1995 [3,4]. Nanofluids are a new generation of heat conducting fluids consisting of a base fluid with suspended nano-sized particles in the range of 1~100 nm. Because solid particles have higher thermal conductivity compared to the conventional base fluid, it is expected that the addition of solid nanoparticles would increase the effective thermal conductivity of the nanofluids [5,6]. For instance, the thermal conductivity of Cu (copper) is 700 and 3,000 times the heat conductivity of water and engine oil, respectively [7].



The heat transfer enhancement of nanofluids is due to an increase of the base fluid thermal conductivity due to the presence of nanoparticles. As expected, the addition of nanoparticles also increases the viscosity of the base fluid (for example, see [8]). Thus, evaluating the advantages of using nanofluids should not be considered purely on the basis of thermal conductivity [9]. Recent experimental evidence testifies that nanofluids exhibit viscosity and heat conductivity behaviors which are different from their theoretically calculated values. In particular, the experimentally observed viscosity values are more than the predicted theoretical values for particle suspensions.



Numerous studies have revealed the advantages of nanofluids over base fluids regarding higher thermal conductivity. A theoretical analysis of nanofluid flow was reported by Prasher et al. [10]. They compared the pressure drop of base fluids and nanofluids when the heat transfer coefficient for both fluids was equal. They indicated that replacing base fluids with nanofluids is advantageous only when the increment in conductivity is four times more than the increment in viscosity; that is, 4Ck > Cµ, where Ck is the conductivity coefficient and Cµ is the viscosity coefficient [10]. Similarly, Garg et al. [11] observed that if the diameter of the pipe through which the nanofluids flow remain sun changed, the use of a nanofluidis not helpful; however, if the pipe diameter increases proportionally to the thermal conductivity of the nanofluid, replacing the base fluid with a nanofluid, with Cµ < 5Ck as a coolant, becomes advantageous.



Typical evaluation techniques aim to achieve maximum heat transfer and are commonly used to assess heat exchanger performance. However, the increase of heat transfer does not essentially imply a decline in irreversibility [12,13]. Assessing irreversibility by measuring entropy generations an effective way of estimating whether a selected system is achieving an effectual goal or not [14]. Heat transfer through a finite temperature difference, chemical reaction, mixing, friction, and so on, is a key factor leading to the occurrence of irreversibility in a system, which causes what is known as entropy generation within the system [14,15,16]. According to the equations derived by Bejan [17,18] the entropy generation consists of two main parts: (a) losses due to frictional factors and (b) thermal irreversibility.



The goal of this study was to analyze the entropy generation in heat conducting nanofluids and to assess the benefits and disadvantages of nanofluids compared to the base fluids. While the analysis could be applied to any nanofluid, an alumina-water nanofluid is used as the model due to the accessibility of its physical properties. To estimate the exergetic characteristics of nanofluids, the influences of tube diameter, fluid properties and the particle concentration on the rate of entropy generation are investigated. Based on the simulation results, recommendations on the advantageous use of nanofluids for convective thermal transport are made.




2. Methodology


The fundamental equations governing entropy generation in a heat conducting duct of diameter D was given by Bejan [17,18].Accordingly, the rate of entropy generation is given as:
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(1)




where    Re = 4 ṁ / π µ D    is the Reynolds number and    f = 64 / Re   .



It is seen that Equation (1) consists of two parts. The first part contains the entropy generation due to frictional behavior where some parameters such as ṁ, ρ, Re and     D 2     play a significant role. The second part is entropy generation due to heat transfer. For a fully developed laminar flow regime in a channel, the Nusselt number is independent of axial location, Prandtl number, and Reynolds number and is given as Nu = 4.365. Then the Bejan equation is simplified to:
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(2)







Defining     Z 1  =   128  ṁ 2     D 4  π      and     Z 2  =    D 2  π  q  ″ 2     4.365     , Equation (2) may be restated as:


    Ṡ  gen   =    Z 1  µ   T   ρ  2    +    Z 2      kT  2      



(3)







The ratio of entropy generation in the nanofluid to that in the base fluid is given as:


      Ṡ genNF     Ṡ genBF    =  (     K  BF      K  NF      )     (     T  BF      T  NF      )   2     (     ρ  BF      ρ  NF      )   2   (     Z  2 NF      ρ 2   NF  +  Z  1 NF    µ  NF    T  NF    K  NF      Z  2 BF      ρ 2   BF  +  Z  1 BF    µ  BF    T  BF    K  BF      )    



(4)







This fraction compares the entropy generation rate in the nanofluid and base fluid. It is obvious that for higher efficiency, less irreversibility and less entropy generation must occur. Therefore, the entropy generation rate in the nanofluid must be less than that in the base fluid; hence, Ṡgen,NF/Ṡgen,BF ˂ 1 [9].



2.1. Thermal Properties of Nanofluids


The properties such as specific heat, density, viscosity, and thermal conductivity as used in Equation (4) should be known. According to many studies on the thermal conductivity of nanofluids, it plays a significant role in the heat transfer of nanofluids; and it has been shown that this parameter has a higher value than that obtained from the Hamilton-Cross theory [19]. Effective thermal conductivity according to Hamilton-Cross is given as:


      K  e f f   =  K f  [  K p  +  (  n − 1    )   K  B F   −  (  n − 1  )  ф  (   K BF  −  K p   )     [   K P  +  (  n − 1  )   K  B F   +  (   K  B F   −  K p   )  ф  ]      



(5)







In this formula different values are obtained for varying shapes. For instance, at high thermal conductivity for spherical particles, Equation (5) reduces to [20]:


    K  eff   =  k f   (  1 + 3 ф  )    



(6)







Nanofluid thermal conductivity and viscosity can be obtained via Equations (7) and (8):


    K  N F   =  K  B F   ( 1 +  C k  ф )   



(7)






    µ  N F   =  µ  B F   ( 1 +  C µ  ф )   



(8)




where Ck is the conductivity coefficient and Cµ is the viscosity coefficient. Using the data for alumina-water nanofluid from the literature [21,22,23,24,25], the variation of conductivity ratio with solid volume fraction is plotted in Figure 1. It is seen that the majority of the data were located near a straight line that corresponds to Ck = 4. Therefore, the experimental value for alumina-water nanofluid thermal conductivity is given by Equation (7) with Ck = 4.
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Figure 1. Variation of conductivity ratio with volume fraction based on the data of [21,22,23,24,25]. 






Figure 1. Variation of conductivity ratio with volume fraction based on the data of [21,22,23,24,25].



[image: Entropy 15 00144 g001]





The corresponding data for viscosity of alumina-water nanofluid is plotted in Figure 2. Again a linear fit with Cµ = 10 is observed.
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Figure 2. Variation of viscosity ratio with volume fraction based on the data of [26,27,28]. 
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Heat transfer in nanofluids is assessed according to two methods when considering Ck and Cµ, where one is calculated from the Hamilton-Cross and Einstein equations for the highly dilute suspensions and the other is based on the experimental data (Cµ = 10 and Ck = 4). It is acceptable for the values of Cµ and Ck to be between the set two limits.



According to Bergman[29], the trend of density and specific heat of nanofluids is assumed to be similar to that of other mixtures. It has been demonstrated that specific heat evaluated on mass fraction basis is more accurate than that based on volume fraction. That is :


    C   p  NF     =    (   C  pf    ρ f   (  1 − ф  )  +  ρ p    фC    P p     )     ρ  f     (  1 −  ф  )  +   ρ  p  ф     



(9)







Also, nanofluid total density is given as:


    ρ  NF   =  ρ f  ( 1 − ф ) +  ρ p  ф   



(10)







It is assumed that some particle parameters affect the entropy generation ratio, but Equation (4) presents an entropy generation ratio with approximated parameter values. By applying approximation, the entropy generation equation becomes simplified. This simple entropy generation ratio form is called predicted value. In the present study, the parameters remain constant at a temperature rise of about 5°C. This paper investigates heat transfer by applying approximation to the Bejan equation under laminar condition in micro- and mini channels.




2.2. Microchannels


By considering Equation (4) and the definition of a microchannel (0.05 mm) for evaluating the entropy generation ratio, using the values of parameters: (T∝ 10^2, K∝ 1, ṁ∝ 10^ (-4), q" ∝ 10^2, µ∝ 10^ (-3), D∝ 10^ (-4), ρ∝ 10^3), it follows that Z1µKT∝ 109, Z2ρ2∝ 106, and Z2ρ2 are negligible compared to Z1µKT. Therefore:


      Ṡ genNF     Ṡ genBF    =  (     T BF     T NF     )   (     µ NF     µ BF     )   (       ρ 2   BF       ρ 2   NF     )    



(11)




since     T  NF   ≅  T  BF     .



Hence, after simplification:


      Ṡ  genNF      Ṡ genBF    =  (     µ NF     µ BF     )   (       ρ 2   BF       ρ 2   NF     )  ≈   1 + 10 ϕ    (  1 + (    ρ P     ρ  B F     − 1 ) ϕ  )      



(12)




where Equations (8) and (10) are used. Since the density ratio ρP/ρBF is always less than 1, the ratio given by Equation (12) is always more than unity. Therefore, the use of nanofluids in microchannels under laminar flow regime is not recommended.




2.3. Minichannels


Again, by applying Equation (4) to the laminar condition for a minichannel of 3 mm diameter, (T∝ 102, K∝ 1, ṁ∝ 10(−3), D∝ 10(−3), ρ∝ 103, µ∝10(−3), q" ∝ 104), we find Z2ρ2∝ 108 and Z1µKT ∝ 107.It is seen that the orders of terms Z1µKT and Z2ρ2 are comparable for laminar flows in a minichannel. Thus, all parameters affect the entropy generation ratio in this case, and the result depends on the operating conditions. It is then possible to assess the effectiveness of a nanofluid for different applications. In particular, the equation for heat transfer of nanofluids in a minichannel needs to be included in the analysis. Depending on the physical properties of the nanofluids and the flow conditions, the use of nanofluids in minichannels may or may not be advantageous. The parameters for calculating entropy generation are presented in Table 1.
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Table 1. The parameters for calculating Entropy Generation.
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All the input data for calculation






	
Data

	
Values




	
Tin

	
300 K




	
∆T = (Tout-Tin)

	
5 K




	
Length of channel

	
1 m




	
Base fluid (water) density

	
1,000 kg/m3




	
Base fluid conductivity

	
0.6 W/mK




	
Base fluid viscosity

	
0.001 N s/m2




	
Base fluid Cp

	
4,180 kJ/kg K




	
Particle (alumina) density

	
3,900 kg/m3




	
Particle conductivity

	
40 W/m K




	
Particle Cp

	
880 kJ/kg K




	
Laminar flows

	




	
(Friction factor) ƒ

	
64/Re




	
(Heat flux) q''

	
2,500 (w/m2)




	
(Reynolds) Re

	
1,500




	
(Nusselt) Nu

	
48/11








D = 3 mm; Re = 1,500; q" = 2,500 (w/m2); T = 300 K.







All calculation results for different volume fractions are presented in Table 2 and Table 3.
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Table 2. Laminar flow regime, fully developed.
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The calculation of entropy generation in microchannel




	

	
Base Fluid

	
Nanofluid






	
Volume Fraction

	
0

	
0.02

	
0.06

	
0.1

	
0.14




	
Ṡgen, thermal (kJ/kgK)

	
2.083E-7

	
1.929E-7

	
1.679E-7

	
1.488E-7

	
1.3354E-7




	
Ṡgen, frictional (kJ/kgK)

	
0.0754

	
0.116384

	
0.2241

	
0.36246

	
0.46401




	
Total (kJ/kgK)

	
0.0754

	
0.116385

	
0.2241

	
0.36246

	
0.46401




	
Be (Bejan number)

	

	
3.76E-7

	
2.7E-7

	
2.7E-7

	
1.92E-7
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Table 3. Laminar flow regime, fully developed.
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The calculations of entropy generation in minichannels




	

	
Base Fluid

	
Nanofluid






	
Volume Fraction

	
0

	
0.02

	
0.06

	
0.1

	
0.14




	
Ṡgen, thermal (kJ/kgK)

	
7.4994E-4

	
6.944E-4

	
6.048E-4

	
5.357E-4

	
4.801E-4




	
Ṡgen, frictional (kJ/kgK)

	
2.0942E-5

	
3.233E-5

	
6.224E-5

	
1.007E-4

	
1.464E-4




	
total (kJ/kgK)

	
7.7088E-4

	
7.267E-4

	
6.67E-4

	
6.364E-4

	
6.272E-4




	
Be (Bejan number)

	

	
1.256

	
1.397

	
1.594

	
1.873









Figure 3 shows the variation of ratio of entropy generate rate of nanofluids to that of the base fluid in a microchannel as a function of solid volume fraction. It is seen that the entropy generation ratio increases with an increase in the solid volume fraction. As noted before, in microchannels, the increase in the density cannot compensate for increased viscosity, and the entropy generation rate is higher than unity. Therefore, the use of a nanofluid under this condition is not recommended.
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Figure 3. Entropy generation rate ratio in microchannels. 
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Figure 4 shows the variation of the ratio of entropy generation rate of nanofluids to that of the base fluid in a minichannel as a function of solid volume fraction. It is seen that ṠgenNF/ṠgenBF decreases with an increase in volume fraction.
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Figure 4. Entropy generation rate ratio in minichannels. 
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Based on Equations (8), (10) and (12), both Cµ and     ρ  N F      increase when the volume fraction increases. In this type of minichannel, the influence of the     ρ  N F      increment on the decrement of the entropy generation ratio is more significant than the entropy generation ratio increment due to the increase of     µ NF     for any volume fraction. Therefore, in this minichannel the ratio of entropy generation for laminar flow is always lower than unity, and using nanofluids in the minichannel is advantageous.



Figure 5 compares the variation of entropy generation from thermal and frictional irreversibility in microchannels for laminar flow regime. It is observed that the thermal irreversibility declines with the increase of volume fraction, while the frictional irreversibility increases. The increase in frictional entropy generation, however, is much larger than the decrease in the thermal entropy production. The contribution of thermal entropy generation is negligibly small in this case. Therefore, the total entropy production increases.
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Figure 5. Entropy generation in microchannels. 
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Figure 6 shows the variations of entropy generation from thermal and frictional irreversibility in minichannels. Similar to the trend in microchannels, the thermal irreversibility decreases with an increase of volume fraction, and the frictional irreversibility increases. The drop in the thermal irreversibility, however, is so significant that it overwhelms the effect of the frictional irreversibility increase. As a result, the net entropy generation decreases.



The Bejan number is a dimensionless number defined as the entropy generation ratio of the thermal irreversibility over the total entropy generation [30,31]. That is:


   Be =    Ṡ  gen ∆ T      Ṡ  gen ∆ P   +  Ṡ  gen ∆ T       



(13)




where:

	
    Ṡ  gen ∆ T      = entropy generation due to thermal irreversibility and



	
    Ṡ  gen ∆ P      = entropy generation due to frictional irreversibility.
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Figure 6. Entropy generation in minichannels. 
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Thus, the Bejan number indicates the fraction of thermal entropy generation compared to the total entropy generation. In another words, this number shows the enhancement in thermal irreversibility for different channels in different flow regimes. Finite temperature difference between the wall of the tube and the fluid generates larger irreversibility for larger channel diameters in comparison to smaller diameters. However for the microchannels, the friction irreversibility becomes overwhelms the entropy generation of the thermal irreversibility and the Bejan number becomes very small. At lower diameters for flows in microchannels, while the frictional irreversibility is still significant, and the thermal entropy production is dominant and becomes the main factor in raising the rate of entropy generation; thus, the Bejan (Be) number becomes near 1.



Figure 7 and Figure 8 display the variation of the Bejan numbers (Be) with solid volume fraction in the micro- and minichannels. It is seen that the Be number for both cases follow a decreasing trend with the increase in solid volume fraction. In the microchannel the Be number is very small implying that the generation of thermal irreversibility is negligible compared with the frictional entropy generation. For minichannels, however, Be is of the order of 0.8–1, indicating that the thermal effects are the main contributor to the entropy generation.
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Figure 7. Bejan number (Be) for microchannels. 
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As it can be seen in Figure 5, the variation range of     Ṡ  gen ∆ P      versus the volume fraction is much more than the variation range of     Ṡ  gen ∆ T      versus the volume fraction. Therefore, in the expression for the Bejan number, the variation of the denominator is much higher than that of the nominator. This trend is clearly seen in Figure 7. For a volume fraction less than 0.06, the Bejan number variation is affected by     Ṡ  gen ∆ T      fluctuation. So when the volume fraction is greater than 0.06, the influence of     Ṡ  gen ∆ P      becomes more significant and then the cure slope becomes low.
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Figure 8. Bejan number (Be) number for minichannels. 






Figure 8. Bejan number (Be) number for minichannels.
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4. Conclusions


In this study, the entropy generation in nanofluids was evaluated using two different models for conductivity and viscosity. For alumina-water (Al2O3-H2O) nanofluid under laminar flow regime in microchannels, it was observed that the ratio of entropy generation for the nanofluid over the base fluid is higher than unity, and the ratio increases with the increase in solid volume fraction. Therefore, the use of the alumina-water nanofluids in microchannels is not recommended. In minichannels, however, the entropy generation rate ratio is less than one and decreases with each increment in solid volume fraction. Therefore, the application of alumina-water nanofluids to a minichannel is advantageous.
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Nomenclature










	Ф
	volume fraction
	Cp
	Specific heat J/KG. k



	ƒ
	friction factor
	K
	thermal conductivity



	D
	diameter of tube, m
	N
	shape constant



	Nu
	Nusselt Number
	Ρ
	density



	Re
	Reynolds Number
	ṁ
	mass flow rate



	Be
	Bejan Number
	µ
	Viscosity



	Ṡgen
	entropy generation per unit length, W/m.k
	Subscript
	



	   q "   
	heat flux per unit length, W/m
	BF
	base fluid



	Cµ
	viscosity coefficient
	NF
	nanofluid



	Ck
	thermal conductivity coefficient
	P
	nanoparticles
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