THREE-DIMENSIONAL HYDROMAGNETIC CONVECTIVE FLOW OF CHEMICALLY REACTIVE EYRING-POWELL FLUID WITH  NON-UNIFORM  HEAT SOURCE/SINK 
L. Padmavathi        
Assistant Professor, Department of Mathematics, Sai Rajeswari  Institute of Technology,		 Proddatur-516360, A.P, India      E-mail : lekkalapadmamaths@gmail.com
Abstract: The three-dimensional hydromagnetic flow of an Eyring-Powell non -Newtonian fluid on a bilinear stretching sheet embedded porous medium has been considered to investigate the thermal radiation , non-uniform heat source/sink  and first ordered chemical reaction . The corresponding non-linear partial differential equations (PDE’s) are transmuted into set of ordinary differential equations (ODE’s) by means of similarity transformations. The resulting coupled non-linear equations are evaluated numerically by employing boundary value problem default solver in MATLAB bvp4c package. Pertinent results are graphically represented in the analysis of various physical parameters of velocity, temperature and concentration distributions. Moreover, the numerical values of skin-friction factor, rate of heat and mass transfers are tabulated. It is found that the axial and transverse velocities are depreciated by Eyring-Powell fluid parameter, while an opposite tendency encountered in temperature and concentration fields.
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Nomenclature

	
    Velocity components
	
                 Kinematic viscosity

	
              Dynamic viscosity coefficient
	
               Magnetic field parameter

	

,           Eyring-Powell fluid characteristics
	
                 Electric conductivity

	
                 Density of the fluid 
	
                Porosity parameter

	
        Eyring-Powell fluid parameters
	
               Porous medium permeability

	
                Stretching ratio parameter
	
                  Thermal radiation parameter

	
                 Mean absorption coefficient 
	
               Thermal diffusivity

	
     Velocity components
	
            Specific heat 

	
              Prandtl number
	
           Schmidt number          

	
              Stefan-Boltzmann constant 
	
              Thermal diffusion ratio

	
           Reaction rate
	


1. Introduction
		The study of boundary layer flow over a stretching sheet has generated much interest in recent years in view of its numerous industrial applications such as the aerodynamic  extrusion of plastic sheets, the boundary layer along a liquid film, condensation process of metallic plate in a cooling bath and glass, and also polymer industries. The mechanical properties of the final product strictly depend on the stretching and cooling rates in the process. Patel et al. [1] reported that the Eyring-Powell model is useful and has significant benefits in comparison with the power law model. Fluid flow close to a dynamic plate for the Eyring-Powell with the help of three different techniques. Hayat et al.[2] explored the radiative effects on the three-dimensional magnetohydrodynamic (MHD) flow of an Eyring Powell fluid. Moreover, Ara et al.[3] have studied the Eyring-Powell fluid underthe thermal radiation effect over an exponentially shrinking sheet. Javed et al.[4]  studied the boundary layer flow over a stretching sheet for non-Newtonian fluid, namely the Eyring-Powell model. Nadeem et al. [5]  However, to the best of our knowledge no attempt has been made to study Eyring–Powell fluid over an exponentially shrinking sheet. Hayat et al. [6] studied the steady flow of an Powell-Eyring fluid over a moving surface with convective boundary conditions. Rosca et al.[7] is studied the flow and heat transfer of Powell-Eyring fluid over shrinking surface in a parallel free stream. Jalil et al. [8] studied the flow and heat transfer of Powell-Eyring fluid over a moving surface in a parallel free stream.                
	      In recent times, knowledge in boundary layer flow with heat and mass transfer is paying attention to researchers because of its several important applications. In particular, the combined effect of heat and mass transfer plays a vital role in numerous engineering applications. Many researchers are inspired and still engaged with the discussion of heat and mass transfer effects in the flow over a stretching surface. Magyari et al. [9] studied the heat and mass characteristics of boundary layer flow. Chen [10] discussed the influence of frictional and Ohmic heating on MHD flow of Newtonian liquid past a vertical surface. Sagar et al. [11] studied the heat and mass transport effects on natural convective flow of non- Newtonian fluid with magnetic field. Patel et al. [12] numerically examined the flow of Powell-Eyring model through asymptotic boundary conditions. Gireesha et al. [13] studied boundary layer flow and heattransfer of a dusty fluid over an expo- nentially stretching sheet. Mukhopadhyay et al. [14] investigated the slip effects on MHD boundary layer flow by an exponentially stretching sheet with suction/blowing and thermal radiation. Al-Odat et al. [15] studied thermal boundary layer on an exponentially stretching continuous surface in the presence of magnetic field. Malik et al. [16] presented boundary layer flow of an Eyring–Powell model fluid due to a stretching cylinder with variable viscosity. Nabil et al. [17] studied numerical study of viscous dissipation effect on free convection heat and mass transfer of MHD Eyring–Powell fluid flow through a porous medium. Rubab et al. [18] studied  cattaneo-christov heat flux model for MHD three Dimensional flow of maxwell fluid over a stretching sheet. Murshed et al. [19]  discussed about a review of boiling and convective heat transfer with nanofluids.
            Magnetohydrodynamics is combination of electrically conducting fluids and magnetic fields, MHD flows occur in the ionosphere, sun, power generators, etc. Hydromagnetic effects play a vital role in the study of non-Newtonian fluids. The following are a few investigations about electrically conducting non-Newtonian Eyring-Powell fluids. Najeeb et al. [20] discussed Eyring-Powell fluid on a rotating disk with the influence of a transverse magnetic field and they observed that the fluid velocity reduced in all directions with the influence of a magnetic field. Malik et al. [21] investigated the mixed convection flow of hydromagnetic Eyring-Powell nanofluid on a stretching sheet and they noticed that the magnetic field decreases the skin friction. Mahanthesh et al. [22] illustrated the magnetohydrodynamic effects on nano Eyring-Powell fluid over a stretching sheet and they concluded that the applied magnetic field reduces the velocity profile. Hayat et al. [23] evaluated the hydromagnetic fluid flow of Powell-Eyring nano-material over a nonlinearly stretching sheet and they found that the fluid temperature and concentration enriched with increasing magnetic field parameters. Hayat et al. [24] examined the electrically conducting flow of Powell-Eyring nanofluid on a stretching cylinder and they stated that the skin friction enhanced with Hartmann number and curvature parameter.
    	 The non-Newtonian fluids have played a very significant role in technical and engineering fields. Various rheological relations have been recommended in order to investigate the flow and heat transfer properties among them the Eyring-Powell fluid model is one of these non-Newtonian models. This kind of fluid model is complex in nature but has some aspects instead of other fluids. Han et al. [25] studied coupled flow and heat transfer in viscoelastic fluid with the Cattaneo-Christov heat flux model. Hayat et al. [26] considered the heat and mass flux boundary conditions for the analysis of three-dimensional flow of Eyring-Powell nanofluid and they concluded that the thermal radiation enhances the thickness of the thermal boundary layer and rate of heat transfer. Rahimi et al. [27] described the Solution of the boundary layer flow of an Eyring-Powell non-Newtonian fluid over a linear stretching sheet by the collocation method. Geethan kumar et al. [28] studied Diffusion-Thermo effect on three-dimensional conducting flow of Eyring-Powell fluid over a bilinear stretching porous sheet with chemical reaction and diffusion Slip. Ishak et al. [29] studied  MHD stagnation point flow towards a stretching sheet. The influence of heat generation and absorptions on the porous flow of Eyring-Powell fluid on the unsteady oscillatory stretching sheet was investigated by Dawar et al. [30] and they found that the rate of heat transfer increased with the increasing values of thermal radiation parameter and Prandtl number while it reduced with porosity parameter. Gbadeyan et al. [31] analyzed the Soret and Dufour effects on the hydrodynamic mixed convective flow of viscoelastic fluid through a vertical stretching surface filled with porous medium, and they observed that the increasing of thermal boundary layer thickness and decreasing of heat transfer with increasing values of Dufour number. Khan et al. [32] performed an investigation on the effect of entropy generation in the steady and axisymmetric flow of an incompressible Powell-Eyring fluid with Dufour and Soret effects. Suali et al. [33] analyzed unsteady stagnation point flow and heat transfer over a stretching/shrinking sheet with prescribed surface heat flux. Zaman et al. [34]  presented unsteady incompressible Couette flow  problem for the Eyring-Powell model with porous walls. Hayat et al. [35] investigated the three-dimensional flow of Powell-Eyring nanofluid with heat and mass flux boundary conditions.
         By the stimulation of the above studies, this paper chapter investigates three-dimensional hydromagnetic non- Newtonian fluid flows. So, in this study, we investigated the three-dimensional hydromagnetic flow of non-Newtonian Eyring-Powell fluid through a bilinear stretching sheet embedded in a porous medium with thermal radiation, non-uniform heat source or sink and first ordered destructive chemical reaction. With the help of self-similar transformations, the set of partial differential equations is transformed into the set of ordinary differential equations and they are evaluated by numerical method along with MATLAB bvp4c  by Shooting technique.	
2. Mathematical Formulation








          The three-dimensional flow of Eyring-Powell fluid over a bilinear stretching sheet with porous medium is considered for investigation of different fluid flow characteristics. The sheet is considered along –plane (i.e., ) and linearly stretched with the stretching velocities and  in  directions, respectively (where  and  are stretching constants). The electrical and induced magnetic fields are neglected due to consideration of small magnetic Reynolds number and the applied magnetic field  is taken normal to the flow direction. The thermal radiation, non-uniform heat source or sink, Soret effect, and first order destructive chemical reaction effects are taken into account. The effect of Hall current is neglected. The physical model and coordinate system for the above considerations are pictured in fig.6.1.   
The rheological model for the Eyring-Powell fluid model taken as:






Here  and  are Eyring-Powell fluid characteristics.           
[image: ]
Fig.6.1 Physical model and coordinate system.
According to the above assumptions, the governing equations are constructed as follows:

                                                                                        	                  (1)   

             	      (2)   

      	 	      (3)         

          	                 (4)

                      	   		    (5)      

The radiative heat flux is given by

						                               (6)




Where is the mean absorption coefficient, is the Stefan-Boltzmann constant and the linear temperature function  is expanded by using Taylors series expansion in terms ofas 

	                                                                             	              (7)             
Thus substituting Eq. (1.7) in Eq. (1.6), we get 

                                                                          	           	             (8)                                                 
The non-uniform heat source/sink,  , is defined as

                                           	    (9)




Where,  and  are the coefficients of space dependent and temperature dependent heat source/sink, respectively. The case  corresponds to internal heat source and the case   corresponds to internal heat sink. 
Then the heat transfer equation becomes

                           (10)
The corresponding boundary conditions are,


        at 


                             as                         (11)                         



3. Solution of the problem

The non-linear partial differential equations are transformed to the non-linear ordinary differential equations, with the assistance of following similarity transformations.,

                             	         (12)                                      
Using (12), obviously satisfied the continuity equation (1), the Eqns. (2), (3), (5), (10) and related boundary conditions (11) are altered as follows.

                  		 (13)                                                             

                   	 	 (14)

                             		  (15)  

                                                 	        	             (16 )                                                                     
The corresponding non-dimensional boundary conditions are


                           	  (17)
Here, the non-dimensional quantities are,





For practical and engineering point of view, the physical quantities like local skin friction along -directions, local Nusselt and Sherwood numbers are considered in this chapter


,                      	     (18)                                                     




Here,  are the wall shear stresses along -directions respectively, as follows                          (19)                                                                                                
The heat and mass fluxes at the surface are given by


                                  	   (20)
These equations are transmuted into the following dimensionless forms

                                                                    (21)                                                                                

                                                           	  (22)                                                                           

                                                                    	  (23)                                                                             

                                                                      		  (24)                                                                          


Where,  and  are local Reynolds numbers.
4. Results and discussion

            The set of non-linear ordinary differential equations (13)-(16) with the boundary conditions (17)  are solved numerical method along with MATLAB bvp4c  by Shooting technique. If exist any variations between their corresponding values, the process continued until the required good values. Under the limited conditions, presents results compared with the previously existed results of Hayat et al. [35] in Table 1.




       The effects of various flow parameters on velocity, temperature and species concentration have been presented graphically in Figs. 2-19. Also, presented the numerical values of skin friction coefficents, local Nusselt number and local Sherwood number in Tables 2 and 3. We have used the values and throughout the present analysis.




       From Fig.2 illustrated that the axial and transverse velocities are depreciated with application of strong magnetic field Physically, the drag forces particularly Lorentz force generated with employing of magnetic field, these force opposed the flow of fluid hence both axial and transverse velocities are reduced. The magnetic field improves the internal friction in flow field, this friction causes to the increment of fluid temperature, it is observed from Fig.3. It is similar trend observed in specious concentration from Fig. 4. The effect of porosity parameter on velocity, temperature and concentration streams is pictured in Figs.5 to 7. The axial and transverse velocities and momentum boundary layer thickness are reduced with enhancing of this phenomenon observed in Fig.5. The thermal boundary layer thickness and fluid temperature are enhanced with it is shown in Fig.6 behavior is observed in specious concentration from Fig.7. Basically, enhancing of porosity causes to high permeability of fluid hence maximum fluid permitted in normal direction it leads to decelerating of axial and transverse velocities. 









       Fig.8 shows the opposite tendency of axial and transverse velocities with the influence of stretching ratio parameterIn generalis the ratio between transverse and axial velocities, the increasing of means that the transverse velocity dominates the axial velocity. The colder region intensity increased due to the stretching of the surface hence the fluid temperature reduced with increasing values of , and this phenomenon is shown in Fig. 9. Figs. 10-12 illustrate the influence of fluid parameter  on velocity, temperature and concentration fields. It is noticed that the fluid velocity increases with an increase in . So, the viscosity of fluid decreases. As a consequence, we notice decay in the temperature and concentration fields with an increase in The increment of Eyring-Powell fluid parameter  causes to decelerating of axial velocity consequently increases the transverse velocity this phenomenon observed in Fig.13. The quite opposite tendency was noticed with rising of Eyring-Powell fluid parameter in axial and transverse velocities see Fig.14. 









	The thickness of thermal boundary layer and fluid temperature are enhanced with higher thermal radiation parameter  it is shown in Fig.15. Figs.16 and 17 demonstrate the influence of space and temperature dependent heat source or sink parameters on temperature profile. It reveals that the positively increasing values of  andincreases the fluid temperature and thickness of thermal boundary layer while negatively increasing values of  and decreases the fluid temperature and thickness of thermal boundary layer. Generally, whenand they plays a role of heat generators and produces more heat to fluid then the fluid temperature is increased. But in case and they acts the heat absorbents and absorbs heat from fluid then the fluid temperature is decreased.      


	Fig.19 illustrates the dimensionless concentration distribution for various values of chemical reaction parameter. It is evident that an increase in depreciates the fluid concentration. Particularly, the high chemical reaction increases the interfacial mass transfer it causes to reducing of solutal boundary layer thickness and fluid concentration.The specious concentration is decreased with rising values of thermal radiation parameter this phenomenon is observed from Fig.20. 










          The comparison of current results with the previous results of Hayat et al. [35] is tabulated in Table 1. From this table we conclude that our results are very good agreement with the existing results in some limiting cases. The numerical values of local skin friction factor coefficients at ( i.e.,- plane) due to the velocity distributions on axial and transverse directions for various physical parameters are represented in Table 2. We observed that the magnetic field increases the local friction factors due to the reason that the Lorentz forces arises with magnetic field which creates internal friction. The increment of Eyring-Powell fluid parameter leads to increment in dynamic viscosity it causes to rising of  local skin-friction.The similar tendency observed with growing of magnetic parameter, porosity parameter and stretching ratio parameter . Moreover, local frictions retarded with rising of  and  since the respective velocities are declined with and . 
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	Fig.2. Effect of  on velocity	
	
Fig.4.  Effect of  on  concentration
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Fig.3.  Effect of on  temperature
	
Fig.5. Effect of on velocity
	

	[image: ]
	[image: ]

	
Fig.6. Effect of on temperature
	
	
Fig.8.  Effect of on velocity
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Fig.7. Effect of on concentration

	
Fig.9. Effect of on temperature
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Fig.10. Effect of on velocity
	
Fig.12. Effect of on concentration
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Fig.11. Effect of on temperature
	
Fig.13. Effect of on velocity
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Fig.14.  Effect of on velocity
	
Fig.16.  Effect of  on temperature
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Fig.15. Effect of  on temperature 

	
Fig.17.  Effect of on temperature
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	Fig.19. Effect of  on concentration
	
Fig.20.  Effect of  on concentration









                                    Table 1 : Comparison results for  and 
	

	

	
	


	
	Hayat et al. [35]
	Present results
	
	Hayat et al. [35]
	Present results

	0
	1
	1.000001
	
	0
	0

	0.1
	1.020260
	1.020260
	
	0.066847
	0.066847

	0.2
	1.039495
	1.039496
	
	0.148737
	0.148737

	0.3
	1.057955
	1.057955
	
	0.243359
	0.243360

	0.4
	1.075788
	1.075788
	
	0.349209
	0.349209

	0.5
	1.093095
	1.093095
	
	0.465205
	0.465205

	0.6
	1.109947
	1.109947
	
	0.590529
	0.590529

	0.7
	1.126398
	1.126398
	
	0.724532
	0.724532

	0.8
	1.142489
	1.142489
	
	0.866683
	0.866683

	0.9
	1.158255
	1.158254
	
	1.016540
	1.016539

	1
	1.173722
	1.173721
	
	1.173722
	1.173721


.

          






















Table 2: Numerical values of local skin friction coefficients.
	

	

	

	

	

	

	

	


	0.1
	0.5
	1
	0.5
	1
	1
	1.769065
	0.832016

	0.3
	
	
	
	
	
	1.801482
	0.853211

	0.5
	
	
	
	
	
	1.862260
	0.894290

	
	1
	
	
	
	
	1.791876
	0.957459

	
	1.5
	
	
	
	
	1.871427
	1.069951

	
	
	2
	
	
	
	2.214923
	1.044391

	
	
	3
	
	
	
	2.626414
	1.240166

	
	
	
	0.7
	
	
	1.797209
	1.229155

	
	
	
	0.9
	
	
	1.822864
	1.638329

	
	
	
	
	0.5
	
	1.824480
	0.833865

	
	
	
	
	1.5
	
	1.537837
	0.828541

	
	
	
	
	
	0.5
	1.769255
	0.835728

	
	
	
	
	
	1.5
	1.768870
	0.828159



		5. CONCLUSIONS
                                            The three-dimensional hydromagnetic flow of an Eyring-Powell non -Newtonian fluid on a bilinear stretching sheet embedded porous medium has been considered to investigate the thermal radiation , non-uniform heat source/sink and first ordered chemical reaction with the diffusion slip condition. The attained results are achieved to the natural phenomenon of Eyring-Powell fluid. The major outcomes of the present investigation are summarized below,

· 
The fluid velocities are boosts up with  and opposite attitude noticed in temperature and specious concentrations distribution.
· 
The fluid temperature increases with enhancing of.
· 
The specious concentrations increases with decreasing of  .
· The rising values of stretching ratio parameter increases the coefficients of  local friction factors along axial and transverse directions.
· 

The rate of heat and mass transfers are enriched with and .
· 
The  specious concentrations are higher in presence of mass transfer Biot number.  
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