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ABSTRACT 
We investigate the convective study of heat and mass transfer flow of a viscous electrically conducting fluid in a 
vertical wavy channel under the influence of an inclined magnetic fluid with heat generating sources. The walls of the 
channels are maintained at constant temperature and concentration. The equations governing the flow heat and 
concentration are solved by employing perturbation technique with a slope δ of the wavy wall. The velocity, 
temperature and concentration distributions are investigated for a different values of D-1 M, m, N, N1, α . The rate of 
heat and mass transfer are numerically evaluated for a different variations of the governing parameters 
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1. INTRODUCTION 
 
The flow of heat and mass from a wall embedded in a porous media is a subject of great interest in the research activity 
due to its practical applications; the geothermal processes, the petroleum industry, the spreading of pollutants, cavity 
wall insulations systems, flat-plate solar collectors, flat-plate condensers in refrigerators, grain storage containers, 
nuclear waste management. 
 
The flow takes place both axially (primary) and transversely (secondary) with the secondary velocity being towards the 
axis in the fluid bulk rather than confining within a thin layer as in straight channels. Hence it is advantageous to go for 
converging-diverging geometries for improving the design of heat transfer equipment. Later Vajravelu and Debnath 
[16] have extended this study to convective flow is a vertical wavy channel in four different geometrical configurations. 
This problem has been extended to the case of wavy walls by, Deshikachar et al [5] Rao et. al., [11] and Sree 
Ramachandra Murthy [15]. Mahdy et. al., [8] have studied the mixed convection heat and mass transfer on a vertical 
wavy plate embedded in a saturated porous media (PST/PSE) Comini et. al., [4] have analyzed the convective heat and 
mass transfer in wavy finned-tube exchangers.  
 
Rajesh et al [12] have discussed the time dependent thermal convection of a viscous, electrically conducting fluid 
through a porous medium in horizontal channel bounded by wavy walls. Kumar [12] has discussed the two-dimensional 
heat transfer of a free convective MHD (Magneto Hydro Dynamics) flow with radiation and temperature dependent 
heat source of a viscous incompressible fluid, in a vertical wavy channel. Recently Mahdy et al [8] have presented the 
Non-similarity solutions have been presented for the natural convection from a vertical wavy plate embedded in a 
saturated porous medium in the presence of surface mass transfer.  
 
In all these investigations, the effects of Hall currents are not considered. However, in a partially ionized gas, there 
occurs a Hall current when the strength of the impressed magnetic field is very strong. These Hall effects play a 
significant role in determining the flow features. Yamanishi [17] have discussed the Hall effects on the steady 
hydromagnetic flow between two parallel plates. Alam   et. al.,[2] have studied unsteady free convective heat and mass 
transfer flow in a rotating system with Hall currents, viscous dissipation and Joule heating. Taking Hall effects in to 
account Krishna et. al., [7] have investigated Hall effects on the unsteady hydromagnetic boundary layer flow. Rao et. 
al., [11] have analyzed Hall effects on unsteady Hydromagnetic flow. Siva Prasad et. al., [14] have studied Hall effects 
on unsteady MHD free and forced convection flow in a porous rotating channel. Anwar Beg et al(3) have discussed 
unsteady magnetohydrodynamics Hartmann-Couette flow and heat transfer in a Darcian channel with Hall 
current,ionslip, Viscous and Joule heating effects .Ahmed [ 1 ] has discussed the Hall effects on transient flow pas an  
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impulsively started infinite horizontal porous plate in a rotating system. Shanti [13] has investigated effect of Hall 
current on mixed convective heat  and mass transfer flow in a vertical wavy channel with heat sources. Leela [9] has 
studied the effect of Hall currents on the convective heat and mass transfer flow in a horizontal wavy channel under 
inclined magnetic field. 
 
In this paper we investigate the convective study of heat and mass transfer flow of a viscous electrically conducting 
fluid in a vertical wavy channel under the influence of an inclined magnetic fluid with heat generating sources. The 
walls of the channels are maintained at constant temperature and concentration. The equations governing the flow heat 
and concentration are solved by employing perturbation technique with a slope δ of the wavy wall. The velocity, 
temperature and concentration distributions are investigated for a different values of D-1 M, m, N, N1,α . The rate of 
heat and mass transfer are numerically evaluated for a different variations of the governing parameters.  
 
2. FORMULATION AND SOLUTION OF THE PROBLEM 
 
We consider the steady flow of an incompressible, viscous ,electrically conducting fluid confined in a vertical channel 
bounded by two wavy walls under the influence of an inclined magnetic field of intensity Ho lying in the plane (y-
z).The magnetic field is inclined at an angle α1 to the axial direction k and hence its components are 

))(),(,0( 1010 αα CosHSinH .In view of the waviness of the wall the velocity field has components(u,0,w)The 

magnetic field in the presence of fluid flow induces the current( ),0,( zx JJ .We choose a rectangular cartesian co-

ordinate system O(x, y, z) with z-axis in the vertical direction and the walls at )(
L
zfx δ

±= . 

The Momentum equations including Hall currents are 
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The energy equation is  
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The diffusion equation is  
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The equation of state is  

)()(0 oo CCTT −−−−=− •ββρρ                                                               (5) 
 
Where T,C are the temperature and concentration in the fluid. kf is the thermal conductivity, Cp is the specific heat 
constant pressure,D1 is molecular diffusivity,k11 is the cross diffusivity, β is the coefficient of thermal expansion, •β is 
the coefficient of volume expansion ,Q is the strength of the heat source and qr is the radiative heat flux. 
 
By Rosseland approximation (Brewester [3a]) the radiative heat flux is given by  
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Expanding 4T ′ about Te by Taylor expansion and neglecting the higher order terms we get 
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Where •σ is the Stefan-Boltzman constant and rβ is the mean absorption coefficient. Substituting (6) & (7) in (3) we 
obtain   (8) 
 
The flow is maintained by a constant volume flux for which a characteristic velocity is defined as 
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The boundary conditions are 

u= 0, w=0 T=T1, C=C1 on )(
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zfx δ
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Eliminating the pressure from equations(1)&(2) and introducing the Stokes Stream function ψ as  
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the equations (2.8) & (2.9), (2.15) & (2.11) in terms of ψ is 
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On introducing the following non-dimensional variables  
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the equation of momentum and energy in the non-dimensional form are 
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The corresponding boundary conditions are 
 

( ) ( ) 1f fψ ψ− − =  
 

0, 0, 1, 1 ( )C at x f z
z x
ψ ψ θ δ∂ ∂

= = = = = −
∂ ∂

 

 

)(0,0,0,0 zfxatC
xz

δθψψ
+====

∂
∂

=
∂
∂

 

 
3.  ANALYSIS OF THE FLOW 
 
Introduce the transformation such that  
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For small values of δ <<1,the flow develops slowly with axial gradient of order δ and hence we take    ).1(O
z
≈

∂
∂

 

 
Using the above transformation the equations (2.23)-(2.25) reduce to  
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Assuming the slope δ of the wavy boundary to be small we take 
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Substituting (3.3) in equations (19)&(20) and using (22) and equating the like powers of δ the equations and the 
respective boundary conditions to the zeroth order are 
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and to the first order are 
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The equations (25)-(30) are solved subject to the condition (27) & (31) For the sake brevity the solutions are not 
presented. 
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5. NUSSELT NUMBER and SHERWOOD NUMBER 
 
The rate of heat transfer (Nusselt Number) on the walls has been calculated using the formula 
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The rate of mass transfer (Sherwood Number) on the walls has been calculated using the formula 
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5. RESULTS AND DISCUSSION OF THE NUMERICAL RESULTS 
 
In this analysis, we investigate the effect of  Hall Currents and wall waviness on convective Heat and Mass transfer 
flow of a viscous electrically conducting fluid through a porous medium in a vertical wavy channel under the influence 
of an inclined magnetic field. The variation of v with D-1 and M shows that lesser the permeability of the porous 
mediums higher the Lorentz force smaller |v| in the entire flow region. The region of the reversal flow shrinks in its size 
with increase in D-1 or M, while it enlargers with Hall parameter m. Also |v| enhances with m (fig.5). Fig.6 represents 
the variation of v with heat source parameter α.It is found that the reversal flow which appears in the right half at α = 2 
spreads to the entire flow region for α≥6, while for α<0, the reversal flow zone reduces in its size with increase in |α| 
≤4 and disappears with higher |α| ≥6. The magnitude of v experiences an enhancement with increase in |α|. The 
variation of v with Schmidt number Sc shows that lesser the molecular diffusivity larger |v| in the flow region. When 
the molecular buoyancy force dominates over the thermal buoyancy force the velocity v enhances in magnitude when 
the buoyancy forces act in the same direction and for the forces acting in opposite directions v enhances in the left half 
and reduces in the right half (fig. 7). From fig.8, we find that higher the dilation of channel walls lesser |v| in the flow 
region. Moving along the axial direction the axial velocity enhances in magnitude with increase in x ≤π and reduces 
with x≥2π. 
 
The secondary velocity (u) is shown in figs 1-4 for different parametric values. The variation of u with D-1 and M 
shows that lesser the permeability of the porous medium larger u in the flow region. Also higher the Lorentz force 
larger u and for further higher Lorentz force smaller u in the flow region. The secondary velocity enhances with 
increase in m≤1.5 and reduces with m≥2.5(fig.1). From fig.2, we find that u enhances with α>0 and reduces with α<0. 
The variation of u with Sc shows that lesser the molecular diffusivity smaller u and for further lowering of the 
diffusivity larger u in the flow region. The magnitude of u enhances with N>0 and reduces with increase in |N|(Fig-3). 
From fig.4, we notice that higher the dilation of the channel walls smaller u and for further higher dilation (β≥0.7) 
larger u in the entire flow region. 
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The non-dimensional temperature (θ) is shown in figures 9-12 for different values of D-1, M, m, Sc, N,α, β. We follow 
the convention that the non-dimensional temperature is positive or negative according as the actual temperature is 
greater/lesser than T1. The variation of θ with D-1 and M shows that the lesser the permeability for the porous medium / 
higher the Lorentz force larger the actual temperature in the flow region. Also an increase in the Hall parameter m 
enhances the actual concentration except in the vicinity of the left boundary η = -1 (fig.9). The variation of θ with 
Schmidt number Sc shows that the lesser molecular diffusivity larger the actual temperature and for further lowering of 
the diffusivity smaller the temperature(fig.10). The variation of θ with buoyancy ratio N shows that when the molecular 
buoyancy force dominates over the thermal buoyancy force the actual temperature reduces when the buoyancy forces 
act in the same direction and for the forces act in the opposite directions larger temperature in the flow region(fig.10). 
The variation of θ with heat source parameter α reveals that the actual temperature depreciates with α>0 and enhances 
with |α| (fig.11). The influence of the wall waviness on θ is shown in fig.12. It is found that the higher the dilation of 
channel walls lesser the actual temperature in the flow region. 
 
The non-dimensional concentration (C) is shown in figs 13-16 for different parametric values. The variation of C with 
D-1 and M shows that lesser the permeability of the porous medium/higher the Lorentz force larger the actual 
concentration in left half and smaller in the right half. An increase in the Hall parameter m≤1.5 enhances the actual 
concentration in the left half and reduce sin the right half and higher m≥2.5 smaller in the concentration in the left half 
and larger in the right half of the channel(fig-13). The variation of C with Sc shows that lesser the molecular diffusivity 
larger the actual concentration in the left half and lesser in the right half and for further lowering of the diffusivity 
smaller the concentration in left half and larger in the right half and for still lowering of the diffusivity larger the 
concentration in the left half and smaller in the right half. When the molecular buoyancy force dominates over the 
thermal buoyancy force the actual concentration enhances in the left half and reduces in the right half, when the 
molecular buoyancy forces act in the same direction and for the forces acting in opposite direction the actual 
concentration reduces in the left half and enhances in the right half (fig.14). From fig. 15, we notice that the actual 
concentration depreciates in the left half and enhances in the right half. In the case of heat sink, the actual concentration 
enhances in the left half and reduces in the right half with |α| ≤4, while ||α|≥6 it reduces marginally in the entire flow 
region. The influence of wall waviness on C is shown in fig.26. It is found that higher the dilation of the channel walls 
lesser the concentration in the left half and larger in the right half and for further higher dilation larger the concentration 
in the left half and lesser in the right half. 
 
The average Nusselt number (Nu) at η = ±1 is shown in tables 1-8 for different values of G, D-1, M, m, Sc, λ, α, N, β, 
R. It is found that the rate of heat transfer enhances with increase in G>0 and reduces with G<0 at both the walls. The 
variation of Nu with D-1 shows that lesser the permeability of the porous medium smaller |Nu| at η = +1 and at η = -1, 
smaller |Nu| and for further lowering of the permeability it depreciates for G<0 and enhances for G>0. The variation of 
Nu with Hartman number M shows that the higher the Lorentz force lesser |Nu| at η=+1, larger |Nu| for G>0 and 
smaller |Nu| for G<0. An increase in the Hall parameter m enhances Nu at η = +1 and reduces at η = -1 (tables 1 and 5). 
The variation of Nu with Schmidt number Sc shows that lesser the molecular diffusivity larger |Nu| at η = +1 and 
smaller |Nu| at η = -1 in the heating case while in the cooling case larger |Nu| at η = ±1. An increase in the inclination 
of the magnetic field reduces Nu at η = +1 and enhances it at η = -1 for G>0 while for G<0 a reversed effect is noticed 
in the behaviour of Nu (tables 2 and 6). The variation of Nu with heat source parameter α shows that the rate of heat 
transfer reduces at η = +1 and enhances at η = -1. with increase in the strength of the heat source, while in the case of 
heat sink Nu reduces at η = +1 and at η = -1 it enhances with |α| ≤4 and reduces with |α|≥6. When the molecular 
buoyancy force dominates over the thermal buoyancy force, the rate of heat transfer enhances at η = +1 for all G and at 
η = -1, it enhances in the heating case, depreciates in the cooling case, when the buoyancy forces act in the same 
directions and for the forces acting in opposite directions the rate of heat transfer reduces for G>0 and enhance for G<0 
at both the walls (tables 3 and 7). 
 
The rate of Mass transfer (Sh) at η = ±1 is shown in tables 9-16. It is found that the rate of mass transfer depreciates at 
η = +1 and enhances at η = -1 with increase in G>0, while for G<0, |Sh| enhances at η = +1 and reduces at η = -1. The 
variation of Sh with Darcy parameter D-1 shows that lesser the permeability of the porous media smaller |Sh| for G>0 
and larger for G<0 at both the walls. Higher the Lorentz force smaller Sh at η = +1. An increase in the Hall parameter 
m enhances |Sh| at η = ±1 for G>0 while for G<0 it reduces at η = +1 and enhances at η = -1. (tables 9 and 13). The 
variation of Sh with the Schmidt number Sc shows that lesser the molecular diffusivity larger |Sh| at η = +1 and 
enhances at η = -1(tables 10 and 14). The variation of Sh with heat source parameter α indicates that an increase in the 
strength of the heat source enhances Sh at η = +1 and enhances at η = -1. A reversed effect is observed in behaviour of 
|Sh| with increase in the strength of heat sink. The variation of Sh with buoyancy ratio N shows that the rate of mass 
transfer enhances for G>0 and reduces G<0 when the buoyancy forces act in the same direction and for the forces 
acting in the opposite directions |Sh| reduces at η = ±1 for G>0 and for G<0 it reduces at η = +1 and enhances at η = -1 
(tables 11 and 15). The influence of the surface geometry on Sh is shown in tables 12 and 16. It is found that at η = +1, 
higher the dilation of the channel walls larger Sh and for further higher dilation smaller Sh for G>0 and smaller |Sh| for  
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G<0 and at η = -1 smaller Sh for all G. An increase in the Reynolds number R results in an enhancement in |Sh| at η = 
±1.  
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