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A B S T R A C T   

Current disquisition is aimed to adumbrate thermosolutal convective diffusion transport in Casson fluid filled in 
hexagonal enclosure under effectiveness of inclined magnetic field. Partially iso-concentration and iso- 
temperature distributions at base wall of enclosure is provided along with incorporation of fillets at corners of 
flow domain. Governing formulation in 2D are expressed in a velocity-pressure, energy and concentration bal-
ance equations. Numerical computations are executed by employing COMSOL Multiphysics software based on 
finite element scheme. Domain discretization in manifested by performing hybrid meshing in view of 2D ele-
ments. Linear and quadric interpolating polynomials for pressure and other associated distributions are capi-
talized. Non-linearized discretization system is handled by non-linear solver renowned as PARADISO. Results and 
code validation is assured by performing comparison and grid convergence test respectively. The impact of flow 
concerning variables by considering wide ranges like Casson parameter (0.1≤ β≤ 10), Rayleigh number 
(104 ≤ Ra≤ 107), Hartmann number (20≤ Ha≤ 80) and Lewis number (0.1≤ Le≤ 10) on velocity, isothermal 
and isoconcentration fields are visualized through graphs and tables. Visualization about kinetic energy along 
with heat and mass transfer rates are disclosed through graphs and tables.   

1. Introduction 

Fluids are driven in a domain through density variations generated 
by non-uniform effect of gravity at different locations. Due to production 
of these gradient fluid moves in bulk and form the procedure of con-
vection. These changes in the density may also be caused by gradients in 
fluid composition or by difference in temperature and concentration 
distributions which is renowned as thermosolutal convection. It has 
received immense attention experimentally and theoretically due to 
superb existence in different frameworks [1–11]. In view of superb 
utilizations Beghein et al. [12] probed thermosolutal diffusive phe-
nomenon in air subjected to assisting or opposing associated gradients. 
Gobin and Bennacer [13] conducted comprehensive work on diminution 
of energy transfer by enhancing magnitude of buoyancy forces. Amiri 
et al. [14] contemplated forced convective flow within in square 

enclosure under thermal and solutal differences. Nithyadevi and Yang 
[15] adumbrated Soret and Dufour diffusion aspects in a cavity with 
local heaters by. Chen et al. [16] performed computational analysis to 
explicate natural convection induced by heat and mass diffusions within 
a vertical annulus. Qin et al. [17] implemented compactly accurate 
finite difference scheme to attain results of convectively diffusive mixed 
binary liquid. Some recent efforts reported on quantification of involved 
physical parameters to check optimized change in double diffusion 
phenomenon is executed and encapsulated in Refs. [18–23]. For more 
studies on fluid and nanofluid flow you can see [48–51]. 

Liquids which behave as solid beyond certain magnitude of critical 
stress are known as viscoelastic materials. It is paramount to depict the 
strain response against application of stress to know mechanical 
behavior of such materials. In everyday life we are surrounded by these 
materials like paint, emulsions, food products, consumer products, 
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concrete, waste of nuclear sludge. The study of yield stress dependent 
liquids has also enchanted paramount intend due to dispersed utilization 
in crude oil refinement, formation of plastic materials and drugs man-
agement. To depict the behavior viscoelastic liquids Casson model was 
presented by Casson [24] which is considered to be the fittest rheolog-
ical structure possessing the characteristics of yield stress and high 
shearing viscosity. In recent years several studies on Casson fluid flow in 
different domains is taken under consideration like Rao et al. [25] 
described the situation due to which Casson liquid reduces to Newtonian 
when surface drag is greater than yield stress. Bird et al. [26] probed 
viscoplastic materials by determining mathematical formulation and 
manipulation of tensor. Latest studies related to scrutinization of 
non-Newtonian liquids are gathered in Refs. [27–31]. 

Magnetic field is implemented in transverse directions to make 
transport regime laminar. Such fluid which gives maximum response to 
the appliance of magnetic field is known as electrically conducting 
fluids. These liquids capture the capability of polarization and gaining 
charge on interaction in according with field intensity. Magnetic field 
implementation also plays important role in producing stratified envi-
ronment in temperature production/reduction systems due to genera-
tion of buoyant forces. In addition, movement of conducting liquid in 
attendance of magnetic field generates addition oppositional (Lorentz) 
force which change the attributes in significant manner and generate 
addition energy storage especially in close domains. Some outstanding 
applications of magnetized liquids are seen in diversified engineering 
systems like fusion reactor designing, nuclear reactor cooling, electronic 
device packaging, crystal growth, solar technology. Garandet et al. [32] 
revealed flow and thermal characteristics of viscous liquid saturated in 
2D rectangular enclosure under transversally applied magnetic field. 
Rudraiah et al. [33] measured decline in momentum of fluid against 
increasing magnitude of magnetic field due to production of Lorentzian 
opposing forces. He considered two magnitudes of Hartmann number i. 
e. Ha = 20 and Ha = 100 and also calculated Nusselt number. Hadid 
et al. [34] developed dimensionless expression of Hartmann number by 
using scale analysis for fluid flow in confined geometries. Piazza and 
Ciofalo [35] analyzed heat and flow characteristics versus Hartmann 
numbers varied between 100 and 1000. Oztop [36] numerically simu-
lated magnetically influenced flow of nanoliquid in wavy cavity. Fatih 
et al. [37] quantitatively analyzed convective energy transport in 
different liquids enclosed in cavity with a corrugation. Thermal char-
acteristics about magnetized pulsating flow along with induction of 
nanoparticles and effectiveness of surface corrugation in bifurcating 
channel was examined by Selimefendigil et al. [38]. Convection heat 
transfer in different shaped enclosure has been investigated in Refs. 
[39–47]. 

From the overview of aforementioned scientific research, it is eval-
uated that thermosolutal diffusive mechanism in liquids has not yet been 
interrogated. In addition, overwhelming emergence regarding diffusive 
convective transport in enclosures is found such as indoor energy 
management, cooling of shafts, lubrications of bearings and food pro-
cessing. So, the motive behind this disquisition is to fill this gap by 
examining heat and mass transport in Casson non-Newtonian liquid with 
provision of isothermal and isoconcentration profiles at bottom wall and 
at surface of cylinder. 

Current document is organized in following structuring firstly, 
literature survey regarding considered fluid model and physical aspects 
is carried out, then secondly formulation of problem is presented, thirdly 
the steps involved in computational scheme are presented, afterward 
outcomes and discussion are disclosed and at last conclusion of study are 
displayed. 

2. Mathematical modelling 

2.1. Problem definition 

We have considered 2D, steady, incompressible and laminarly flow 

of Casson liquid filled in hexagonal cavity with inner circular cylinder. 
Density of fluid is assumed to be impersistent and formulated by Bous-
sinesq approach along with consideration of shear rate dependent vis-
cosity. Uniform temperature (Th) and concentration (Ch) is provided at 
bottom extremity and surface of circular cylinder whereas upper 
boundary is under the influences of cooled temperature (Tc) with con-
stant concentration (Cc). Inclined magnetic field of strength B is 
employed to domain making angle of γ. The schematic representation of 
domain is shown in Fig. 1. 

2.2. Governing equations 

The constitutive equations in dimensional form on basis of above 
assumptions is presented as follows [47]: 
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, (5)  

where (u, v) are  the  velocity  components  along  the (x, y),  while ρ,
μ, β, αe, D, p are fluid density, kinematic viscosity, Casson parameter, 
thermal diffusivity, diffusion coefficient, pressure respectively and Λ =

(Λx,Λy) shows the force index due to magnetic field. 
The force index generated in view of Lorentz force and temperature 

and concentration gradients formulated by employing Boussinesq 
approximation is expressed as follows 

Λx = σB2
0

(
vsinγcosγ − usin2γ

)
(6)  

Λy = σB2
0

(
usinγcosγ − vcos2γ

)
+ ρg[βT(T − Tc)+ βc(c − cc)] (7) 

Fig. 1. Diagrammatic representation of the problem.  
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where, βT and βc show the thermal and solutal expansions, respectively. 

2.3. Boundary constraints 

u= 0, v = 0, T = Th, c = ch (Hot  side) (8)  

u= 0, v = 0, T = Tc, c = cc (Cold  side) (9)  

u= 0, v = 0,
∂T
∂n

=
∂c
∂n

= 0, (Remaining  walls) (10)  

where n shows the normal vector on the boundary. 
Following parameters are utilized for conversion of governing 

equations into non-dimensional form. 

(X*,Y*)=
(x, y)

L
, (U*,V*)=

(u, v)L
α , P* =

pL2

ρα2 , θ* =
T − Tc

Th − Tc
, C* =

c − cc

ch − cc

(11)  

αe =
ke

(
ρcp

)

f

, Ra=
ρ2βT gL3ΔTPr

υ2 , Le=
αe

D
, Ha=BL

̅̅̅
μ
σ

√

, Pr =
ν
α. (12) 

Following non-dimensional representation of governing equations is 
obtained 
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where, 

ΛX* =PrHa2( V*sinγcosγ − U*sin2γ
)

(18)  

ΛY* =PrHa2( U*sinγcosγ − V*cos2γ
)
+ RaPr(θ* +NC*) (19) 

Associated boundary conditions in dimensionless form 

U* = 0, V* = 0, θ* = 1, C* = 1 (Hot  side) (20)  

U* = 0, V* = 0, θ* = 0, C* = 0 (cold  side) (21)  

U* = 0, V* = 0,
∂θ*

∂n
=

∂C*

∂n
= 0 (Remaining  walls ) (22) 

Mathematical relations for local and average heat fluxes are defined 
as under 

Nulocal =

(

−
∂θ*

∂X*

)

X*=0
(23)  

Shlocal =

(

−
∂C*

∂X*

)

X*=0
(24)  

Nuavg =
1
S

∫1

S

Nulocal dS (25)  

Shavg =
1
S

∫1

S

Shlocal dS. (26) 

Additionally, global quantity, namely the total kinetic energy is 
expressed as under 

K.E =
1
2

∫

Ω

U2  dΩ (27)  

where U = (U*, V*) is the velocity vector. 

3. Solution methodology 

Fluid flow behavior in non-confined boundaries is easily handled by 
way of exact approaches but extracting the solution in closed enclosure 
along with various shapes of obstacle is difficult with the help of tradi-
tional methods. So, most of the researchers utilize numerical schemes to 
report the findings and most generous methods are FDM, FEM and FVM. 
Among these mentioned numerical methodologies finite element 
scheme is a versatile method because of the fact that the modelling of 
complex and irregular shapes is easily handled by discretizing the 
available domain with finite elements. We have utilized the stable 
quadratic elements for the computations of velocity and temperature 
whereas the pressure is approximated through linear elements. In pre-
sent pagination a hybrid finite element mesh is used consisting of rect-
angular and triangular elements. The computational mesh at coarse grid 
level is disclosed in Fig. 2 and the corresponding degrees of freedom at 
further refinement levels are shown in Table 1. Steps involving in finite 
element method are mentioned in Fig. 3. In FEM Newton’s scheme is 
capitalized for linearization of non-linearized expressions and resulting 
linear system of equations is heeded through a direct solver based on 
elimination with special rearrangement of unknowns. The following 
convergence criterion is set for the nonlinear iterations 
⃒
⃒
⃒
⃒
χn+1 − χn

χn+1

⃒
⃒
⃒
⃒ < 10− 6  

where, χ characterizes the general solution component. 

Fig. 2. Coarse grid for cavity with a circular block placed at C (0.5,0.5).  
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3.1. Grid convergence 

To show credibility of capitalized numerical scheme grid conver-
gence test is performed at various grids levels and by restricting β = 1,
Ha = 25, Le = 2.5, Pr = 6.8, and Ra = 105 and are shown in Table 2. 
For this purpose, average heat and mass fluxes are computed along with 
kinetic energy is estimated. It is seen that at level 8 and 9 the values of 
mentioned quantities of engineering interest shows agreement with each 
other. 

3.2. Validation of results 

Assurance of results is done by making agreement with finding 
published by Shafqat et al. [47] by computing average Nusselt number 
against Casson fluid parameter β and fixing Ha = 25, Le, 2.5, Pr = 6.8,
Ra = 105 as shown in Table 3. From attained data a complete match is 
found among the results. 

4. Result and description 

This segment is offered to interpret accomplished outcomes in view 
of stream lines, isotherms and isoconcentration patterns against sundry 
parameters like (β), (Ra), (Le) and (Ha). Additionally, quantities like 
heat and mass fluxes, kinetic energy are also measured. In addition, for 
getting optimized variation in flow distributions some parametric vari-
ables are assigned with specific values i.e. heat capacity (cp = 1), 
isotropic thermal conductivity (k = 1), density (ρ= 1) and ratio specific 
heat. (γ = 1).

The effectiveness of Casson parameter (β) on momentum, tempera-
ture and concentration distributions are revealed in Fig. 4(a–c). Fig. 4(a) 
exclusively discusses change in velocity distribution via stream lines 
against (β). Intensification in strength of stream lines is adhered at lower 
magnitude of (β) whereas opposite trend is observed at β = 10. It is 
because of the fact that at higher magnitude of (β) viscosity of fluid 
increases but because the appearance of (β) is in reciprocal form in 
momentum equation so by increasing (β) velocity enhances due to 
which momentum of fluid reduces. Additionally, it is also observed that 
by increasing (β) intensity of fluid in portion lying lower to obstacle is 
lesser than upper portion which is evidenced from stream line patterns. 
Change in thermal field against Casson parameter (β) is divulged in 
Fig. 4(b). It is disclosed that at (β) = 10 isotherms magnitude attain 
greater response because at higher β velocity of liquid as well as average 
kinetic energy mounts and temperature profile represents positive tend. 
Here, in isotherm two different regions are formed one below the cyl-
inder in which it is explicitly seen that heat transfer increases where as in 
lower region different shapes of thermal trajectories are attained. It is 
worthwhile to mention that heat is transferred from lower portion of 
enclosure to higher due to placement of localized heat source at bottom 
wall and production of convective thermal potential. Fig. 4(c) discloses 
the impact of Casson fluid parameter (β) on concentration field. It is seen 
that at lower magnitude of (β) less dispersion in fluid particles is 
generated and thus as an outcome concentration of fluid enhances which 
is proved by formation of arched shaper isoconcentration contours. 
Whereas, at higher magnitude of (β) Casson fluid approaches towards 
Newtonian behavior and viscosity of fluid decays thus more disturbance 
in fluid is produced which causes reduction in concentration field. Since, 
in the present work concentration buoyancy forces are generated by 
providing uniform concentration at base wall and providing zero con-
centration at cylinder. It is depicted that by at lower magnitude of (β)
viscosity is maximum and fluid molecule accumulates near the base 
wall. In addition, squeezing of region at higher magnitude of (β) is 
observed. 

Fig. 5(a–c) illustrates the change in magnitude of stream lines, iso-
therms, isoconcentrations against (Ra) ranging from Ra = 105 − 107. In 
Fig. 5(a) it is manifested that magnitude of stream function interpreted 
in the form of stream lines mounts against increasing magnitude of 
Rayleigh number (Ra). It is justified by mathematical relation existing 
for dimensionless coefficient of Rayleigh number i.e. Ra =

ρ2βTgL3ΔTPr
υ2 . 

From this expression it is seen that with uplift in (Ra) viscosity of fluid 
decreases because (Ra) has inverse relation with viscous forces. It is 
salient to mention that four vortices are formed and deviation in 
structuring of stream lines appear at higher magnitude of (Ra). Subse-
quently, it is also manifested that direction of movement of fluid in 
upper and lower halves are opposite to each other. Fig. 5(b) expresses 
change in temperature distribution against (Ra) via isotherm patterns. It 

Table 1 
Mesh statistics for various refinement levels.  

Grid # EL #DOFs 

1 390 2607 
2 552 3630 
3 878 5643 
4 1476 9284 
5 2130 13,189 
6 3388 20,504 
7 8092 48,224 
8 20,002 117,161 
9 27,678 159,379  

Fig. 3. Schematic diagram of finite element method.  

Table 2 
Grid convergence study for average heat and mass fluxes.  

Grid Nuavg Shavg K.E. 

1 3.75363136 5.68512734 270.48422976 
2 3.81369224 5.81912339 261.06388315 
3 3.82877393 5.88188671 250.70895835 
4 3.83572803 5.92201758 245.15826789 
5 3.83140013 5.92086826 242.53478270 
6 3.82878385 5.92695777 240.29134435 
7 3.81880973 5.93139327 237.70263738 
8 3.81168274 5.92048017 236.55162873 
9 3.81111887 5.92046308 236.27636230  

Table 3 
Agreement of results with Shafqat et al. [47] against different value of.β.

β Shafqat et al. [25] Present 

0.1 2.38986 2.39023 
1 3.81194 3.81168 
5 4.27587 4.27511 
10 4.35556 4.35470  
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is observed that by increasing magnitude of (Ra) temperature of fluid 
enhances which is validated by isothermal contour patterns. This fact is 
justified by the relation that by increasing (Ra) temperature difference 
between hot and cold regions rises and thermal buoyancy forces are 
produced because (Ra) is directly proportional ΔT . So, at Ra = 107 

maximum diffusion of temperature distribution is revealed and region 
above the cylinder widened. Change in concentration profile against 
Rayleigh number (Ra) is divulged in Fig. 5(c). It is adhered that at lower 
magnitude of (Ra) concentration of fluid is more than in case of higher 
magnitude of (Ra). The reason behind this behavior is that at lower 
values of (Ra) i.e. Ra = 105 low solutal convective potential is produced 
due to less concentration difference and fluid accumulates and con-
centration field uplifts. 

In Fig. 6 we investigated the effect of Lewis number (Le) varying from 
0.1 to10 on momentum, temperature and concentration distributions. 

Fig. 6(a) interprets variation in velocity behavior against Lewis number 
(Le). No significant changes in momentum distribution is observed 
against (Le) because it has no direction relation with momentum diffu-
sivity. Fig. 6(b) shows upshot of Lewis number (Le) on isothermal con-
tours by fixing Pr = 6.8, Ha = 25, β = 1, Ra = 105, N = 1, γ = 1. 
Likewise, the velocity profile there is no apparent change in temperature 
distribution is observed against (Le). Positive trend in magnitude of mass 
flux is scrutinized against (Le) in Fig. 6(c). Since, Lewis number (Le) 
represents the ratio of thermal to mass diffusivities so by increasing (Le)
the thermal diffusion elevates whereas mass diffusivity declines. Thus, 
at Le = 0.1 optimized region is attained due to less mass diffusion and at 
Le = 10 thinner region of isoconcentration is seen. 

Fig. 7(a–c) illustrates change in velocity, temperature and concen-
tration distributions against incrementing magnitude of magnetic field 
parameter (Ha). Since, Hartmann number (Ha) is involved in present 

Fig. 4. (a–c) Deviation in momentum, thermal and solutal profiles against (β).  
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study due to incorporation of magnetic field which has role in reducing 
velocity profile and making the flow regime laminar. Fig. 7(a) explains 
the flow behavior of Casson liquid in hexagonal structure against 
appliance of Hartmann number (Ha). Lower magnitude of velocity is 
attained at Ha = 60 and maximum value of velocity distribution is 
received at Ha = 20. It is because of the fact that due to strength of 
Hartmann number (Ha) produces opposing Lorentz force which causes 
resistance to fluid and ceases the motion. Fig. 7(b) perceives deviation in 
thermal distribution in view of isothermal contours against Hartmann 

number (Ha). As Hartmann number (Ha) shows ratio of Ha = BL
̅̅
μ
σ

√
in 

which it is observed that viscosity of fluid enhances against (Ha) due to 
which average kinetic energy of fluid diminishes and thus as an outcome 
temperature distribution decay. Enhancement in concentration distri-
bution with increase in Hartmann number (Ha) is observed in Fig. 7(c). 
It is because by increasing (Ha) viscosity enriches due to which 

concentration of fluid mounts. In addition, more dominating iso-
concentration region is produced at Ha = 60. 

Table 4 represent numerical data regarding change in average Nus-
selt number Nuavg and average Sherwood number (Shavg) against Hart-
mann number (Ha) and Casson fluid parameter (β) with fixation of Pr =
6.8, Ra = 105, Le = 2.5, N = 1, γ = 30◦. As observed, the highest mean 
Nusselt number and Sherwood number was occurred in β = 10 and Ha =
0 with magnitude 1.9596 and 1.4221 respectively. At Ha = 0 there is no 
magnetic field thus the resistive forces are absent due to this factor ve-
locity as well as kinetic energy is at high magnitude and temperature 
flux enhances. The reason for increasing behavior of average heat and 
mass fluxes is that by increasing Casson parameter (β) fluid approaches 
towards Newtonian behavior and viscosity of fluid reduces due to which 
kinetic energy exceeds and both mentioned flux rates enhance. Whereas, 
contrary behavior is observed in average heat and mass fluxes against 

Fig. 5. (a–c). Deviation in momentum, thermal and solutal profiles against (Ra).  
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Hartmann number (Ha). This fact is proved by the production of resis-
tive forces in flow domain due to enhancement of (Ha) along with 
reduction in kinetic energy of particles as well. 

Table 5 demonstrates variation in average kinetic energy for 
different values of Hartmann number (Ha) and Casson parameter (β). 
The results exhibited that the kinetic energy at β = 10 and Ha = 0 was 
increased 13.2 times more than for β = 0.1 and Ha = 0. It is seen that by 
increasing Casson parameter (β) Casson fluid behaves like Newtonian 
fluid because as β →∞ Casson fluid becomes Newtonian fluid due to 
which viscosity of fluid reduces. This reduction in viscosity elevates the 
motion of fluid along with uplift in kinetic energy. Whereas, decre-
menting aptitude in kinetic energy is observed against Hartmann num-
ber (Ha) due to generation of Lorentz forces which offers resistance to 
motion of fluid particles and restricts increment in kinetic energy. 

5. Concluding remarks 

Double Diffusive Natural Convection regime in Casson fluid flow in 
hexagonal enclosure for uniform thermal and concentration distribu-
tions and by placing heated and concentrated cylinder is analyzed in 
current communication. Fillets used at corners of enclosure to remove 
singularities formation in the computational domain. Mathematical 
formulation of problem by capitalizing governing law is executed in the 
form of dimensionless partial differential system. Numerical simulations 
are performed by implementing finite element procedure. Variation in 
associated momentum, temperature and concentration distributions in 
view of steam lines, isothermal and isoconcentration patterns are dis-
closed. Quantities of engineering interest like kinetic energy, local heat 
and mass flux coefficients is also measured against dimensionless 
involved physical parameters. Key findings of current analysis are 
enlisted below. 

Fig. 6. (a–c). Deviation in momentum, thermal and solutal profiles against (Le).  
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• By increasing Lewis number (Le) mass distribution reduces justified 
by isoconcentration pattern.  

• Temperature distribution enhances whereas concentration profile 
depreciates against increasing magnitude of Rayleigh number (Ra).  

• Intensification in kinetic energy is revealed against (Ha) whereas 
contrary attribute is observed against (β).

• Heat and mass flux coefficients show diminishing aspects against 
Hartmann number (Ha).  

• Against Casson parameter (β) heat and mass flux distribution show 
upsurging behavior. 

Fig. 7. (a–c). Deviation in momentum, thermal and solutal profiles against (Ha).  

Table 4 
Variation of average Nusselt number and Sherwood numbers against Casson parameter (β) and Hartmann number (Ha).  

Nuavg Shavg 

Ha β = 0.1 β = 1 β = 10 β = 0.1 β = 1 β = 10 

0 1.565584 1.678796 1.959645 0.758038 1.221762 1.422147 
25 1.556878 1.673649 1.958622 0.753727 1.214584 1.413668 
50 1.531793 1.658796 1.955704 0.741143 1.193234 1.388552 
75 1.493206 1.635878 1.95132 0.721378 1.158268 1.347703 
100 1.445228 1.607266 1.946108 0.696323 1.110596 1.292422  

Table 5 
Variation of average kinetic for various values of Casson parameter (β) and 
Hartmann number (Ha).  

K.E 

Ha β = 0.1 β = 1 β = 10 

0 4.427129 29.29098 57.70366 
25 4.328288 28.6671 56.2963 
50 4.045391 26.88837 52.33967 
75 3.617216 24.20405 46.52324 
100 3.101223 20.94784 39.71034  
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• Uplift in temperature distribution and contrary behavior in concen-
tration profile is depicted against incrementing values of Hartmann 
number.  

• Due to consideration of heat and concentrated circular cylinder 
extensive heat and mass diffusions are measured in its vicinity.  

• Rayleigh number (Ra) plays influential role in convective heat and 
mass transfer. 
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Nomenclature 

x Horizontal coordinate (dimensional), m 
y vertical coordinate (dimensional), m 
u x-coordinate velocity (dimensional), m/s 
v y-coordinate velocity(dimensional), m/s 
Le Lewis number, 

( αe
D
)

Pr Prandtl number, 
( ν

α
)

g Gravitational acceleration, m/ s2 

Ra Rayleigh number, 
(

ρ2βTgL3ΔTPr
υ2

)

Ha Hartmann number, 
(
BL

̅̅
μ
σ

√ )

c Concentration (dimensional) 
B0 Magnetic field strength 
μ Dynamic viscosity, Ns/ m2 

T Temperature (dimensional), K 
P fluid pressure (dimensional), Pa 
ke Thermal conductivity (effective) 
αe Thermal diffusivity (effective) 
Nu Nusselt number (local) 
Cp Specific heat, J/kg. K 
Sh Sherwood number(local)  

Greek Symbols 
θ Temperature (dimensionless) 
ρ Fluid density, kg/ m3 

β Casson fluid parameter 
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