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Abstract. 
This paper investigates the entropy generation in a third-grade fluid flow with variable properties through a channel. Approximate solutions to the nonlinear boundary-value problem are obtained using Adomian decomposition method (ADM). Variation of important parameters on the fluid velocity, temperature distribution, entropy generation and irreversibility ratio are presented graphically and discussed.


1. Introduction
Over the past few decades, there has been a tremendous increase in the study of heat transfer to viscous fluids due to its numerous applications in many industrial and engineering processes. As postulated in the second law of thermodynamics, the study could give insight into the thermal performance of the system by improving energy that is available for work [1, 2].
In the class of third-grade fluid, quite a lot has been done in recent times on entropy generation by assuming a constant thermal conductivity. For instance, Pakdemirli and Yilbas investigated the entropy generation in the flow of third-grade fluid through a pipe with constant viscosity in [3] while the temperature dependent viscosity has been investigated in [4] by using Vogel model. We refer interested readers to [5–14] for more interesting results on third-grade fluid flow. Moreover, Makinde and Aziz [15] presented the second law analysis of a pressure-driven temperature dependent fluid flow with asymmetry at the walls. Kahraman and Yürüsoy [16] examined the entropy generation due to non-Newtonian fluid flow in an annular pipe with relative rotation using a third-grade fluid model while Chauhan and Kumar [17] presented a non-Newtonian third-grade fluid flow in an annulus partially filled by a porous medium of very small permeability and many more results on entropy generation in literature.
Surprisingly, in spite of the enormous amount of work done on the entropy generation, it is observed that not much has been done on the exergy analysis of third-grade fluid flow with variable thermal conductivity and internal heat generation. As shown by Hayat et al. [18], these variations can significantly affect the flow field. Hence a more accurate result could be obtained by taking these variations into consideration.
Therefore, the specific objective of this paper is to investigate the entropy generation in the flow of third-grade fluid channel flow with temperature dependent properties. The problem under discussion is strongly nonlinear boundary valued problem. Approximate solution will be obtained using Adomian decomposition method as presented by Siddiqui et al. [19] for the third-grade fluid flow. Therefore, in the absence of internal heat generation and neglecting variations with temperature, the result obtained in [19] will be fully recovered. The seminumerical method has also been used to obtain approximate solution to different fluid flow problems in [20–22]. To the best of the author’s knowledge, the study reported here on entropy generation in a heat generating third-grade fluid flow with variable properties has not been undertaken in literature.
The rest of the paper is organized as follows. In the following section, the mathematical analysis of the flow is presented. Section 3 describes the method of obtaining the approximate solution of the nonlinear problem. In Section 4, results are presented and discussed before the paper is concluded in Section 5.
2. Mathematical Analysis
Consider the steady flow of a third-grade fluid with variable viscosity and thermal conductivity through infinite parallel plates of distance 2a apart as shown in Figure 1.





	
		
		
			
		
		
			
		
	




	
		
			
		
			
		
	


	
		
	
	
		
	
	
		
	
	
		
		
	
	
		
	
	
		
	
	
		
	
	
		
	


	
		
	
	
		
	
	
		
	
	
		
		
	
	
		
	
	
		
	
	
		
	
	
		
	


	
		
	


	
		
	


	
		
	


	
		
	
	
		
	
	
		
	


	
		
	
	
		
	
	
		
	





Figure 1: Channel geometry.


The fluid is assumed to be reactive and internal heat generation is assumed to be a linear function of temperature. Then the governing equations for the fully developed flow can be written as [15, 18]
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					and the entropy generation is given as
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					with appropriate boundary conditions 
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					the temperature dependent viscosity and thermal conductivity take the form
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Introducing the following dimensionless parameters and variables:
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					we get the following dimensionless equations together with appropriate boundary conditions:
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					then the irreversibility ratio denoted by Bejan number (Be) can be written as
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 is the dimensionless velocity, 
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 is the viscosity variation parameter, 
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 is the third-grade material effect, 
	
		
			

				𝐺
			

		
	
 is the pressure gradient, 
	
		
			

				𝜃
			

		
	
 is the dimensionless fluid temperature, 
	
		
			

				𝜆
			

		
	
 is the thermal conductivity variation parameter, 
	
		
			
				B
				r
			

		
	
 is Brinkman number, 
	
		
			

				𝛿
			

		
	
 is the internal heat generation parameter, 
	
		
			

				Ω
			

		
	
 is the parameter that measures the temperature difference between the two heat reservoirs, 
	
		
			

				𝑁
			

			

				𝑠
			

		
	
 is the dimensionless entropy generation rate, and 
	
		
			

				𝑈
			

		
	
 represents the characteristic velocity.
3. Adomian Decomposition Method of Solution 
The integral form of (6) can be written as
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					substituting (11) into the integral equations (10) yields the following recursive algorithm:
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 represent the truncation point. The nonlinear terms in (12) represented by 
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				2
			

			

				𝑢
			

			

				0
			

			
				
			
			
				𝑑
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				,
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				=
				𝑑
				𝜃
			

			

				0
			

			
				
			
			
				𝑑
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				𝑑
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				1
			

			
				
			
			
				+
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				𝜃
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				𝑑
				𝑌
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				0
			

			
				
			
			
				𝑑
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				1
			

			

				𝑑
			

			

				2
			

			

				𝑢
			

			

				0
			

			
				
			
			
				𝑑
				𝑌
			

			

				2
			

			
				+
				𝜃
			

			

				0
			

			

				𝑑
			

			

				2
			

			

				𝑢
			

			

				1
			

			
				
			
			
				𝑑
				𝑌
			

			

				2
			

			
				,
				𝐴
			

			

				2
			

			
				=
				𝑑
				𝜃
			

			

				0
			

			
				
			
			
				𝑑
				𝑌
				𝑑
				𝑢
			

			

				2
			

			
				
			
			
				+
				𝑑
				𝑌
				𝑑
				𝜃
			

			

				1
			

			
				
			
			
				𝑑
				𝑌
				𝑑
				𝑢
			

			

				1
			

			
				
			
			
				+
				𝑑
				𝑌
				𝑑
				𝜃
			

			

				2
			

			
				
			
			
				𝑑
				𝑌
				𝑑
				𝑢
			

			

				0
			

			
				
			
			
				𝑑
				𝑌
				+
				𝜃
			

			

				2
			

			

				𝑑
			

			

				2
			

			

				𝑢
			

			

				0
			

			
				
			
			
				𝑑
				𝑌
			

			

				2
			

			
				+
				𝜃
			

			

				1
			

			

				𝑑
			

			

				2
			

			

				𝑢
			

			

				1
			

			
				
			
			
				𝑑
				𝑌
			

			

				2
			

			
				+
				𝜃
			

			

				0
			

			

				𝑑
			

			

				2
			

			

				𝑢
			

			

				2
			

			
				
			
			
				𝑑
				𝑌
			

			

				2
			

			

				,
			

		
	

					similarly,
						
	
 		
 			
				(
				1
				6
				)
			
 		
	

	
		
			

				𝐵
			

			

				0
			

			
				=
				𝑑
			

			

				2
			

			

				𝑢
			

			

				0
			

			
				
			
			
				𝑑
				𝑌
			

			

				2
			

			
				
				𝑑
				𝑢
			

			

				0
			

			
				
			
			
				
				𝑑
				𝑌
			

			

				2
			

			
				,
				𝐵
			

			

				1
			

			
				𝑑
				=
				2
			

			

				2
			

			

				𝑢
			

			

				0
			

			
				
			
			
				𝑑
				𝑌
			

			

				2
			

			
				
				𝑑
				𝑢
			

			

				0
			

			
				
			
			
				𝑑
				𝑌
				
				
				𝑑
				𝑢
			

			

				1
			

			
				
			
			
				
				+
				𝑑
				𝑑
				𝑌
			

			

				2
			

			

				𝑢
			

			

				1
			

			
				
			
			
				𝑑
				𝑌
			

			

				2
			

			
				
				𝑑
				𝑢
			

			

				0
			

			
				
			
			
				
				𝑑
				𝑌
			

			

				2
			

			
				,
				𝐵
			

			

				2
			

			
				=
				𝑑
			

			

				2
			

			

				𝑢
			

			

				0
			

			
				
			
			
				𝑑
				𝑌
			

			

				2
			

			
				
				𝑑
				𝑢
			

			

				1
			

			
				
			
			
				
				𝑑
				𝑌
			

			

				2
			

			
				𝑑
				+
				2
			

			

				2
			

			

				𝑢
			

			

				0
			

			
				
			
			
				𝑑
				𝑌
			

			

				2
			

			
				
				𝑑
				𝑢
			

			

				0
			

			
				
			
			
				𝑑
				𝑌
				
				
				𝑑
				𝑢
			

			

				2
			

			
				
			
			
				
				𝑑
				𝑑
				𝑌
				+
				2
			

			

				2
			

			

				𝑢
			

			

				1
			

			
				
			
			
				𝑑
				𝑌
			

			

				2
			

			
				
				𝑑
				𝑢
			

			

				0
			

			
				
			
			
				𝑑
				𝑌
				
				
				𝑑
				𝑢
			

			

				1
			

			
				
			
			
				
				+
				𝑑
				𝑑
				𝑌
			

			

				2
			

			

				𝑢
			

			

				2
			

			
				
			
			
				𝑑
				𝑌
			

			

				2
			

			
				
				𝑑
				𝑢
			

			

				0
			

			
				
			
			
				
				𝑑
				𝑌
			

			

				2
			

			

				,
			

		
	

					with
						
	
 		
 			
				(
				1
				7
				)
			
 			
				(
				1
				8
				)
			
 		
	

	
		
			

				𝐹
			

			

				0
			

			
				=
				
				𝑑
				𝑢
			

			

				0
			

			
				
			
			
				
				𝑑
				𝑌
			

			

				2
			

			
				,
				𝐹
			

			

				1
			

			
				=
				2
				𝑑
				𝑢
			

			

				0
			

			
				
			
			
				𝑑
				𝑌
				𝑑
				𝑢
			

			

				1
			

			
				
			
			
				,
				𝐹
				𝑑
				𝑌
			

			

				2
			

			
				=
				2
				𝑑
				𝑢
			

			

				0
			

			
				
			
			
				𝑑
				𝑌
				𝑑
				𝑢
			

			

				2
			

			
				
			
			
				+
				
				𝑑
				𝑌
				𝑑
				𝑢
			

			

				1
			

			
				
			
			
				
				𝑑
				𝑌
			

			

				2
			

			
				𝐶
				,
				…
				,
			

			

				0
			

			
				=
				
				𝑑
				𝜃
			

			

				0
			

			
				
			
			
				
				𝑑
				𝑌
			

			

				2
			

			
				𝑑
				+
				𝜃
			

			

				2
			

			

				𝜃
			

			

				0
			

			
				
			
			
				𝑑
				𝑌
			

			

				2
			

			
				,
				𝐶
			

			

				1
			

			
				=
				2
				𝑑
				𝜃
			

			

				0
			

			
				
			
			
				𝑑
				𝑌
				𝑑
				𝜃
			

			

				1
			

			
				
			
			
				𝑑
				𝑌
				+
				𝜃
			

			

				0
			

			

				𝑑
			

			

				2
			

			

				𝜃
			

			

				1
			

			
				
			
			
				𝑑
				𝑌
			

			

				2
			

			
				+
				𝜃
			

			

				1
			

			

				𝑑
			

			

				2
			

			

				𝜃
			

			

				0
			

			
				
			
			
				𝑑
				𝑌
			

			

				2
			

			
				,
				𝐶
			

			

				2
			

			
				=
				2
				𝑑
				𝜃
			

			

				0
			

			
				
			
			
				𝑑
				𝑌
				𝑑
				𝜃
			

			

				2
			

			
				
			
			
				+
				
				𝑑
				𝑌
				𝑑
				𝜃
			

			

				1
			

			
				
			
			
				
				𝑑
				𝑌
			

			

				2
			

			
				+
				𝜃
			

			

				2
			

			

				𝑑
			

			

				2
			

			

				𝜃
			

			

				0
			

			
				
			
			
				𝑑
				𝑌
			

			

				2
			

			
				+
				𝜃
			

			

				1
			

			

				𝑑
			

			

				2
			

			

				𝜃
			

			

				1
			

			
				
			
			
				𝑑
				𝑌
			

			

				2
			

			
				+
				𝜃
			

			

				0
			

			

				𝑑
			

			

				2
			

			

				𝜃
			

			

				2
			

			
				
			
			
				𝑑
				𝑌
			

			

				2
			

			
				,
				…
				.
			

		
	

4. Results and Discussion
The major objective of this work is to investigate the effects of temperature dependent viscosity and thermal conductivity on heat generating third-grade fluid flow through a channel with isothermal temperature. Approximate solutions to the nonlinear boundary-value problem are obtained in the form of a rapidly convergent Adomian series solution. Table 1 confirmed that series solution is convergent and reliable. Figure 2 shows the velocity profile for variations in the viscosity variation parameter. As observed from the graph, an increase in the viscosity variation parameter enhances the flow. This is physically true due to the melting effect on the fluid viscosity. Similarly, Figure 3 shows that an increase in the viscosity variation parameter increases the temperature profile due to rise in the temperature difference within the channel. Figures 4 and 5 show the velocity and temperature profiles, respectively, for variation in Brinkman number. From the plots it is observed that an increase in the Brinkman number leads to an increase in both the fluid velocity and temperature due to rise in the kinetic energy within the moving fluid. Moreover, Figures 6 and 7 represent the effect of third-grade material effect on the velocity and temperature profiles; the result shows that an increase in the non-Newtonian material effect decreases both the velocity and temperature profiles due to fluid thickening. Figure 8 depicts the velocity profile for variations in internal heat generation parameter. The result shows that an increase in heat generation parameter increases the flow velocity due to rise in the concentration of the reacting fluid. However, as observed in Figure 9, an increase in the internal heat generation increases the temperature distribution within the channel. Figures 10 and 11 display the effect of variations in thermal conductivity on both the velocity and temperature distributions within the channel. As observed from Figure 10, an increase in the thermal conductivity variation parameter increases the velocity distribution within the channel. On the other hand, an increase in the thermal conductivity variation parameter implies a decrease in the thermal conductivity of the fluid. This ultimately decreases the fluid temperature as observed in Figure 11. As observed from the plots, Figures 12, 13, and 14 show that, in an increase in thermal conductivity variation parameter, Brinkman number and third-grade material effect enhance the entropy generation rate within the channel, while increase in viscosity variation parameter decreases the entropy generation rate within the channel as seen in Figure 15. In Figure 16, rise in the internal heat generation parameter is observed to increase entropy generation in the center line of the channel while entropy generation decreases at the walls. Moreover, Figures 17 and 18 shows that as the internal heat generation and Brinkman number increases heat transfer dominates over the fluid viscosity within the channel. Figure 19 represents the effect of viscosity variation parameter on the irreversibility ratio; from the plot it is observed that as the viscosity variation parameter increases, heat transfer dominates over the fluid viscosity at the walls whereas at the centerline of the channel fluid viscosity is observed to dominate over heat transfer. Finally, Figures 20 and 21 show that rise in increase in both third-grade material effect and thermal conductivity variation parameter shows that fluid viscosity dominates over the heat transfer within the channel.
Table 1: Convergence result for 
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Figure 2: Effect of viscosity variation parameter on velocity profile.































































	
		
	


	
		
	
	
		
	
	
		
	


	
		
	
	
		
	
	
		
	


	
		
	
	
		
	
	
		
	


	
		
	
	
		
		
		
	


	
		
	
	
		
		
		
	


	
		
		
		
	


	
		
		
		
	


	
		
		
	
	
		
	
	
		
		
	
	
		
	
	
		
	
	
		
		
		
		
	
	
		
		
	
	
		
	
	
		
		
	
	
		
	
	
		
	
	
		
		
	


	
		
		
		
		
	


	
		
		
		
		
	


	
		
		
		
		
	


	
		
		
		
		
	


	
		
		
		
		
	


	
		
		
		
		
	


	
		
	



Figure 3: Effect of viscosity variation parameter on temperature profile.




























































	
		
	


	
		
	


	
		
	
	
		
		
		
	


	
		
	
	
		
		
		
	


	
		
		
		
	


	
		
		
		
	


	
		
		
		
	


	
		
		
		
	


	
		
		
		
	


	
		
		
		
	


	
		
		
		
	


	
		
		
	
	
		
	
	
		
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
		
		
		
		
	
	
		
	
	
		
	
	
		
		
	


	
		
		
	
	
		
	
	
		
		
		
	


	
		
		
	
	
		
	
	
		
		
		
	


	
		
		
	
	
		
	
	
		
		
		
	






Figure 4: Effect of Brinkman number on velocity profile.

























































	
		
	


	
		
	
	
		
		
		
	


	
		
	
	
		
		
		
	


	
		
		
		
	


	
		
		
		
	


	
		
		
		
	


	
		
		
		
	


	
		
		
		
	


	
		
		
		
	


	
		
		
	
	
		
	
	
		
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
		
		
		
	
	
		
	
	
		
	
	
		
		
		
		
	


	
		
		
	
	
		
	
	
		
		
		
	


	
		
		
	
	
		
	
	
		
		
		
	


	
		
		
	
	
		
	
	
		
		
		
	


	
		
	


















Figure 5: Effect of Brinkman number on temperature profile.



































































	
		
	


	
		
	


	
		
	
	
		
		
		
	


	
		
	
	
		
		
		
	


	
		
		
		
	


	
		
		
		
	


	
		
		
		
	


	
		
		
		
	


	
		
		
		
	


	
		
		
		
	


	
		
		
		
	


	
		
		
		
	


	
		
		
	
	
		
	
	
		
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
		
	
	
		
	
	
		
		
		
	
	
		
	
	
		
	
	
		
	
	
		
		
	


	
		
	
	
		
	
	
		
	


	
		
	
	
		
	
	
		
		
		
	


	
		
	
	
		
	
	
		
		
		
	



Figure 6: Effect of non-Newtonian material on velocity profile.


































































	
		
	


	
		
	
	
		
		
		
	


	
		
	
	
		
		
		
	


	
		
		
		
	


	
		
		
		
	


	
		
		
	
	
		
	
	
		
		
	
	
		
	
	
		
	
	
		
		
		
		
	
	
		
		
	
	
		
	
	
		
		
		
		
	
	
		
	
	
		
	
	
		
		
		
		
	


	
		
		
		
		
		
	


	
		
		
		
		
		
	


	
		
		
		
		
		
	


	
		
		
		
		
		
	


	
		
		
		
		
		
	


	
		
		
		
		
		
	


	
		
		
		
		
		
	


	
		
	
	
		
	
	
		
	


	
		
	
	
		
	
	
		
		
		
	


	
		
	
	
		
	
	
		
		
		
	


	
		
	















Figure 7: Effect of non-Newtonian material on temperature profile.



































































	
		
	


	
		
	


	
		
	
	
		
		
		
	


	
		
	
	
		
		
		
	


	
		
		
		
	


	
		
		
		
	


	
		
		
		
	


	
		
		
		
	


	
		
		
		
	


	
		
		
		
	


	
		
		
		
	


	
		
		
		
	


	
		
	
	
		
	
	
		
		
		
	


	
		
	
	
		
	
	
		
		
		
	


	
		
	
	
		
	
	
		
	


	
		
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
		
		
		
	
	
		
		
	
	
		
	
	
		
		
	
	
		
	
	
		
	
	
		
		
	



Figure 8: Effect of internal heat generation parameter on velocity profile.





















































	
		
	


	
		
	
	
		
		
		
	


	
		
	
	
		
		
		
	


	
		
		
		
	


	
		
		
		
	


	
		
	


	
		
		
		
		
		
	


	
		
		
		
		
		
	


	
		
		
		
		
		
	


	
		
		
		
		
		
	


	
		
	
	
		
	
	
		
		
		
	


	
		
	
	
		
	
	
		
		
		
	


	
		
	
	
		
	
	
		
	


	
		
		
	
	
		
	
	
		
		
		
		
	
	
		
	
	
		
	
	
		
		
		
		
	
	
		
		
	
	
		
	
	
		
		
		
		
	
	
		
	
	
		
	
	
		
		
		
		
	















Figure 9: Effect of internal heat generation parameter on temperature profile.



































































	
		
	


	
		
	


	
		
	
	
		
		
		
	


	
		
	
	
		
		
		
	


	
		
		
		
	


	
		
		
		
	


	
		
		
		
	


	
		
		
		
	


	
		
		
		
	


	
		
		
		
	


	
		
		
		
	


	
		
		
		
	


	
		
	
	
		
	
	
		
	


	
		
	
	
		
	
	
		
	


	
		
	
	
		
	
	
		
	


	
		
		
	
	
		
	
	
		
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
		
		
	
	
		
	
	
		
		
	
	
		
	
	
		
		
		
	
	
		
	



Figure 10: Effect of thermal conductivity variation parameter on velocity profile.
































































	
		
	


	
		
	
	
		
		
		
	


	
		
	
	
		
		
		
	


	
		
		
		
	


	
		
		
		
	


	
		
	
	
		
	
	
		
	


	
		
	
	
		
	
	
		
	


	
		
	
	
		
	
	
		
	


	
		
		
	
	
		
	
	
		
		
	
	
		
	
	
		
	
	
		
		
		
		
	
	
		
	
	
		
	
	
		
		
		
		
	
	
		
		
	
	
		
	
	
		
		
		
		
	


	
		
		
		
		
		
	


	
		
		
		
		
		
	


	
		
		
		
		
		
	


	
		
		
		
		
		
	


	
		
		
		
		
		
	


	
		
		
		
		
		
	


	
		
		
		
		
		
	


	
		
	















Figure 11: Effect of thermal conductivity variation parameter on temperature profile.






































































	
		
	
	
		
	


	
		
	
	
		
	
	
		
		
	


	
		
	
	
		
	
	
		
	


	
		
	
	
		
	
	
		
	


	
		
		
	
	
		
	
	
		
		
	
	
		
	
	
		
	
	
		
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
		
		
	
	
		
	
	
		
		
	
	
		
	
	
		
		
		
	
	
		
	


	
	
	


	
	
	


	
	
	


	
	
	


	
	
	


	
	
	


	
		
	


	
		
	
	
		
		
		
	


	
		
	
	
		
		
		
	


	
		
		
		
	


	
		
		
		
	



Figure 12: Effect of thermal conductivity variation parameter on entropy generation rate.





















































	
		
	


	
		
	
	
		
		
		
	


	
		
	
	
		
		
		
	


	
		
		
		
	


	
		
		
		
	


	
		
	
	
		
	


	
		
		
	
	
		
	
	
		
		
	
	
		
	
	
		
	
	
		
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
		
		
	
	
		
	
	
		
	
	
		
	
	
		
		
	


	
		
		
		
	


	
		
		
		
	


	
		
		
		
	


	
		
		
		
	


	
		
		
	
	
		
	
	
		
		
		
		
	


	
		
		
	
	
		
	
	
		
		
		
	


	
		
		
	
	
		
	
	
		
		
		
	















Figure 13: Effect of Brinkman number on entropy generation rate.
































































	
		
	


	
		
	
	
		
		
		
	


	
		
	
	
		
		
		
	


	
		
		
		
	


	
		
		
		
	


	
		
	
	
		
	




	
		
		
	
	
		
	
	
		
		
	
	
		
	
	
		
	
	
		
		
	
	
		
	
	
		
	
	
		
		
		
	
	
		
	
	
		
		
	
	
		
	
	
		
		
		
		
	
	
		
	
	
		
	
	
		
		
	


	
		
		
		
		
	


	
		
		
		
		
	


	
		
		
		
		
	


	
		
		
		
		
	


	
		
	
	
		
	
	
		
		
		
	


	
		
	
	
		
	
	
		
		
		
	


	
		
	
	
		
	
	
		
		
		
	



Figure 14: Effect of third-grade material effect on entropy generation rate.































































	
		
	


	
		
	
	
		
		
		
	


	
		
	
	
		
		
		
	


	
		
		
		
	


	
		
		
		
	


	
		
	
	
		
	


	
		
	


	
		
	


	
		
	


	
		
	


	
		
	


	
		
	
	
		
	
	
		
		
		
		
	


	
		
	
	
		
	
	
		
	


	
		
	
	
		
	
	
		
	


	
		
		
	
	
		
	
	
		
		
	
	
		
	
	
		
	
	
		
		
	
	
		
	
	
		
	
	
		
		
		
	
	
		
	
	
		
		
	
	
		
	
	
		
		
		
	
	
		
	
	
		
	
	
		
	
	
		
		
	















Figure 15: Effect of viscosity variation parameter on entropy generation rate.





























































	
		
	


	
		
	
	
		
		
		
	


	
		
	
	
		
		
		
	


	
		
		
		
	


	
		
		
		
	


	
		
	
	
		
	


	
		
	
	
		
	
	
		
	


	
		
	
	
		
	
	
		
	


	
		
	
	
		
	
	
		
	


	
		
	


	
		
	


	
		
	


	
		
	


	
		
		
	
	
		
	
	
		
		
	
	
		
	
	
		
	
	
		
		
		
	
	
		
	
	
		
	
	
		
	
	
		
		
		
	
	
		
	
	
		
		
	
	
		
	
	
		
		
		
	
	
		
	
	
		
	
	
		
	
	
		
		
	



Figure 16: Effect of internal heat generation parameter on entropy generation rate.





















































	
		
	


	
		
	
	
		
		
		
	


	
		
	
	
		
		
		
	


	
		
		
		
	


	
		
		
		
	


	
		
		
		
		
		
	


	
		
		
		
		
		
	


	
		
		
		
		
		
	


	
		
		
	


	
		
	
	
		
	
	
		
	


	
		
	
	
		
	
	
		
		
		
	


	
		
	
	
		
	
	
		
	


	
		
		
	
	
		
	
	
		
		
	
	
		
	
	
		
	
	
		
		
		
	
	
		
	
	
		
	
	
		
	
	
		
		
		
	
	
		
	
	
		
		
	
	
		
	
	
		
		
		
	
	
		
	
	
		
	
	
		
	
	
		
		
	















Figure 17: Effect of internal heat generation on the irreversibility ratio.





































































	
		
	


	
		
	
	
		
		
		
	


	
		
	
	
		
		
		
	


	
		
		
		
	


	
		
		
		
	


	
		
		
		
		
	


	
		
		
		
		
	


	
		
		
		
		
	


	
		
		
		
		
	


	
		
		
		
		
	


	
		
		
		
		
	


	
		
		
	


	
		
		
	
	
		
	
	
		
		
	
	
		
	
	
		
	
	
		
		
	
	
		
	
	
		
	
	
		
		
		
	
	
		
	
	
		
	
	
		
	
	
		
		
		
		
	
	
		
	
	
		
	
	
		
		
	


	
		
		
	
	
		
	
	
		
		
		
	


	
		
		
	
	
		
	
	
		
		
		
	


	
		
		
	
	
		
	
	
		
		
		
	



Figure 18: Effect of Brinkman number on the irreversibility ratio.




















































	
		
	


	
		
	
	
		
		
		
	


	
		
	
	
		
		
		
	


	
		
		
		
	


	
		
		
		
	


	
		
		
		
		
		
	


	
		
		
		
		
		
	


	
		
		
		
		
		
	


	
		
		
	


	
		
	
	
		
	
	
		
	


	
		
	
	
		
	
	
		
		
		
	


	
		
	
	
		
	
	
		
	


	
		
		
	
	
		
	
	
		
		
	
	
		
	
	
		
	
	
		
		
	
	
		
	
	
		
	
	
		
		
		
	
	
		
	
	
		
		
	
	
		
	
	
		
		
		
	
	
		
	
	
		
	
	
		
	
	
		
		
	















Figure 19: Effect of viscosity variation parameter on the irreversibility ratio.


































































	
		
	


	
		
	
	
		
		
		
	


	
		
	
	
		
		
		
	


	
		
		
		
	


	
		
		
		
	


	
		
		
		
		
	


	
		
		
		
		
	


	
		
		
		
		
	


	
		
		
		
		
	


	
		
		
	


	
		
		
	
	
		
	
	
		
		
	
	
		
	
	
		
	
	
		
		
	
	
		
	
	
		
	
	
		
		
		
	
	
		
	
	
		
		
	
	
		
	
	
		
		
		
	
	
		
	
	
		
	
	
		
	
	
		
		
	


	
		
	
	
		
	
	
		
	


	
		
	
	
		
	
	
		
		
		
	


	
		
	
	
		
	
	
		
		
		
	









Figure 20: Effect of third-grade material effect on irreversibility ratio.





















































	
		
	


	
		
	
	
		
		
		
	


	
		
	
	
		
		
		
	


	
		
		
		
	


	
		
		
		
	


	
		
		
	
	
		
	
	
		
		
	
	
		
	
	
		
	
	
		
		
	
	
		
	
	
		
	
	
		
		
		
	
	
		
	
	
		
	
	
		
	
	
		
		
		
		
	
	
		
		
	
	
		
	
	
		
		
	


	
		
		
		
		
	


	
		
		
		
		
	


	
		
		
		
		
	


	
		
		
	


	
		
	
	
		
	
	
		
		
		
	


	
		
	
	
		
	
	
		
		
		
	


	
		
	
	
		
	
	
		
		
		
	



Figure 21: Effect of thermal conductivity variation parameter on irreversibility ratio.


5. Conclusion
In this paper, the entropy generation analysis for third-grade fluid flow with variable properties through a channel with uniform wall temperature is studied. In the limiting case, there is perfect agreement between the present result and that obtained in [19] when 
	
		
			
				𝜆
				=
				𝛿
				=
				𝛼
				=
				0
			

		
	
. Summarily, the main contributions to knowledge from the computation are as follows.(1)Rise in the viscosity variation parameter is observed to decrease the entropy generation rate within the channel. Moreover, in the middle of the channel, fluid viscosity is observed to dominate over heat transfer. A reverse behaviour is observed at the channel walls.(2)An increase in the fluid thermal conductivity enhances entropy generation rate. Interestingly, it supports the dominance of fluid viscosity over the heat transfer within the channel.(3)An increase in the internal heat generation parameter increases the entropy generation rate in the centreline of the channel only.One major area of future research is the flow behavior for large values of the thermal conductivity parameter. To achieve this further analysis will be required to determine the inherent thermal criticality.
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