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Abstract: Heat and Mass transfer properties on MHD boundary layer flow of a viscous, incompressible, free 

convective, chemically reactive, radiative and electrically conducting fluid on a moving inclined heated porous 

plate in the presence of radiation absorption, temperature dependent heat source and joule heating is analyzed. 

The non-linear coupled partial differential equations are solved by perturbation technique. The impact of 

different pertinent parameters on velocity, temperature and concentration distribution have been studied and 

explored with the help of graphs. Further, the results of the skin friction coefficient and dimensionless rate of 

heat and mass transfer at the plate are also presented. 
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I. INTRODUCTION 
The convective heat and mass transfer flows in an inclined porous plate find a number of applications 

in many branches of science and technology like chemical industry, cooling of nuclear reactors, MHD power 

generators, geothermal energy extractions processes, petroleum engineering etc. Convective heat and mass 

transfer flows in the presence of various physical properties for the cases of horizontal and vertical flat plates 

have been attracting the attention of many researchers now a days[1]–[14]. However, the boundary layer flows 

adjacent to inclined plates or wedges have received less attention.  

For the problem of coupled heat and mass transfer in MHD free convection, the effect of both viscous 

dissipation and Ohmic heating are not studied in the above investigations. However, it is more realistic to 

include these two effects to explore the impact of the magnetic field on the thermal transport in the boundary 

layer. With this awareness, the effect of Ohmic heating on the MHD free convection heat transfer has been 

examined for a Newtonian fluid by Hossain [15]. Hossain and Gorla [16] studied Joule heating effect on 

magnetohydrodynamic mixed convection boundary layer flow, to investigate the mixed convection flow of an 

electrically conducting and viscous incompressible fluid past an isothermal vertical surface with Joule heating in 

the presence of a uniform transverse magnetic field fixed relative to the surface. It was assumed that the 

electrical conductivity of the fluid varies linearly with the transverse velocity component. Beg et al. [17] solved 

magnetohydrodynamic Hartmann–Couette flow and heat transfer in a Darcian channel with Hall current, ion 

slip, viscous and Joule heating effects. Chen [18] studied the problem of combined heat and mass transfer of an 

electrically conducting fluid in MHD natural convection, adjacent to a vertical surface with Ohmic heating. 

Reddy et al. [19] considered thermo diffusion and chemical effects with simultaneous thermal and mass 

diffusion in MHD mixed convection flow with Ohmic heating. Sibanda and Makinde [20] proceeded on steady 

MHD flow and heat transfer past a rotating disk in a porous medium with Ohmic heating and viscous 

dissipation. Mixed convection of Non- Newtonian fluids from a vertical plate embedded in a porous medium is 

studied by Wang et al. [21]. Viscous and Joule heating effects on non-Darcy MHD natural convection flow over 

a permeable sphere in porous media with internal heat generation was considered by Yih [22]. Choudhary and 

Das [23] examined on Mixed Convective visco-elastic MHD flow with Ohmic heating.  

Motivated by the above studies, in this manuscript an attempt is made to investigate the effects of 

radiation absorption, temperature dependent heat source, viscous dissipation and Joule heating effects on a 

radiative and reactive, mixed convection MHD flow of a viscous, incompressible, electrically conducting and 

Newtonian fluid on a moving inclined heated porous plate. This is an extension to the work of C.Veeresh et al. 

[24], which has the novelty in studying Radiation absorption in the energy equation. 
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II. MATHEMATICAL FORMULATION 
Consider a free convective laminar boundary layer flow of a viscous incompressible electrically 

conducting, chemically reactive, radiative and heat absorbing fluid past a semi-infinite moving permeable plate 

inclined at an angle α a in vertical direction embedded in a uniform porous medium, which is subject to thermal 

and concentration buoyancy effects along with Joule’s dissipation and temperature dependent heat source. The 

temperature of the wall is maintained Twand concentration Cwwhich is higher than the ambient temperature 

T∞and concentration C∞respectively. Also it is assumed that there exists a homogeneous chemical reaction of 

first order with rate constant between the diffusing species and the fluid.  

 

 
Physical Model 

 

With these physical considerations, the equations governing the fluid in Cartesian frame of reference 

are given below. 
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 is the absorption coefficient at the wall and be  is Plank’s function. 

 

Under these assumptions the appropriate boundary conditions for velocity, temperature and concentration fields 

are defined as  
* * * *, , 0p w wu u T T C C at y          (6) 

* * *0, ,u T T C C as y           (7) 
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Introducing the following non-dimensional quantities 
** 2 2 * 2*

20 0 0
1 2 2 2

0 0 0 0

* * '

0

2 3 2

0 1 0 0

2 2 2

0

3

0

( )
, , , , , , ,

( )

4
, , , , Pr , , ,

( ) (
, ,

( )

pw A
p

p w

w w p p

T w C

p w

uC C R v y B K vu
u R y u M K

v v C T T v v

QT T C C R Cp I
C Sc H F

T T C C d v C v C v

v g T T g
Ec Gr Gc

C T T v

  


    

   
 

  

     







 

 






      



 
      

 


  

 3

0

)wC C

v 


  (8)

 

 

where the parameters are Grashof number Gr, modified Grashof number Gm, angle of inclination α, 

radiation parameter F, Schmidt number Sc, chemical reaction parameter γ, Hartmann number M, temperature 

dependent heat source parameter H, porosity parameter K, Prandtl number Pr, Schmidt number Sc and 

Radiation Absorption parameter R1.  

The basic field equations (2) – (4), can be expressed in non-dimensional form as 
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The corresponding boundary conditions in non-dimensional form are: 
* , 1, 1 0pu u C at y           (12) 

0, 0, 0u C as y          (13) 

 

 

III. METHOD OF SOLUTION 
The set of partial differential equations (9) – (11) cannot be solved in closed form. However, they can 

be solved analytically after reducing them into a set of ordinary differential equations by taking the expressions 

for velocity u(y), temperature θ(y) and concentration C(y) in dimensionless form as follows: 
2
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Substituting (14) – (16) in (9) – (11) and equating the coefficients of zeroth order of Eckert 

number(constants), equating the coefficients of the first order of Eckert number, and 

neglecting the higher order of O(Ec
2
) and simplifying to get the following set of equations 
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where prime denotes ordinary differentiation with respect to ‘y’ and  
2 1

p M
K

   

The corresponding boundary conditions are: 

0 1 0 1 0 1, 0, 1, 0, 1, 0 0pu u u C C at y                    (23)

0 1 0 1 0 10, 0, 0, 0, 0, 0u u C C as y           (24) 

 

Using boundary conditions (23) and (24), the solutions of (17) – (22), we obtain the following 

expressions for velocity, temperature and concentration. 
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Substituting the above solutions (25) – (30) in (14) – (16), we get the final form of Velocity, 

Temperature, Concentration distributions in the boundary layer as follows 
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The physical quantities of interest are the wall shear stress w  is given by  

*

*
2

0*

0

'(0)w

y

u
v u

y
  




 


 

The local skin friction factor  is given by )0('
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The local surface heat flux is given by:
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The local surface mass flux is given by  
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where 
0Rex

v x


  is the local Reynolds number. 

 

IV. RESULTS AND DISCUSSIONS 
The present study considers the effects of radiation absorption R1 and chemical reaction γ  on transient 

free convection flow of  heat and mass transfer in MHD free convective Joule heating and radiative flow in a 

moving inclined porous plate with temperature dependent heat source. Solutions for velocity, temperature and 

concentration field are obtained by using perturbation technique with γ = 0.1, Ec = 0.01, Sc = 0.60, Pr = 0.71, M 

= 2.0, K = 0.5,  

Gm = 2.0, Gr = 4.0, α = π/6, H = 1.0, F =1.0, R = 0.01, up = 0.1 and therefore all the graphs corresponds to these 

unless specifically indicated on the appropriate graph.  The effects of various parameters like Grashof number 

Gr, modified Grashof number Gm, angle of inclination α, radiation parameter F, Schmidt number Sc, chemical 

reaction parameter γ, Hartmann number M, temperature dependent heat source parameter H, porosity parameter 

K, Prandtl number Pr, Schmidt number Sc and Radiation Absorption parameter R1, on velocity, temperature and 

concentration have been studied analytically and effects are executed with the help of figures. Also the behavior 

of skin-friction, rate of heat transfer and rate of mass transfer with respect to various parameters has been 

studied and results were presented in tables. 

 

 
Figure 1: Velocity profiles for different values of Hartmann number M 

 

Figure 1 exhibits the effect of Hartmann number (M). It is noticed that as the values of M increase 

velocity profiles gradually decrease. The effect of magnetic field is more prominent at the point of peak value 

i.e. the peak value drastically decreases with increase in the magnetic field, because the presence of magnetic 

field in an electrically conducting fluid introduces a force called the Lorentz force, which acts against the flow if 

the magnetic field is applied in the normal direction, as in the present problem. This type of resisting force slows 

down the fluid velocity as shown in this figure.Figure 2 shows the velocity profile for different values of 

porosity parameter (K). As K increases velocity also increases. Figure 3 shows the effects of angle of inclination 

(α) on velocity profile. We observed that the velocity decreases for increasing the angle of inclination α. Figure 

4 depicts the effects of Grashof number (Gr) on velocity profile.From this figure it is noticed that the velocity 

decreases as Grashof number increases. Figure5 represents typical velocity profiles in the boundary layer for 

various values of the modified Grashof number. The velocity distribution attains a distinctive maximum value in 

the vicinity of the plate surface and then decrease properly to approach the free stream value. As expected, the 

fluid velocity increases and the peak value more distinctive due to increase in the concentration buoyancy 

effects represented by modified Grashof number. This is evident with the increase in the value of velocity as 

modified Grashof number increases. 

 

 
Figure 2: Velocity profiles for different values of porosity parameter K 
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Figure 3: Velocity profiles for different values of angle of inclination α 

 

 
Figure 4: Velocity profiles for different values of Grashof number Gr 

 

 
Figure 5: Velocity profiles for different values of Gm 

 
Figure 6: Velocity profiles for different values of radiation parameter F 

 

Figure 6 shows the velocity profiles for different values of the radiation parameter (F).  It is clear that 

as radiation parameter increases the peak values of the velocity tend to increase. For different values of the 

Schmidt number (Sc) the velocity profiles are plotted in Figure 7. It is obvious that an increase in the Schmidt 

number results in decrease in the velocity within the boundary layer. Figure 8 illustrates the velocity profiles for 

different values of Prandtlnumber. It is observed that the velocity decreasesfor an increasing the Prandtl number. 

The influence of radiation absorptionparameter (R1) on the velocity profile is shown in Figure 9. It is observed 

that an increase in the radiation absorption parameter causes to decrease the fluid velocity.  
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Figure 7: Velocity profiles for different values of Schmidt number Sc 

 

 
Figure 8: Velocity profiles for different values of Prandtl number Pr 

 
Figure 9: Velocity profiles for different values of Radiation Absorption parameter R1 

 
Figure 10: Velocity profiles for different values of heat source parameter H. 
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Radiation Absorption parameter (R1) are shown in Figure 12. It is noticed that an increase in the radiation 

absorption parameter causes to increase the fluid temperature. Figure 13 illustrates the temperature profiles for 

different values of Prandtlnumber. It is observed that the temperature decreases as Prandtl numberincreases. The 

reason is that smaller values of Prandtl number are equivalent to increase in the thermal conductivity of the fluid 

and therefore heat is able to diffuse away from the heated surface more rapidly for higher values of Prandtl 

number. Hence in the case of smaller Prandtl number the thermal boundary layer is thicker and the rate of heat 

transfer is reduced. Effect of H on temperature is presented in Figure 14. From this figure it is noticed that 

temperature increases as H increases. For different values of the Schmidt number the temperature profiles are 

plotted in Figure 15. It is obvious that an increase in the Schmidt number results in decrease in the temperature 

within the boundary layer. 

 

 

 
Figure 11: Temperature profiles for different values of radiation parameter F 

 

 
Figure 12: Temperature profiles for different values of R1. 

 

 
Figure 13: Temperature profiles for different values of Prandtl number Pr 
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Figure 14: Temperature profiles for different values of heat source parameter H. 

 

 
Figure 15: Temperature profiles for different values of Schmidt number Sc. 

 

Figure 16 illustrates the behavior concentration for different values of chemical reaction parameter γ.  

It is observed that an increase γ leads to a decrease in the values of concentration. Figure 17 displays the effect 

of Schmidt number Sc on the concentration profiles. It is noticed that as the Schmidt number increases the 

concentration decreases. 

 

 
Figure 16: Concentration profiles for different values of Chemical reaction parameter γ  
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Figure 17: Concentration profiles for different values of Schmidt number Sc. 
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From Table 1, we conclude that increasing of K, Gr, Gm will increase the skin-friction. Also increasing 

of M, α, F, Sc, Pr, R1, H will decrease skin-friction. From Table 2, it is found that increasing of Pr, F will 

increase the Nusselt number. Also increasing of Sc, R1, Hwill decrease the Nusselt number.  From Table 2, we 

conclude that increasing of Sc, γ will decrease Sherwood number.   
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Table 2: The effects of Nusselt number 
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1.0 
1.0 

1.0 

1.0 
1.0 

1.0 

2.0 

3.0 

4.0 

1.0 

1.0 

1.0 

0.60 
0.60 

0.60 

0.60 
0.60 

0.60 

0.60 
0.60 

0.60 

0.60 
0.60 

0.60 

0.22 

0.78 

0.96 

0.8539 
0.8436 

0.8346 

1.0195 
1.3193 

2.3093 

0.5834 
0.4120 

0.3123 

1.2103 
1.4475 

1.6881 

0.8615 

0.8927 

0.8573 

 

Table 3: The effect of Sherwood number at the plate 
γ Sc Sh 

0.1 

0.1 

0.1 

0.2 

0.3 

0.4 

0.22 

0.60 

0.78 

0.60 

0.60 

0.60 

-0.2947 

-0.6873 

-0.8697 
-0.7583 

-0.8186 

-0.8745 

 

Conclusions 

Some Of The Important Conclusions Of The Study Are As Follows: 

1. Velocity increases with the increase of K and F and decreases with the increase of M and . 

2. Increase of Gr, R1, Pr and Sc lead to decrease of velocity. 

3. Temperature decreases with the increase of F,Pr and Sc and increases with the increase of R1. 

4. Concentration decreases as Scand   increases. 

5. Sherwood number decreases as Scand   increases. 
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