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Abstract
Purpose – The purpose of this paper is to analyze the thermal-diffusion and diffusion-thermo effects on
magnetohydrodynamics (MHD) natural convective flow through porous medium in a rotating system with
ramped temperature.
Design/methodology/approach – Using the non-dimensional variables, the flow governing equations
along with corresponding initial and boundary conditions have been transformed into non-dimensional form.
These non-dimensional partial differential equations are solved by using finite element method. This method
is powerful and stable. It provides excellent convergence and flexibility in providing solutions.
Findings – The effects of Soret number, Dufour number, rotation parameter, magnetic parameter, Hall current
parameter, permeability parameter, thermal Grashof number, solutal Grashof number, Prandtl number, thermal
radiation parameter, heat absorption parameter, Schmidt number, chemical reaction parameter and time on the
fluid velocities, temperature and concentration are represented graphically in a significant way and the influence
of pertinent flow governing parameters on the skin frictions and Nusselt number are presented in tabular form.
On the other hand, a comparison for validation of the numerical code with previously published work is
performed, and an excellent agreement is observed for the limited case existing literature.
Practical implications – A very useful source of information for researchers on the subject of MHD flow
through porous medium in a rotating systemwith ramped temperature.
Originality/value – The problem is moderately original, as it contains many effects like thermal-diffusion
(Soret) and diffusion-thermo (Dufour) effects and chemical reaction.
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Nomenclature
a* = Absorption coefficient;
B0 = Uniform magnetic field;
C0 = Species concentration;
CP = Specific heat at constant pressure;
DM = Chemical molecular diffusivity;
g = Acceleration due to gravity;
Gr = Thermal Grashof number;
Gc = Solutal Grashof number;
k = Thermal conductivity of the fluid;
K 0

1 = Permeability of porous medium;
K1 = Permeability parameter;

K2 = Rotation parameter;
m = Hall current parameter;
M = Magnetic parameter;
R = Thermal radiation parameter;
Pr = Prandtl number;
Q0 = Heat absorption coefficient;
Du = Dufour number;
q 0r = Radiating flux vector;
Sc = Schmidt number;
Sr = Soret number;
Kr = Chemical reaction parameter;
T 0 = Fluid temperature;
t0 = Characteristic time;
U0 = Characteristic velocity;
u 0 = Fluid velocity in x 0 direction; and
w 0 = Fluid velocity in z 0 direction.

Greek symbols
b 0 = Coefficient of thermal expansion;
X = Uniform angular velocity;
b * = Coefficient of expansion for species concentration;
s = Electrical conductivity;
r = Fluid density;
s* = Stefan–Boltzmann constant;
� = Kinematic coefficient of viscosity;
v e = Cyclotron frequency;
t e = Electron collision time; and
f = Heat absorption parameter.

1. Introduction
Magnetohydrodynamics is the science of motion of an electrically conducting fluid in the
presence of a magnetic field. According to the information given by Rossow (1957), the
study of magnetohydrodynamic flow began in the year 1918. Alfven (1942) reported that
every motion of the conducting liquid placed in a constant magnetic field generates a force
called electromotive force which produces electric currents. A kind of current produces a
force called the Lorentz force. Also, mentioned that due to the magnetic field, these currents
give tendency to mechanical forces which change the state of motion of the liquid. The study
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of an electrically conducting fluid with natural convection flow is important due to its
various applications in engineering problems such as magnetohydrodynamics (MHD)
generators, MHD pumps, accelerators and flow meters, plasma studies, nuclear reactors,
boundary layer flow control, geothermal energy extraction, etc. Because of these
applications, so many researchers contributed in this area. Raptis and Singh (1983) have
studied MHD-free convection flow past an accelerated vertical plate. Chamkha et al. (2011)
have considered unsteady MHD natural convection from a heated vertical porous plate in a
micro polar fluid with Joule heating, chemical reaction and radiation effects. Malga and
Kishan (2014) analyzed unsteady MHD heat and mass transfer free convection flow of polar
fluids past a vertical moving porous plate in a porous medium with heat generation and
thermal diffusion. Makinde et al. (2016) studied MHD flow of a variable viscosity nanofluid
over a radially stretching convective surface with radiative heat. Das et al. (2016) have
investigated Hall effects on an unsteady magneto convection and radiative heat transfer
past a porous plate. Makinde et al. (2016) have considered MHD Couette–Poiseuille flow of
variable viscosity nanofluids in a rotating permeable channel with Hall effects. Das et al.
(2016) have analyzed magnetohydrodynamic free convective flow of nanofluid past an
oscillating porous flat plate in a rotating system with thermal radiation and Hall effects. Das
et al. (2016) have studied transient hydromagnetic reactive Couette flow and heat transfer in
a rotating frame of reference.

The diffusion-thermo (Dufour) and the thermal-diffusion (Soret) terms were taken into
account in the energy and concentration equations, respectively. But when the heat and
mass transfer occur simultaneously in a moving fluid, the relations between the fluxes and
driving potentials are of a more intricate nature. It is found that a heat flux can be generated
not only by temperature gradients but also by composition gradients as well. The heat flux
that occurs due to composition gradient is called the Dufour effect or diffusion-thermo effect.
On the other hand, the flux of mass caused due to temperature gradient is known as the
Soret effect or the thermal-diffusion effect. The experimental investigation of the thermal-
diffusion effect on mass transfer related problems was first done by Charles Soret in 1879.
Hence, this thermal-diffusion is known as the Soret effect in honor of Charles Soret. In
general, the Soret and Dufour effects are of a smaller order of magnitude than the effects
described in Fourier’s or Fick’s law and are often neglected in heat and mass transfer
processes. Though these effects are quite small, certain devices can be arranged to produce
very steep temperature and concentration gradients so that the separation of components in
mixtures are affected. Pal and Mondal (2011) have discussed the effects of Soret Dufour,
chemical reaction and thermal radiation on MHD non-Darcy unsteady mixed convective
heat andmass transfer over a stretching sheet. Shivaiah and Anand Rao (2011a, 2011b) have
examined the Soret and Dufour effects on transient MHD flow past a semi-infinite vertical
porous plate with chemical reaction. Zheng et al. (2013) have studied unsteady heat and
mass transfer in MHD flow over an oscillatory stretching surface with Soret and Dufour
effects. Cheng (2012) has investigated Soret and Dufour effects on mixed convection heat
and mass transfer from a vertical wedge in a porous medium with constant wall
temperature and concentration. Anjali Devi and Uma Devi (2011) have considered Soret and
Dufour effects on MHD slip flow with thermal radiation over a porous rotating infinite disk.
Rashad and Chamkha (2014) have analyzed heat and mass transfer by natural convection
flow about a truncated cone in porous media with Soret and Dufour effects. Shivaiah and
Anand Rao (2011a, 2011b) have studied the Effects of Soret Dufour and thermal radiation on
unsteady MHD free convection flow past an infinite vertical porous plate in the presence of
chemical reaction. Makinde (2011) has observed on MHD mixed convection with Soret and
Dufour effects past a vertical plate embedded in a porous medium. Makinde and Olanrewaju
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(2011) have analyzed unsteady mixed convection with Soret and Dufour effects past a
porous plate moving through a binarymixture of chemically reacting fluid.

Rate of change in temperature over time is called ramped temperature. In few
investigations, researchers considered ramped temperature profiles, the interval for
rampedness with respect to time in the plate temperature is assumed fixed, i.e. 0< t0 # t0(t0
and t0 are time and characteristic time respectively), which reduces to 0 < t# 1 (t being the
dimensionless time) in non-dimensional form. It is to be noted that interval for ramped
profile varies from material to material depending upon the specific heat capacity of the
material. Variable ramped temperature profiles appear in real world situation in building air
conditioning systems, fabrication of thin-film photovoltaic devices, phase transition in
processing of materials, turbine blade heat transfer, heat exchangers, etc. Sheri et al. (2016)
have discussed heat and mass transfer effects on MHD natural convection flow past an
impulsively moving vertical plate with ramped temperature. Sheri et al. (2015) have
discussed transient approach to heat absorption and radiative heat transfer past an
impulsively moving plate with ramped temperature. Seth et al. (2014) have considered Hall
effects on unsteady MHD natural convection flow of a heat absorbing and radiating fluid
past an accelerated moving vertical plate with ramped temperature. Seth et al. (2013) have
investigated effects of thermal radiation and rotation on unsteady hydromagnetic free
convection flow past an impulsively moving vertical plate with ramped temperature in a
porous medium. Seth et al. (2015) have considered natural convection heat and mass transfer
flow with Hall current, rotation, radiation and heat absorption past an accelerated moving
vertical plate with ramped temperature. Seth et al. (2014) have investigated the effects of
Hall current, radiation and rotation on natural convection heat andmass transfer flow past a
moving vertical plate. Seth et al. (2016) have examined unsteady MHD free convection flow
with Hall effect of a radiating and heat absorbing fluid past a moving vertical plate with
variable ramped temperature.

An inspection of the existing studies have suggested that, to the best of author’s knowledge,
no studies have been carried out in the literature regarding numerical analysis of thermal-
diffusion and diffusion-thermo effects on MHD natural convective flow through porous
medium in a rotating system with ramped temperature. Hence, in the present study, we have
made an attempt to obtain it. As a consequence, the present study aims to analyze the influence
of several pertinent parameters on flow field are studied by using finite element method and
corresponding results are demonstrated graphically. The behaviors of skin frictions and
Nusselt number are presented in tabular form for variations in the governing parameters.
Finally, the obtained results are compared with the existing literature and found the excellent
agreement between the results. Applications of the study arise in hydromagnetic flow control
of conducting transport in packed beds, magnetic materials processing, geophysical energy
systems, magnetohydrodynamic, chromatography technology, geothermal hydromagnetic,
fluid mechanics in civil engineering, geosciences, biological sciences and aerodynamics are
highly encouraged.

2. Formulation of the problem
Consider unsteady hydromagnetic natural convection flow of an electrically conducting,
viscous, incompressible and temperature-dependent heat absorbing and optically thin heat
radiating fluid past an infinite moving vertical plate embedded in a porous medium taking
the Hall effects into account. Choose the coordinate system in such a way that x0-axis is
along the length of the plate in the upward direction and y0-axis normal to the plane of the
plate in the fluid. A uniform transverse magnetic field B0 is applied in y0-axis. Both the fluid
and plate are in rigid body rotation with uniform angular velocity X about y0-axis. Initially,
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i.e. at time t0 # 0, both the fluid and plate are at rest and at uniform temperature T0
1. Also,

species concentration within the fluid is maintained at uniform concentration C0
1. The

porous medium is assumed to be transparent and in thermal equilibrium with the fluid. At
time t0 > 0, plate starts moving with time dependent velocity U(t0) in x0 direction and
temperature of plate is raised or lowered to T 0

1 þ T 0
w � T0

1
� �

t
0
=t0 when t0 # t0, and

thereafter, i.e. at t0 > t0, plate is maintained at uniform temperatureT 0
w.

Also, at time t0 > 0, species concentration at the surface of the plate is raised to uniform
species concentration C0

w and is maintained thereafter. Geometry of the problem is presented
in Figure 1. As plate is of infinite extent along x0 and z0 directions and is electrically non-
conducting, all physical quantities depend on y0 and t0 only.

Keeping in view of the assumptions made above, the governing equations for unsteady
hydromagnetic natural convection flow of a viscous, incompressible, electrically conducting
and temperature dependent heat absorbing and optically thin heat radiating fluid in a
uniform porous medium taking the Hall effects and rotation into account are given by:

@u0

@t0
þ 2Xw0 ¼ y

@2u0

@y02
� sB0

2

r

 !
u0 þmw0ð Þ
1þm2ð Þ � y

K1
0 u

0 þ gb 0 T 0 � T 0
1

� �
þ gb * C0 � C0

1
� �

(1)

@w0

@t0
� 2Xu0 ¼ y

@2w0

@y02
þ sB0

2

r

 !
mu0 � w0ð Þ
1þm2ð Þ � y

K1
0 w

0 (2)

@T 0

@t0
¼ k

rcp

@2T0

@y02
� Q0

rcp
T 0 � T 0

1
� �� 1

rcp

@q0r
@y0

þ DmkT
cscp

@2C0

@y02
(3)

@C0

@t0
¼ D

@2C0

@y02
þ DmkT

Tm

@2T 0

@y0 2
� kr

0
C0 (4)

u0, w0, T0, K0
1, k, cp, Q0, C0, DM, q0r, �, s , r , g, b 0, b *, v e and t e are fluid velocity in x0

direction, fluid velocity along z0 direction, fluid temperature, permeability of porous
medium, thermal conductivity, specific heat at constant pressure, heat absorption

Figure 1.
Physical modal of the

problem
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coefficient, species concentration, chemical molecular diffusivity, radiating flux vector,
kinematic coefficient of viscosity, electrical conductivity, fluid density, acceleration due to
gravity, coefficient of thermal expansion, coefficient of expansion for species concentration,
cyclotron frequency and electron collision time, respectively.

The appropriate initial and boundary conditions for the flow problem are given by:

u0 ¼ w0 ¼ 0; T 0 ¼ T 0
1; C0 ¼ C0

1 for y0 � 0 and t0# 0 (5)

u0 ¼ U t0ð Þ; w0 ¼ 0;C0 ¼ C0 at y0 ¼ 0 for t0 > 0 (6)

T 0 ¼ T0
1 þ T0

w � T 0
1

� �
t0=t0 at y0 ¼ 0 for 0 < t0# t0 (7)

T 0 ¼ T0
w at y0 ¼ 0 for t0 > t0 (8)

u0;w0 ! 0; T 0 ! T 0
1 ; C0 ! C0

1 as y0 ! 1 for t0 > 0 (9)

In the case of an optically thin gray fluid, the local radiant absorption (Raptis, 2011) is
expressed as:

@qr
@y0

¼ 4a*s* T 04 � T0
1

4
� �

(10)

where a* is absorption coefficient ands* is Stefan–Boltzmann constant.
It is assumed that the temperature difference within the fluid flow is sufficiently small

such that fluid temperature T04 may be expressed as a linear function of the temperature.
This is accomplished by expanding T04 in a Taylor series about free stream temperature
T

0
1. Neglecting second and higher order terms, is expressed as:

T 04 ffi 4T103T 0 � 3T0
1

4 (11)

By using equations (10) and (11) in equation (3), we obtain:

@T 0

@t0
¼ k

rcp

@2T 0

@y02
� 16d s *T0

1
3

rcp
T0 � T 0

1
� �� Q0

rcp
T 0 � T 0

1
� � þ DmkT

cscp

@2C
0

@y02
(12)

Introducing the non-dimensional variables and parameters:

y ¼ y0

U0t0
; u ¼ u0

t0
;w ¼ w0

t0
t ¼ t0

t0
; T ¼ T 0 � T 0

1
� �
T0

w � T01
� � ; C ¼ C0 � C0

1
� �
C0
w � C01

� � ;K2 ¼ X�
U0

2 ;M ¼ sB0
2�

rU0
2 ; m ¼ v et e;

K1 ¼ K0
1 U0

2

v2
;Gr ¼ gb 0� T0

w � T 0
1

� �
U0

3 Gc ¼ gb *� C0
w � C0

1
� �
U0

3 ;Pr ¼ �cp
k

; R ¼ 16a*s� T013

U0
2r cp

; f ¼ Q0 �

r cpU0
2 ;

Du ¼ DmkT
cscp

C0
w � C0

1
� �
T 0

w � T 01
� � ; Sc ¼ �

DM
; Sr ¼ DmkT

�Tm

T 0
w � T0

1
� �
C0
w � C01

� � ; Kr ¼ kr
0
�

V0
2

9>>>>>>>=
>>>>>>>;
(13)

Making use of equation (13) in equations (1), (2), (12) and (4), we get non-dimensional
form as:
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@u
@t

þ 2K2w ¼ @2u
@y2

� M
1þm2

� �
uþmwð Þ � u

K1
þ GrT þ GcC (14)

@w
@t

� 2K2u ¼ @2w
@y2

þ M
1þm2

� �
mu� wð Þ � w

K1
(15)

@T
@t

¼ 1
Pr

@2T
@y2

� RT � f T þ Du
@2C
@y2

(16)

@C
@t

¼ 1
Sc

@2C
@y2

þ Sr
@2T
@y2

� KrC (17)

where M, m, K2, K1, Gr, Gc, Pr, R, f , Du, Sc, Sr, Kr and t are the magnetic parameter, Hall
current parameter, rotation parameter, permeability parameter, thermal Grashof number,
solutal Grashof number, Prandtl number, thermal radiation parameter, heat absorption
parameter, Dufour number, Schmidt number, Soret number, chemical reaction parameter
and time, respectively.

It may be noted that the characteristic time t0 may be defined according to the non-
dimensional process mentioned above as:

t0 ¼ �

U0
2 (18)

whereU0 is the characteristic velocity.
The initial and boundary conditions, presented by equations (5)-(9) in non-dimensional

form, are given by:

u ¼ w ¼ 0; T ¼ 0 ;C ¼ 0 for y � 0 and t# 0 (19)

u ¼ f tð Þ; w ¼ 0 ; C ¼ 1 at y ¼ 0 for t > 0 (20)

T ¼ t at y ¼ 0 for 0 < t# 1 (21)

T ¼ 1 at y ¼ 0 for t > 1 (22)

u; w ! 0 ; T ! 0; C ! 0 as y ! 1 for t > 0 (23)

where f(t) =U(t0)/t0

3. Method of solution
To solve the set of partial differential equations (14-17), the finite element method has been
used. The finite element method is powerful technique for solving ordinary and partial
differential equations. This method is so general that it can be applied to a wide variety of
engineering problems including heat transfer, fluid mechanics, solid mechanics and
chemical processing. An excellent description of this method is presented in the text books
by Bathe (1996), Reddy (2006), Lewis et al. (1996, 2004) and Nithiarasu et al. (2013). The finite
element method (FEM) consists of following steps:
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(1) Step 1: Discretization of the domain: The fundamental concept of the FEM is to
divide the region of the problem into small connected pieces, called finite elements.
The group of elements is called the finite element mesh. These finite elements are
associated in a non-overlapping manner, such that they completely cover the entire
space of the problem.

(2) Step 2: Invention of the element equations:
� A representative element is selected from the mesh and the variational

formulation of the given problem is created over the typical element.
� Over an element, an approximate solution of the variational problem is

invented, and by surrogating this in the system, the element equations are
generated.

� The element matrix, which is also known as stiffness matrix, is erected by
using the element interpolation functions.

(3) Step 3: Assembly of the element equations: The algebraic equations so achieved are
assembled by imposing the inter element continuity conditions. This yields a large
number of mathematical equations known as the global finite element model,
which governs the whole domain.

(4) Step 4: Imposition of the boundary conditions: On the accumulated equations, the
initial and boundary conditions [equations (19) to (23)] are imposed.

(5) Step 5: Solution of assembled equations: The assembled equations so obtained can
be solved by any of the numerical methods, namely, Gauss elimination technique,
LU decomposition technique and the final matrix equation can be solved by
iterative technique. For computational purposes, the coordinate y is varied from 0
to ymax = 4.0, where ymax represents infinity, i.e. external to the momentum, energy
and concentration edge layers.

3.1 Variational formulation
The variational formulation connected with equations (14)-(17) over a typical two-nodded
linear element (ye, yeþ1) is given by:ðyeþ1

ye

w1
@2u
@y2

� @u
@t

� �
� Aþ 1

k1

� �
u� Amþ 2K2ð Þwþ GrT þ GcC

" #
dy ¼ 0 (24)

ðyeþ1

ye

w2
@2w
@y2

� @w
@t

� �
� Aþ 1

k1

� �
w� Amþ 2K2ð Þu

" #
dy ¼ 0 (25)

ðyeþ1

ye

w3
1
Pr

@2T
@y2

 !
� @T

@t

� �
� Rþ fð ÞT þ Duð Þ @2C

@y2

 !
þ

" #
dy ¼ 0 (26)

ðyeþ1

ye

w4
1
Sc

@2C
@y2

 !
� @C

@t

� �
þ Srð Þ @2T

@y2

 !
KrC

" #
dy ¼ 0 (27)
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where A ¼ M= 1þm2ð Þ and w1, w2, w3 and w4 are arbitrary test functions and may be
viewed as the variation in u, w,T and C, respectively. After dropping the order of integration
and non-linearity, we appear at the following system of equations:

ðyeþ1

ye

@w1

@y

� �
@u
@y

� �
� w1

@u
@t

� �
� Aþ 1

k1

� �
w1ð Þ @u

@y

� �
� w Amþ 2K2ð Þw1 þ w1GrT þ w1GcC

" #

dy� w1ð Þ @u
@y

� �� 	yeþ1

ye

¼ 0 (28)

ðyeþ1

ye

@w2

@y

� �
@w
@y

� �
� w2

@w
@t

� �
� w2 Aþ 1

k1

� �
w� w2 Amþ 2K2ð Þu

" #
dy ¼ 0 (29)

ðyeþ1

ye

1
Pr

@w3

@y

� �
@T
@y

� �
� w3

@T
@t

� �
� w3 Rþ fð ÞT þ Duð Þ @w3

@y

� �
@C
@y

� �
þ

" #
dy ¼ 0

(30)

ðyeþ1

ye

1
Sc

@w4

@y

� �
@C
@y

� �
� w4

@C
@t

� �
þ Srð Þ @w4

@y

� �
@T
@y

� �
w4KrC

" #
dy ¼ 0 (31)

Finite element formulation: The finite element model may be obtained from equations (28)-(31)
by replacing finite element approximations of the form:

u ¼
X4
j¼1

uej c
e
j ; w ¼

X4
j¼1

we
j c

e
j ; T ¼

X4
j¼1

Te
j c

e
j ; C ¼

X4
j¼1

Ce
j c

e
j (32)

with w1 ¼ w2 ¼ w3 ¼ w4 ¼ c e
j i ¼ 1; 2; 3; 4ð Þ; where uej ; we

j; T
e
j and Ce

j are the primary,
secondary velocities, temperature and concentration, respectively, at the jth node of typical eth
element (ye, yeþ1) and c e

i are the shape functions for this element (ye, yeþ1) and are taken as:

c e
1 ¼

yeþ1 � y
yeþ1 � ye

; and c e
2 ¼

y� ye
yeþ1 � ye

; ye# y# yeþ1 (33)

The finite element model of the equations for eth element thus formed is given by:

K11½ � K12½ � K13½ � K14½ �
K21½ � K22½ � K23½ � K24½ �
K31½ � K32½ � K33½ � K34½ �
K41½ � K42½ � K43½ � K44½ �

2
6664

3
7775

uef g
wef g
Tef g
Cef g

2
664

3
775þ

M11½ � M12½ � M13½ � M14½ �
M21½ � M22½ � M23½ � M24½ �
M31½ � M32½ � M33½ � M34½ �
M41½ � M42½ � M43½ � M44½ �

2
6664

3
7775

u0ef g
w0ef g
T0ef g
C0ef g

2
664

3
775 ¼

b1ef g
b2ef g
b3ef g
b4ef g

2
6664

3
7775
(34)

where {|Kmn|, |Mmn|} and {{ue}, {we}{Te}, {Ce}, {u0e}, {w0e}{T0e}, {C0e} and {bme}}
(m, n= 1, 2, 3, 4) are the set of matrices of order 4� 4 and 4� 1, respectively. These matrices
are defined as follows:
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K11
ij ¼

ðyeþ1

ye

@c e
i

@y

� �
@c e

i

@y

� �� 	
dy; M11

ij ¼
ðyeþ1

ye

c e
i

� �
c e

j
� �

dy; M12
ij ¼ M13

ij ¼ M14
ij ¼ 0

K12
ij ¼ �

ðyeþ1

ye

Aþ 1
k1

� �
c e

i

� � @c e
i

@y

� �" #
dy

K13
ij ¼ �

ðyeþ1

ye

@c e
i

@t

� �� 	
dyþ c e

i Amþ 2K2ð Þ
2
64

3
75 ð

yeþ1

ye

c e
i


 �
dy; K14

ij ¼ � Gr þ Gc½ �
ðyeþ1

ye

c e
i

� �
c e

j
� �

dy

K21
ij ¼

ðyeþ1

ye

@c e
i

@y

� �
@c e

i

@y

� �� 	
dy; M22

ij ¼
ðyeþ1

ye

c e
i

� �
c e

j
� �

dy; M21
ij ¼ M23

ij ¼ M24
ij ¼ 0

K22
ij ¼ �

ðyeþ1

ye

c e
i Aþ 1

k1

� �
c e

i

� 	
dy

K23
ij ¼ �

ðyeþ1

ye

c e
i

� � @c e
j

@y

 !" #
dy; K24
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In one-dimensional space, linear and quadratic elements, or element of higher order can be
taken. The entire flow region is divided into 1,000 quadratic elements of equal size. Each
element is three-noded, and therefore the whole domain contains 2,101 nodes. At each node,
four functions are to be evaluated; hence, after assembly of the element equations, we
acquire a system of 8,104 equations which are nonlinear. Therefore, an iterative scheme
must be developed in the solution. After striking the boundary conditions, a system of
equations has been obtained which is solved mathematically by the Gauss elimination
method while maintaining a correctness of 0.0001. A convergence criterion based on the
relative difference between the present and preceding iterations is used. When these
differences satisfy the desired correctness, the solution is assumed to have been congregated
and iterative process is terminated. The Gaussian quadrature is applied for solving the
integrations.

Now, the expressions for the primary skin-friction, secondary skin-friction and the rate of
heat transfer coefficient (Nusselt number) are given by:

Primary skin� friction coefficient t xð Þ at the plate is given by t x ¼ � @u
@y

� 	
y¼0

(35)

Secondary skin� friction coefficient t zð Þ at the plate is given by t z ¼ @w
@y

� 	
y¼0

(36)

The rate of heat transfer coefficient Nuð Þ at the plate is given byNu ¼ @T
@y

� 	
y¼0

(37)

4. Validations of numerical results
We have got solutions of the non-dimensionalized momentum, energy and concentration
equations by using the finite element method. To test the accuracy and validity of this
method, we have first applied our numerical scheme to the problem considered by Seth et al.
(2015) and have compared our results with those of Seth et al. (2015) in the absence of Dufour
number, Soret number and chemical reaction parameter. This comparison is shown in
Tables I-III, and results are in good agreement.

The effects of the rotation parameter and the Hall current parameter on the primary and
secondary skin friction coefficients for ramped temperature are tabulated in Table I. It is
evident from this table that the rotation parameter tends to accelerate the primary and
secondary skin frictions, whereas the Hall current parameter has a reverse effect on the
primary and secondary skin frictions.

Table II depicts the influence of the rotation parameter and the Hall current parameter on
the primary and secondary skin frictions for isothermal plates. It revealed from this table
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that the primary and secondary skin frictions increase on increasing the rotation parameter.
On the other hand, they depreciate on increasing the Hall current parameter.

Table III illustrates the effect of the radiation parameter, heat absorption parameter and
time on the Nusselt number for both ramped and isothermal plates. It perceived from this
table that the Nusselt number for a ramped temperature increases on increasing the
radiation parameter, heat absorption parameter and time. The Nusselt number for
isothermal plates decreases on increasing time, and it increases on increasing the radiation
parameter and the heat absorption parameter.

5. Results and discussion
Comprehensive numerical calculations are performed by using the finite element method to
gain a perspective of the flow pattern for various values of the pertinent parameters such as
the rotation parameter, magnetic parameter, Hall current parameter, permeability
parameter, thermal Grashof number, solutal Grashof number, Prandtl number, thermal
radiation parameter, heat absorption parameter, Dufour number, Schmidt number, Soret
number, chemical reaction parameter and time. To observe the effect of these parameters,
the values of Schmidt number (Sc) are chosen for hydrogen (Sc = 0.22), helium (Sc = 0.30)
and water vapour (Sc = 0.6), which represent diffusing chemical species of most common
interest in air. The Prandtl number is taken for air at 20°C (Pr = 0.71), electrolytic solution
(Pr = 1.0) and gaseous ammonia (Pr = 1.38). It is revealed from Figures 2-37 for both ramped

Table III.
Comparison of
Nusselt number
when (Du = 0, Sr = 0
and Kr = 0)

Seth et al. (2015) Present results
R f t Ramped Isothermal Ramped Isothermal

2 3 0.3 0.88457 1.92093 0.884569 1.920930
2 3 0.5 1.15702 1.89157 1.157020 1.891569
2 5 0.5 1.28383 2.23148 1.283829 2.231479
6 3 0.5 1.40804 2.23148 1.408039 2.231479

Table II.
Comparison of skin
frictions for
isothermal plate
when (Du = 0, Sr = 0
and Kr = 0)

Seth et al. (2015) Present results

K2 !
m #

–tx tz –tx tz
2 4 6 2 4 6 2 4 6 2 4 6

0.5 0.9649 0.9669 0.9773 0.7990 1.0660 1.2999 0.96489 0.96690 0.97729 0.7990 1.0659 1.29989
1 0.6291 0.6329 0.6515 1.0619 1.3276 1.5503 0.62910 0.6329 0.65150 1.06199 1.32760 1.55030
1.5 0.3374 0.3425 0.3673 1.1555 1.4297 1.6512 0.33739 0.34249 0.36730 1.15550 1.42969 1.65120

Table I.
Comparison of skin
frictions for ramped
temperature when
(Du = 0, Sr = 0 and
Kr = 0)

Seth et al. (2015) Present results

K2 !
m #

–t x t z –t x t z
2 4 6 2 4 6 2 4 6 2 4 6

0.5 1.3951 1.4962 1.6095 0.7275 0.9765 1.1981 1.39500 1.49619 1.60949 0.72750 0.97649 1.1980
1 1.1343 1.2806 1.4281 0.9572 1.2081 1.4227 1.13429 1.2806 1.42809 0.95720 1.20810 1.42269
1.5 0.9100 1.0887 1.2617 1.0303 1.2912 1.5071 0.9100 1.08870 1.26170 1.03029 1.29120 1.5070
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Figure 2.
Primary velocity

profile forK2

Figure 3.
Secondary velocity

profile forK2

Figure 4.
Primary velocity

profile forM
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Figure 5.
Secondary velocity
profile forM

Figure 6.
Primary velocity
profile form

Figure 7.
Secondary velocity
profile form
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Figure 8.
Primary velocity

profile forK1

Figure 9.
Secondary velocity

profile forK1

Figure 10.
Primary velocity

profile forGr
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Figure 11.
Secondary velocity
profile forGr

Figure 12.
Primary velocity
profile forGc

Figure 13.
Secondary velocity
profile forGc
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Figure 14.
Primary velocity

profile for Pr

Figure 15.
Secondary velocity

profile for Pr

Figure 16.
Temperature profile

for Pr
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Figure 17.
Primary velocity
profile forR

Figure 18.
Secondary velocity
profile forR

Figure 19.
Temperature profile
for R
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Figure 20.
Primary velocity

profile for f

Figure 21.
Secondary velocity

profile for f

Figure 22.
Temperature profile

for f
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Figure 23.
Primary velocity
profile forDu

Figure 24.
Secondary velocity
profile forDu

Figure 25.
Temperature profile
forDu
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Figure 26.
Primary velocity

profile for Sc

Figure 27.
Secondary velocity

profile for Sc

Figure 28.
Concentration profile

for Sc
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Figure 29.
Primary velocity
profile for Sr

Figure 30.
Secondary velocity
profile for Sr

Figure 31.
Concentration profile
for Sr
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Figure 32.
Primary velocity

profile forKr

Figure 33.
Secondary velocity

profile forKr

Figure 34.
Concentration profile

for Kr
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Figure 35.
Primary velocity
profile for t

Figure 36.
Secondary velocity
profile for t

Figure 37.
Temperarure profile
for t
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temperature and isothermal plates. The influence of the relevant parameters on the skin
frictions and the Nusselt number are represented in tabular form. The correctness of the
present numerical scheme is verified by favorite comparison with the results obtained by
Seth et al. (2015). In the present investigation, we have taken the following default
parameters for the numerical calculations K2 = 2.0,M = 15,m =0.5,K1 = 0.4, Gr = 4.0, Gc =
3.0, Pr = 0.71, R= 2.0, f = 3.0,Du= 0.2, Sc= 0.6, Sr= 1.0,Kr= 0.5 and t= 0.5.

Figures 2 and 3 reveal the effect of the rotation parameter K2 on the primary and
secondary velocities for both ramped temperature and isothermal plates. It is evident from
these figures that the primary velocity declined and the secondary velocity accelerated on
increasing the rotation parameter K2. Because rotation retards the fluid flow in the primary
flow direction and accelerates the fluid flow in the secondary flow direction in the boundary
layer region. This is due to the fact that when the frictional layer at the moving plate is
suddenly set into the motion then the Coriolis force acts as a constraint in the primary flow
direction to generate a cross-flow, i.e. secondary flow.

Figures 4 and 5 depict the influence of the magnetic parameter M on the primary and
secondary velocities for both ramped temperature and isothermal plates. It is perceived from
Figures 4 and 5 that both velocity profiles diminish on increasing the magnetic parameter
M. As the occurrence of a magnetic field in an electrically conducting fluid initiates a force
called the Lorentz force, which acts adjacent to the flow when the magnetic field is acted in
the perpendicular direction, as in the present study. This resistive force deliberates down the
fluid velocity components.

Figures 6 and 7 illustrate the effect of the Hall current parameter m on the primary and
secondary velocities for both ramped temperature and isothermal plates. The Hall effect is
the production of a potential difference across a conductor carrying an electric current when
a magnetic field is applied in a direction perpendicular to that of the current flow. From
Figure 6, it is observed that an increase in the Hall parameter m leads to an increase in the
primary velocity as the Hall parameter increases with the magnetic field strength.
Physically, the trajectories of electrons are curved by the Lorentz force. When the Hall
parameter is low, their motion between the two encounters with heavy particles is almost
linear. But if it is high, the electron movements are highly curved. Also, because the effective
conductivity decreases with an increase in the Hall parameter which reduces the magnetic
damping forces hence, the increase in velocity. It is evident from Figure 7 that the secondary
velocity increases with the increase of the Hall current parameter. This happens due to the
fact that the Hall current reduces the resistance offered by the Lorentz force.

Figures 8 and 9 demonstrate the influence of the permeability parameter K1 on the
primary and secondary velocities for both ramped temperature and isothermal plates. It is
observed from these figures that the permeability parameter enhances the velocity profiles.
As an increase in the permeability parameter leads to a decrease in the resistance of the
porous medium which in turn speeds up the primary and secondary fluid velocities for both
ramped temperature and isothermal plates.

Figures 10 and 11 display the control of the thermal Grashof number Gr on the primary
and secondary velocities for both ramped temperature and isothermal plates. The Grashof
number indicates the relative effect of the thermal buoyancy force to the viscous
hydrodynamic force. It is noticed from Figures 10 and 11 that an increase in the thermal
Grashof number enhances the primary and secondary velocities. As an increase in Gr leads
to an increase in the thermal buoyancy force which has a tendency to accelerate the primary
and secondary fluid velocities for both ramped temperature and isothermal plates.

Figures 12 and 13 expose the change of the solutal Grashof number Gc on the primary
and secondary velocities for both ramped temperature and isothermal plates. The solutal
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Grashof number characterizes the ratio of the species buoyancy force to the viscous
hydrodynamic force. It is noticed from the Figures 12 and 13 that the solutal Grashof
number magnifies the velocity profiles due to an enhancement in the species buoyancy force,
which speeds up the primary and secondary fluid velocities for both ramped temperature
and isothermal plates.

Figures 14-16 convey the effect of the Prandtl number Pr on the profiles of velocities and
temperature for both ramped temperature and isothermal plates. The Prandtl number Pr is a
dimensionless number and is the ratio of momentum diffusivity (kinematic viscosity) to the
thermal diffusivity. From Figures 14 and 15, it is identified that the primary and secondary
velocities decrease on increasing the Prandtl number. As the increase in the Prandtl number
causes an increase in the viscosity of the fluid which makes the fluid thickness, it leads to a
decrease in the velocities of the fluid for both ramped temperature and isothermal plates.
The effect of the Prandtl number is very important on the field of temperature. Figure 16
portrays that the fluid temperature diminishes on increasing the Prandtl number. The
reason is that smaller values of Pr are equivalent to enlargement in the thermal conductivity
of the fluid and then heat is able to diffuse away from the heated surface more quickly for
higher values of Pr. Hence, in the case of a lesser Prandtl number, the thermal boundary
layer is substantial and the rate of heat transfer is reduced.

Figures 17-19 display the influence of the thermal radiation parameter R on the velocities
and temperature profiles for both ramped temperature and isothermal plates. It is detected from
Figures 17 and 18 that the primary and secondary velocities decrease on increasing the thermal
radiation parameter R. Physically, the thermal radiation parameter causes a fall in the
temperature of the fluid medium and, thereby, causes a fall in the kinetic energy of the fluid
particles. This results in a corresponding decrease in the fluid velocities. From Figure 19, it is
observed that the temperature decreases on increasing the radiation parameter. This result
qualitatively agrees with expectations, as the effect of radiation is to decrease the rate of energy
transport to the fluid, thereby decreasing the temperature of the fluid.

Figures 20-22 present the influence of the heat absorption parameter f on the velocities and
temperature profiles for both ramped temperature and isothermal plates. It is evident from
these figures that heat absorption tends to retard the velocities and temperature profiles.
Actually speaking, the heat absorption (thermal sink) effect has the tendency to reduce the fluid
temperature. This causes the thermal buoyancy effects to decrease resulting in a net reduction
in the fluid velocity. These behaviors are clearly obvious from Figures 20-22 in which the
velocity and temperature distributions decrease as f increases. It is also observed that both the
hydrodynamic (velocity) and the thermal (temperature) boundary layers decrease as the heat
absorption effects increase.

Figures 23-25 depict the variation of the Dufour number Du on the velocities and
temperature profiles for both ramped temperature and isothermal plates. The Dufour
number signifies the contribution of the concentration gradients to the thermal energy flux
in the flow. From Figures 23-25, it is stated that an increase in the Dufour number causes a
rise in the velocities and temperature all over the boundary layer. It is seen that the
temperature profiles decompose smoothly from the plate to the free stream value. However,
a distinct velocity overshoot exists near the plate, and thereafter, the profile falls to zero at
the edge of the boundary layer.

Figures 26-28 expose the variation of the Schmidt number Sc on the velocity and
concentration profiles for both ramped temperature and isothermal plates. The Schmidt
number is a measure of the relative strength of the viscosity to the chemical molecular
diffusivity. It is obvious from Figures 26 and 27 that the velocity profiles diminish for
increasing values of the Schmidt number Sc. This implies that the mass diffusion tends to
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accelerate the fluid velocity. It is also observed from Figure 28 that the concentration
decreases on increasing the Schmidt number. This is due to the fact that the heavier
diffusing species have a greater retarding effect on the concentration distribution of the flow
field.

Figures 29-31 describe the effects of the Soret number Sr on the velocities and
concentration profiles for both ramped temperature and isothermal plates. The Soret
number signifies the contribution of the temperature gradients to the mass flux in the flow.
It is clear from Figures 29 and 30 that the fluid velocities get accelerated by increasing the
Soret number, as an increase in the Soret number leads to a fall in the viscosity of the
mixture. This causes an increase in the inertia effects and a decrease in the viscous effects.
Consequently, the velocity components increase. Figure 31 displays that the concentration
profile increases with the increase of the Soret number. An increase in the Soret effect
indicates increasing the molar mass diffusivity, as seen from definition of Sr. The surge in
the molecular mass diffusivity causes the concentration to rise. This implies that the Soret
number tends to enhance the species concentration of the fluid.

Figures 32-34 explain the effect of the chemical reaction parameterKr on the velocity and
concentration profiles for both ramped temperature and isothermal plates. Figures 32 and 33
portray that the velocity profiles diminish on increasing the chemical reaction parameter. In
view of the fact that the chemical reaction parameter has a retarding influence on the solute
concentration which makes a decrease in the fluid velocity due to a reduced mass buoyancy
force. Figure 34 exhibits that the concentration profile decreases on increasing the chemical
reaction parameter. It is evident that an increase in this parameter significantly alters the
concentration boundary-layer thickness but does not change the momentum one.

Figures 35-37 demonstrate the effect of time t on the velocity and temperature profiles for
both ramped temperature and isothermal plates. From these figures, it is identified that the
velocity and temperature profiles get accelerated in accordance with time. This implies that
the fluid velocities and concentration tend to accelerate with the progress of time throughout
the boundary layer region for both ramped temperature and isothermal plates.

6. Conclusion
An exhaustive numerical analysis has been carried out to study the thermal-diffusion and
diffusion-thermo effects on MHD natural convective flow through porous medium in a
rotating system with ramped temperature. The governing partial differential equations with
the corresponding boundary conditions are solved by using the finite element method and
the corresponding results are illustrated graphically to describe the flow characteristics and
their dependence on some of the physical parameters. A comparison with previously
published work is performed, and the results are found to be in excellent agreement. The
main results of the present study can be summarized for both ramped and isothermal plate
as follows:

� The Hall current parameter, permeability parameter, thermal Grashof number,
solutal Grashof number, Dufour number, Soret number and time tend to enhance the
primary velocity. On the other hand, the rotation parameter, magnetic parameter,
Prandtl number, thermal radiation parameter, dimensionless heat absorption,
Schmidt number and the chemical reaction parameter tend to reduce the primary
velocity.

� The rotation parameter, Hall current parameter, permeability parameter, thermal
Grashof number, solutal Grashof number, Dufour number, Soret number and time
tend to increase the secondary velocity whereas the magnetic parameter, Prandtl
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number, thermal radiation parameter, dimensionless heat absorption, Schmidt
number and the chemical reaction parameter tend to decrease the secondary
velocity.

� The Dufour number, Soret number and time tend to increase the temperature while
the Prandtl number, thermal radiation parameter, dimensionless heat absorption
and the Schmidt number tend to retard the temperature.

� The Soret number tends to enhance the concentration profile, whereas the Schmidt
number and the chemical reaction parameter tend to decrease the concentration
profile.
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