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Abstract: In this work, the problem of transient MHD double-diffusive natural convection flow 
of a Newtonian fluid in a rectangular enclosure with linearly heated and concentrated walls in  
the presence of heat generation or absorption effects is investigated. The finite-difference method 
is employed to solve the dimensionless governing equations of the problem. The effects of 
governing parameters, namely the Hartmann number, Lewis number, buoyancy parameter and 
the heat generation or absorption parameter on the streamlines, isotherm and iso-concentration 
contours as well as the velocity components, local Nusselt number and the local Sherwood 
number are studied. Two cases are considered. The first case is when the cavity has both vertical 
walls heated and concentrated and the second case when the cavity has only its left wall heated 
and concentrated while the right wall is cooled and has no mass. The present results are validated 
by favourable comparisons with previously published results. All results are presented 
graphically and discussed. 
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1 Introduction 

Hydromagnetic incompressible viscous flow has many 
important engineering applications such as magneto 
hydrodynamic power generators and cooling of reactors. 
Oreper and Szekely (1983) have found that the presence of a 
magnetic field can suppress natural convection currents and 
that the strength of the magnetic field is one of the 
important factors in determining the quality of the crystal. 
Ozoe and Maruo (1987) have investigated the magnetic and 
gravitational natural convection of melted silicon through 
two-dimensional numerical computations for the rate of heat 
transfer. Garandet et al. (1992) and Alchaar et al. (1995) 
have considered natural convection heat transfer in a 
rectangular enclosure with a transverse magnetic field. 
Rudraiah et al. (1995) and Al-Najem et al. (1998) have 
studied the effects of a magnetic field on free convection in 
a rectangular enclosure. 

On the other hand, natural convection heat transfer 
induced by internal heat generation has recently received 
considerable attention because of numerous applications  
in geophysics and energy-related engineering problems.  
Such applications include heat removal from nuclear fuel 
debris, underground disposal of radioactive waste materials, 
storage of foodstuff and exothermic chemical reactions  
in packed-bed reactors (see, for instance, Kakac et al., 
1985). Acharya and Goldstein (1985) studied numerically 
two-dimensional natural convection of air in an externally 
heated vertical or inclined square box containing uniformly 
distributed internal energy sources. Their numerical results 
showed two distinct flow pattern systems depending on  
the ratio of the internal to the external Rayleigh numbers. 
Also, it was found that the average heat flux ratio along the 
cold wall increased with increasing external Rayleigh 
numbers and decreasing internal Rayleigh numbers. 
Chamkha and Al-Naser (2002) studied hydromagnetic 
double-diffusive convection in a rectangular enclosure with 
uniform side heat and mass fluxes and opposing temperature 
and concentration gradients. They observed that the effect 
of the magnetic field was found to reduce the overall  
heat transfer and fluid circulation within the enclosure.  
The problem of double-diffusive natural convection in 
inclined porous cavities with various aspect ratios and 
temperature-dependent heat source or sink was investigated 
by Chamkha and Al-Mudhaf (2008). They found that 
decreasing the Darcy number was found to reduce the 
average Nusselt number and Sherwood numbers and  
the fluid circulation within the enclosure. Other related 
references can be found in the above referenced papers. 

In a relatively recent paper, Sathiyamoorthy et al. (2007) 
have investigated steady natural convection flows in a  
 
 

square cavity with linearly heated side walls. The main 
objective of this paper is to study the effects of heat 
generation/absorption on magnetohydrodynamic flow,  
heat and mass transfer inside a rectangular enclosure  
with linearly heated and concentrated side walls.  
The finite-difference method is employed to solve the 
dimensionless governing equations. The contour lines for 
the stream function, temperature and concentration as well 
as the velocity components in the horizontal and vertical 
directions at the cavity mid-section, Nusselt and Sherwood 
numbers at the left vertical wall profiles are presented 
graphically. It should be mentioned that the present study  
is an extension of the work of Sathiyamoorthy et al. (2007) 
by including the effects of concentration buoyancy force, 
mass transfer, magnetic field and heat generation/absorption 
with a rectangular cavity. 

2 Mathematical model 

Consider unsteady, laminar, hydromagnetic  
double-diffusive natural convection flow inside a 
rectangular cavity with linearly heated and concentrated 
walls in the presence of internal heat generation or 
absorption. The problem geometry and the Cartesian 
coordinate system are schematically shown in Figure 1.  
In the present problem, the following assumptions have 
been made: 

• In the cavity, the bottom wall is heated and 
concentrated uniformly, the left vertical wall is heated 
and concentrated linearly and the right vertical wall is 
either linearly heated and concentrated or cooled and 
has no mass. In any case, the top wall is assumed to be 
adiabatic and impermeable to mass transfer.  

• Properties of the fluid are isotropic and homogeneous 
everywhere. 

• The enclosure is permeated by a uniform magnetic 
field. 

• A uniform source/sink of heat generation/absorption  
in the flow region with constant volumetric rate is 
considered.  

• The viscous dissipation, radiation and Joule heating 
effects are neglected. 

• The Boussinesq approximation is employed such that 
the density is assumed to be a linear function  
of temperature and concentration 

0[ (1 ( ) ( ))].T c c cT T C Cρ ρ β β= − − − −  
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Figure 1 Physical model of the problem 

 

Under the above assumptions, the governing equations are 
given by 
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where x, y and t are the horizontal and vertical distances  
and time, respectively. u and v are the velocity components 
in the x- and y-directions, respectively. p, T and C are  
the pressure, temperature and species concentration, 
respectively. βT and βC are the thermal and compositional 
expansion coefficients, respectively. α, v, cp, and ρ are the  
fluid thermal diffusivity, kinematic viscosity, specific heat  
at constant pressure and fluid density, respectively. D is the 
species diffusivity, hT  and rT  are the hot and cold wall  
temperatures, hC  and rC  are the concentrations at the hot 
and cold walls, and g is the gravitational acceleration. σ, 0β  
and 0ϕ  are the electrical conductivity, magnetic induction, 
and the dimensional heat generation or absorption 
coefficient, respectively. 

The appropriate boundary conditions are 
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where H and W are the height and the width of the 
enclosure, respectively. 

Now, the following dimensionless variables are 
introduced: 
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where Ψ and ζ are the dimensional stream function and 
vorticity and can be defined as 

2 2

2 2, , .u v
y x x y

ζ  ∂Ψ ∂Ψ ∂ Ψ ∂ Ψ= = − = − + ∂ ∂ ∂ ∂ 
 (8) 

By using Equation (7), Equations (1)–(5) can be reduced to 
the following general form (after eliminating the pressure 
gradient terms) 

2 ,ψ∇ = −Ω  (9) 

2 ,S S
S S SU V S

X Yτ
∂ ∂ ∂+ + = Γ ∇ +Φ
∂ ∂ ∂

 (10) 

where S stands for Ω or θ or φ and the expressions SΓ  and 
SΦ  are listed in Table 1. 

Table 1 Expressions of ΓS and ΦS which appear  
in Equation (10) 

 Ω θ φ 

ΓS Pr 1.0 1/Le 

ΦS 
2Ra Pr Ha Pr VN

X X X
θ φ∂ ∂ ∂ + − ∂ ∂ ∂ 

 γθ 0 

In the previous equations, 0Ha /Wβ σ µ=  is the Hartmann 
number, Le /Dα=  is the Lewis number, Pr /υ α=  is  
the Prandtl number, 3 2Ra ( ) Pr/T h rg T T Wβ υ= −  is the 
Rayleigh number, ( ) /[ ( )]C h r T h rN C C T Tβ β= − −  is the 
buoyancy ratio and 2

0 /( )pW cγ ϕ αρ=  is the dimensionless 
heat generation or absorption coefficient. 

The dimensionless boundary conditions are  
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where /A H W=  is the enclosure aspect ratio. 
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The boundary condition imposed on the vorticity is 
written as 

2

2
w

w S
ψ∂

Ω = −
∂

 (12) 

where the subscript w refers to the wall condition and S 
indicates the direction normal to the wall surface. 

The heat and mass transfer coefficients in terms of the 
local Nusselt and Sherwood numbers are defined by 

Nu , Sh ,
n n
θ φ−∂ −∂= =

∂ ∂
 (13) 

where n refer to the normal direction on the plane.  
In addition, the average Nusselt number and Sherwood 
number at the left side wall are defined as 
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3 Numerical method 

The numerical algorithm used to solve the dimensionless 
governing Equations (9) and (10) with the boundary 
conditions (11) is based on the finite difference 
methodology. Central difference quotients were used to 
approximate the second derivatives in both the X- and  
Y-directions. The obtained discretised equations are then 
solved using the following algorithm. 

a Select a suitable grid. A grid 21 21×  is a good start in 
many cases. 

b All dependent variables are initialised to zero. 

c The new boundary values at (n + 1) are calculated  
for all walls from the previous values at (n). 

d The new temperature and concentration values at 
(n + 1) are calculated from previous (n) values at all 
internal grid points. 

e The vorticity, angular velocity and stream function are 
calculated in the same way as in step (d). 

f The velocity components U and V are calculated at 
(n + 1) from the values at (n) explicitly for all the 
internal grid points. 

g The same procedure is followed by starting with step 
(c) to obtain the solution at the next time step at (n + 2). 

h The iteration process is terminated if τ equals 
maximum set time or the following condition satisfies. 

1 6
, ,

,
10n n

i j i j
i j

χ χ+ −− ≤∑  (15) 

i The local and average Nusselt numbers at the left wall 
are then calculated. 

j The local and average Sherwood numbers at the left 
wall are then calculated. 

where χ is the general dependent variable which stands  
for ,θ φ  or ψ  and n denotes the iteration step. The 
numerical computations were carried out for (41 × 41)  
and (61 × 61) grid nodal points with a time step of 10–4.  
In most of the results to be reported below, the enclosure 
aspect ratio A was taken to be equal to 2.0. In order to  
check the accuracy of the present results, a favourable 
comparison between the present results and Sathiyamoorthy 
et al. (2007) is presented. Figures 2–4 present the contours  
of streamlines and isotherms for the cases (0, )Yθ   

1 ,Y= −  (1, ) 0,Yθ =  3Ra 10=  and (0, ) (1, ) 1 ,Y Y Yθ θ= = −  
4Ra 10 .=  It is clear that the present method was found  

to be suitable and gave results that are very close  
to the numerical results obtained by Sathiyamoorthy  
et al. (2007). 

Figure 2 Streamlines contours for the case 3( (0, ) 1 , (1, ) 0, Pr 0.7, Ra 10 )Y Y Yθ θ= − = = =  

 Present results Sathiyamoorthy et al. (2007) 
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Figure 3 Isotherms contours for the case 3( (0, ) 1 , (1, ) 0, Pr 0.7, Ra 10 )Y Y Yθ θ= − = = =  

 

Figure 4 Isotherms contours for the case 4( (0, ) (1, ) 1 , Pr 0.7, Ra 10 )Y Y Yθ θ= = − = =  

 
 
4 Results and discussion 

In this section, numerical results for the contours of the 
streamlines, isotherms and iso-concentrations as well as 
selected velocity components profiles at mid section of the 
cavity and Nusselt number and Sherwood number at the left 
side of the enclosure are presented for various values of  
the magnetic field represented by the Hartmann number Ha, 
heat generation/absorption parameter ,γ  buoyancy ratio 
parameter N and the Lewis number Le. In all of these 
results, the aspect ratio of the enclosure was fixed at a value 
of 2.0. 

Figure 5 presents steady-state contours for the 
streamlines, isotherms and iso-concentrations for various 
values of the Hartmann number Ha for the case when the 
two vertical walls are heated and concentrated. It is clear 
from this figure that the fluid moves from the core of the 
enclosure to the top and bottom walls of the enclosure 
forming four symmetrical clock-wise and anti-clock-wise 
circular cells. In addition, by increasing the Hartmann 
number Ha to the value of 50, the values of these contours 
increase and become more symmetrical. The isotherm  
 
 

contours cover most areas of the cavity then distribute in  
a symmetrical order which is the positive contours at the  
hot wall (bottom wall) and the negative contours at the 
adiabatic wall (top wall). Thus, we can find the largest value 
contour ( 1.0)θ =  at the bottom wall, which then decreases 
until it reaches the value of zero at the centre of the cavity, 
which is considered as the symmetric line, and takes  
a negative values at the adiabatic wall. For Ha = 50,  
the magnitude of the contour value increases. Most of the 
iso-concentration contours are parallel but the contour line 
( 0.7)φ = −  starts getting deformed and pushed towards  
the top wall of the enclosure. Also, the contours ( 0.7)φ > −   
occur symmetrically near the top corners of the enclosure. 
By increasing the Hartmann number to the value of 50,  
the values of these lines increase. 

In Figure 6, the effects of the Hartmann number on the 
streamlines, isotherm and iso-concentration contours for  
the case of linearly heated and concentrated left wall only 
are displayed. It is observed that the fluid moves towards 
the bottom and the top walls forming two cells; one of them 
is a clock-wise cell at the bottom wall and the other is an 
anti-clock-wise cell at the top wall. The contour lines are  
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crowded at the top and bottom walls, meaning that the 
activity motion of the fluid is higher than in the core of  
the enclosure. The behaviour of the isotherms in this case 
differs from the previous case (when two vertical walls are 
linearly heated and concentrated) because the contour lines 
start from the heated wall and get crowded at the bottom 
right corner of the enclosure whereas the negative contour 
lines arise at the top left corner in a symmetrical form.  
The iso-concentration contours are similar to the isotherm 
contours. It should also be noted that there are no isotherm 
and iso-concentration contour lines beside the right wall of 
the cavity which agree with the boundary conditions of the 
problem.  

Figure 7 presents the effects of a magnetic field 
parameter represented by the Hartmann number Ha  
on the velocity components at the enclosure’s mid-section. 
From this figure it can be observed that the velocity 
components decrease with increasing values of the 
Hartmann number Ha. This because of the presence of the 
Lorentz force, which opposes the flow; this in turn leads to 
enchanted deceleration of the flow. This conclusion meets 
the logic of the magnetic field exerting a retarding force on 
free convection flow. In Figure 8, the local Nusselt number 
Nu s  and the Sherwood number Sh s  profiles at the left wall, 
which is heated and concentrated in all cases are depicted.  
It is clear that increasing the value of the Hartmann number 
Ha leads to a decrease in both of the local Nusselt and 
Sherwood numbers. 

Figures 9 and 10 illustrate the effects of the heat 
generation/absorption parameter γ on the streamlines, 
isotherm and iso-concentration contours for two cases:  
one when the two vertical walls are linearly heated and 
concentrated and the other when only the left wall is heated 
and concentrated. It is interesting to observe that the 
presence of heat generation causes the fluid to move 
through the whole cavity and the streamlines to divide into 
two symmetrical clock-wise and anti-clock-wise cells along 
the height of the enclosure. However, the presence of heat 
absorption causes decay in the fluid motion and the fluid 
moves to the top and bottom walls forming four different 
circular cells at these walls, whereas the constant isotherm 
lines increase and cover more than 95℅ of the enclosure 
starting from the top wall and pushing down towards the 
bottom wall of the cavity in the case of heat generation.  
But when heat absorption is present, the constant isotherm 
lines decrease and separate such that all lines 0θ >  are 
pushed towards the bottom wall, both of the lines 

0.1, 0.2θ = − −  are pushed towards the top wall and the 
other lines arise at the higher left and right corners in 
symmetrical shapes. The iso-concentration lines from 

1.0φ =  to 0.7φ = −  for the heat generation case can be 
considered as waves lines but the other iso-concentration 
lines are found in the top left and right corners. In addition, 
when heat absorption is present, the concentration lines 

0.3φ > −  are straight parallel lines but the two lines 
0.4, 0.5φ = − −  start to push towards the top wall. The other  

 

lines are crowded in the top left and right corners of the 
enclosure. When the right wall is cooled and has no mass, 
the fluid at the top and bottom walls distributes in two 
clockwise and anti-clockwise circular cells at the bottom 
and top walls, respectively. Also, the isotherm contours for 
the heat generation case which arise at the top region of  
the cavity take the same behaviour as the previous, case but 
at the bottom region, the lines start from the left wall and 
finish at the bottom right corner. Whereas, for the heat 
absorption case the isotherm contours decrease and take the 
same shapes as in Figure 6. The constant iso-concentration 
lines in this case are similar to the lines in Figure 6, but they 
decrease with decreases in the heat generation/absorption 
parameter. 

With the help of Figures 11 and 12, we can study  
the effects of the presence of heat source or heat sink on the 
selected velocity components at mid-section of the 
enclosure, Nusselt number and Sherwood number at the left 
wall of the cavity in the case of linearly heated and 
concentrated walls and the case when only the left wall is 
heated and concentrated. It is observed from these figures 
that the vertical velocity component V is affected more than 
the horizontal velocity component U and this is because the 
term which represents the thermal buoyancy effect arises 
only in the vertical momentum equation. In addition,  
in the case when the two vertical walls are linearly heated 
and concentrated, the velocity components, Nusselt number 
and Sherwood number increase with increases in the heat 
generation/absorption parameter, but they take the inverse 
behaviours for the second case. 

Figures 13 and 14 investigate the effects of the 
buoyancy parameter N on the streamlines, isotherm and  
iso-concentration contours when the enclosure vertical  
walls are heated and concentrated and when only the 
enclosure left vertical wall is heated and concentrated.  
It is predicted that in the absence of the buoyancy force 
( 0)N =  the fluid flows up and down through the enclosure. 
By considering the buoyancy force ( 1),N =  the magnitude 
values of the stream function increase. Also, the stream 
lines take similar behaviour as the previous figures  
except when 1;N =  three clock-wise and anti-clock-wise 
circular cells are formed. In addition, the isotherm and  
iso-concentration contours take the same behaviours but  
they turn from straight parallel lines at the lower half of the 
enclosure when 0N =  to curves pushed towards the top 
right corner and pushed towards the middle of the top 
corner.  

Figures 15 and 16 display the effects of the buoyancy 
parameter N on the horizontal velocity component U and  
the vertical velocity component V as well as the local 
Nusselt and Sherwood numbers at the left vertical wall.  
It is found that increasing the value of the buoyancy 
parameter leads to increasing not only the horizontal 
velocity component U but also the local Nusselt and 
Sherwood numbers while the vertical velocity component 
takes an opposite behaviour. 
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Figure 5 Effects of Hartmann number on the streamlines, isotherms and iso-concentrations contours for the case of 
(0, ) (1, ) (0, ) (1, ) 1Y Y Y Y Yθ θ φ φ= = = = −  with 45.0, Le 2.0, Ra 10 , 0.5 and Pr 0.7Nγ = = = = = : (a) when Ha 25=   

and (b) when Ha 50=  

 
(a) 

 
(b) 

Figure 6 Effects of Hartmann number on the streamlines, isotherms and iso-concentrations contours for the case of 
(0, ) (0, ) 1 , (1, ) (1, ) 0Y Y Y Y Yθ φ θ φ= = − = =  with 45.0, Le 2.0, Ra 10 , 0.5 and Pr 0.7Nγ = = = = = : (a) when Ha 25=  and  

(b) when Ha 50=  

 
(a) 
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Figure 6 Effects of Hartmann number on the streamlines, isotherms and iso-concentrations contours for the case of 
(0, ) (0, ) 1 , (1, ) (1, ) 0Y Y Y Y Yθ φ θ φ= = − = =  with 45.0, Le 2.0, Ra 10 , 0.5 and Pr 0.7Nγ = = = = = : (a) when Ha 25=  and  

(b) when Ha 50=  (continued) 

 
(b) 

Figure 7 Effects of Hartmann number on the velocity components at enclosure mid-section with 
45.0, Le 2.0, Ra 10 , 0.5 and Pr 0.7Nγ = = = = =  

 

Figure 8 Effects of Hartmann number on the local Nusselt and Sherwood numbers at enclosure left wall with 
45.0, Le 2.0, Ra 10 , 0.5 and Pr 0.7Nγ = = = = =  

 
 
Figures 17 and 18 depict the contours for the streamlines, 
isotherms and iso-concentrations for different values of the 
Lewis number Le. It is observed that, for all values of Le, 
the streamlines are characterised by four symmetrical  
 

recirculation cells within the cavity in the first case and two 
recirculation cells in the second case. As the Lewis number 
Le increases, the streamlines become more stretched 
towards the core of the cavity. In addition, the contours of  
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isotherms and iso-concentrations show significant changes 
as the Lewis number Le increases. These changes are more 
profound for the iso-concentrations contours than for the 
isotherms contours. As the Lewis number Le increases, the 
iso-concentrations contours turn from parallel lines to 
parallel curves. 

Finally, the effects of Lewis number Le on the selected 
velocity components and local Nusselt and Sherwood 
numbers are displayed in Figures 19 and 20. It is clear that 
increasing the value of the Lewis number Le results in 
increases in the horizontal and vertical velocity components 
and decreases in both the local Nusselt and Sherwood 
numbers. 

Figures 21 displays the effects of the dimensionless time 
parameter τ  on both the average Nusselt and Sherwood 
numbers at the left side wall for cases when the two vertical 
walls are heated and concentrated. It is found that both of 
the average Nusselt and Sherwood numbers increase 
monotonically as the dimensionless time parameter 
increases. This can be attributed to the increase of natural 
convection which is caused by increasing the time 
parameter. 

4 Conclusions 

The problem of unsteady hydromagnetic double-diffusive 
convection in a rectangular enclosure with linearly  
heated and concentrated walls in the presence of heat  
generation/absorption effects was studied numerically.  
The finite-difference method was employed for the solution  
of the present problem. Comparisons with previously  
published work on a special case of the problem were 
performed and found to be in a good agreement. Graphical 
results for various parametric conditions were presented and 
discussed. It was found that the presence of a heat  
source increased the activity of fluid motion, whereas the 
presence of a heat sink led to a decay in the fluid motion. 
Moreover, increasing the values of the Hartmann number 
resulted in decreases in the fluid velocity components and 
local Nusselt and Sherwood numbers. In the case of an 
enclosure with heated and concentrated vertical walls, 
increasing the buoyancy ratio led to an increase in not only 
the horizontal velocity component but also the local Nusselt 
and Sherwood numbers while the vertical velocity 
component decreased. 

Figure 9 Effects of the heat generation/absorption parameter on the streamlines, isotherms and iso-concentrations contours for the case of 
(0, ) (1, ) (0, )Y Y Yθ θ φ= =  (1, ) 1Y Yφ= = −  with 4Ha 50, Le 2.0, Ra 10= = = , 0.5 and Pr 0.7N = = : (a) when 10γ =  and  

(b) when 10γ = −  

 
(a) 

 
(b) 
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Figure 10 Effects of the heat generation/absorption parameter on streamlines, isotherms and iso-concentrations contours for the case of 
(0, ) (0, ) 1 , (1, )Y Y Y Yθ φ θ= = −  (1, ) 0Yφ= =  with 4Ha 50, Le 2.0, Ra 10 ,= = =  0.5 and Pr 0.7N = = : (a) when 10γ =  and  

(b) when 10γ = −  

 
(a) 

 
(b) 

Figure 11 Effects of the heat generation/absorption parameter on the velocity components at enclosure mid-section with 
4Ha 50, Le 2.0, Ra 10 , 0.5 and Pr 0.7N= = = = =  
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Figure 12 Effects of the heat generation/absorption parameter on the local Nusselt and Sherwood numbers at enclosure left wall with 
4Ha 50, Le 2.0, Ra 10 , 0.5N= = = =  and Pr 0.7=  

 

Figure 13 Effects of buoyancy ratio on the streamlines, isotherms and iso-concentrations contours for the case of 
(0, ) (0, ) (1, ) (1, ) 1Y Y Y Y Yθ φ θ φ= = = = −  with 31.0, Le 2.0, Ra 5 10 , Ha 10 and Pr 0.7γ = = = × = = :  

(a) when 0N =  and (b) when 1N =  

 
(a) 

 
(b) 
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Figure 14 Effects of buoyancy ratio on the streamlines, isotherms and iso-concentrations contours for the case of 
(0, ) (0, ) 1 , (1, ) (1, ) 0Y Y Y Y Yθ φ θ φ= = − = =  with 31.0, Le 2.0, Ra 5 10 , Ha 10, Pr 0.7γ = = = × = = :  

(a) when 0N =  and (b) when 1.0N =  

 
(a) 

 
(b) 

Figure 15 Effects of buoyancy ratio on the velocity components at enclosure mid-section with 1.0, Le 2.0,γ = =  
3Ra 5 10 , Ha 10 and Pr 0.7= × = =  
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Figure 16 Effects of buoyancy ratio on the local Nusselt and Sherwood numbers at enclosure left wall with 
31.0, Le 2.0, Ra 5 10 , Ha 10 and Pr 0.7γ = = = × = =  

 

Figure 17 Effects of Lewis number on the streamlines, isotherms and iso-concentrations contours for the case of 
(0, ) (1, ) (0, ) (1, ) 1Y Y Y Y Yθ θ φ φ= = = = −  with 45.0, 0.5, Ra 1 10 , Ha 50 and Pr 0.7Nγ = = = × = = :  

(a) when Le 5=  and (b) when Le 10=  

 
(a) 

 
(b) 
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Figure 18 Effects of Lewis number on the streamlines, isotherms and iso-concentrations contours for the case of 
(0, ) (0, ) 1 , (1, ) (1, ) 0Y Y Y Y Yθ φ θ φ= = − = =  with 45.0, 0.5, Ra 1 10 , Ha 50 and Pr 0.7Nγ = = = × = = :  

(a) when Le 5=  and (b) when Le 10=  

 
(a) 

 
(b) 

Figure 19 Effects of Lewis number on the velocity components at enclosure mid-section with 5.0, 0.5,Nγ = =  
4Ra 1 10 , Ha 50 and Pr 0.7= × = =  
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Figure 20 Effects of Lewis number on the local Nusselt and Sherwood numbers at enclosure left wall with 
45.0, 0.5, Ra 1 10 , Ha 50 and Pr 0.7Nγ = = = × = =  

 
 
Figure 21 Effects of dimensionless time parameter on the average 

Nusselt and Sherwood numbers at enclosure left wall 
with 45.0, 0.5, Ra 1 10 , Ha 25, Le 2Nγ = = = × = =  
and Pr 0.7=  
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