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ABSTRACT
The current study explores the consequences of thermo-diffusion, chemical reaction, Hall and ion-slip
impacts on unsteady heat and mass transport of free convective hydro-magnetic micro-polar liquid flow
enclosed in a semi-infinite porous platewithin a gyratory framewith transversemagnetic field and convec-
tive boundary conditions. The non-dimensional governing equations are systematically solved by means
of the finite element method. Using graphical profiles, the outcomes of a variety of significant parame-
ters within the boundary layer are addressed. Additionally, the local skin friction coefficient and rates of
heat and mass transports in expressions of the local Nusselt number and local Sherwood number are pre-
sented digitally in a tabular form, and it was found that the Nusselt number and Sherwood number remain
constant with all the varying pertinent parameters.
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Nomenclature

u, v: velocity components in (x, y)-directions (m s−1)
x, y: Cartesian co-ordinates (m)
t: time (s)
k: permeability of porous medium (m2)
j: micro-inertia density (m2)
g: acceleration due to gravity (m s−2)
T : temperature of the fluid (K)
T∞: free stream temperature (K)
Tw : temperature at the wall (K)
q: complex velocity (u + iv) (m s−1)
k1: thermal conductivity of the fluid (Wm−1 K−1)
qr : radiative heat flux (Wm−2)
up: uniform velocity of the plate in its own plane (m s−1)
C: concentration of the fluid (molm−3)
C∞: free stream concentration (molm−3)
Cf : skin friction coefficient
Cw : wall shear stress (Pascal)
C′

ω : local couple stress coefficient at the wall
Cp: specific heat at constant pressure (J kg−1 K−1)
Dm: molecular diffusivity (m2 s−1)
KT : thermo diffusion ratio
Ur : uniform reference velocity (m s−1)
ε: smallest constant quantity
w0: normal velocity at the plate which is positive for suc-

tion and negative for blowing (m s−1)
k∗: mean absorption coefficient (m−1)
Nu: Nusselt number
Sh: Sherwood number
n: frequency of oscillation (Hz)
B: magnetic field vector (A/m)

CONTACT M. Veera Krishna veerakrishna_maths@yahoo.com

E: external electric field (c)
J: current density vector (A/m2)
V : velocity vector (m/s)
Kr: first-order chemical reaction parameter
Q0: heat absorption coefficient
R: rotation parameter
M: magnetic field parameter
Pr: Prandtl number
Sc: Schmidt number
Gr: thermal Grashof number
Gm: mass Grashof number
N: heat radiation parameter
K : permeability parameter,
Du: Dufour number,
S: suction parameter,
Kc: chemical reaction parameter
Q: heat absorption parameter

Greek symbols

ω̄1, ω̄2: micro-rotation components along the x and y-axis
respectively

βT , βC : coefficient of thermal expansion and concentration
expansion

ρ: density of the fluid
ν: kinematic viscosity
νr : kinematic micro-rotation viscosity
ωe: cyclotron frequency (e/mB)
τe: electron collision time (s)
βi: ion slip parameter
βe: Hall parameter
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δ: dimensionless material parameter,
λ: the viscosity ratio
σ ∗: Stefan–Boltzman constant
σ : electrical conductivity of the fluid
�: spin gradient velocity

Superscripts

e: electron
i: ion
w: wall
∞: free stream condition

1. Introduction

The theory of micro-polar fluids has received much attention
in the last several years because the traditional Newtonian flu-
ids cannot precisely describe the characteristics of fluid flow
for a fluid with suspended particles. The micro-polar fluids may
be described as non-Newtonian fluids consisting of dumb-bell
molecules or short rigid cylindrical elements suspended in a vis-
cousmediumwhere thedeformationof fluidparticles is ignored.
Some examples are polymer fluids, fluid suspensions, animal
blood, etc. The presence of dust or smoke, particularly in a
gas, may also be modelled using micro-polar fluid dynamics.
Micro-polar fluids are fluids with a microstructure. They belong
to a class of fluids with non-symmetric stress tensor which are
termed as polar fluids, and include, as a special case, the well-
established Navier–Stokes model of classical fluids which are
termed as ordinary fluids.

A number of mathematical models have been proposed
to explain the rheological behaviour of non-Newtonian fluids.
Among these, a model which has been most widely used for
non-Newtonian fluids, and is frequently encountered in chem-
ical engineering processes, is the micro-fluid model. It has been
successfully applied to non-Newtonian fluids experimentally.
In modern decades, the investigation of heat and mass trans-
fer through micro-polar fluids has been regarded comprehen-
sively due to their assortment of industrial applications. The
convective heat and mass transport through Newtonian and
non-Newtonian fluids might be thoroughly utilised for poly-
mer construction, these are fibre and granulated separation,
geo-thermal regimes, wineglass-fibre and paper manufacture,
refrigerating ofmetalised covers, geo-thermal repositories, ther-
mal insulating material, strengthened oil rehabilitation, packing
bed incentivised reactors, etc. Eringen’s theory (Erigen 1996)
has presented an outstanding model for acquiring knowledge
for a number of confusing fluids, that is, highly dispersed flu-
ids, polymeric fluids and blood. He has given importance to
micro-polar fluid as it contains extended and renowned scope
of exploration due to its implementation in several phenomena
that are used in industry. Some examples include exotic lubri-
cants, muddy fluids, liquid crystals, polymer blends polymeric
fluids, real fluids by means of suspensions, liquid crystal, ani-
mal blood, aero gels, alloys, and micro emulsions, anisotropic
fluids, rigid molecules, magnetic fluids and clouds with dust.
Mishra et al. (2018) discussed the free convective flow of a
micro-polar fluid over a shrinking sheet with heat source. Ana-
lytic approximate solutions for heat transfer of a micro-polar

fluid through a porous medium with radiation effect have
been studied by Rashidi, Mohimanian, and Abbasbandy (2011).
Ziaul Haque et al. (2012) investigated the behaviour of micro-
polar fluid on steady magneohydrodynamics (MHD) free con-
vective and mass transfer flow with constant heat and mass
fluxes, Joule heating and viscous dissipation. Free convective
MHD micro-polar fluid flow with thermal radiation and radia-
tion absorption has been studied numerically by Pradhan et al.
(2019).

The study of thermal radiation in heterogeneous areas in
engineering such as nuclear power plants, multifarious propul-
sion devices for missiles, liquid metal fluids, gas turbines and
so forth, due to small coefficient of convective heat transfer,
shows the presence of surface heat transfer. Thermal radia-
tion is utilised in numerous applications because radiant emis-
sion relies on temperature. Biswas et al. (2019) investigated the
unsteady MHD heat and mass transfer micro-polar fluid flow
in the presence of radiation and chemical reaction through
a vertical porous plate using explicit finite difference analy-
sis. The MHD pulsating flow of the Casson fluid in a porous
channel with thermal radiation and chemical reaction has been
explored by Srinivas, Kumar, and Reddy (2018). Sobamowo
(2018) studied the heat transfer effects of thermal radiation
on free convection flow of Casson nanofluid over a verti-
cal plate. The effects of chemical reaction and heat genera-
tion/absorption on MHD Casson fluid flow over an exponen-
tially accelerated vertical plate embedded in a porous medium
with ramped wall temperature and ramped surface concen-
tration have been investigated by Hari and Harshad (2019).
Ahmmed, Biswas, and Afikuzzaman (2018) have discussed the
unsteady MHD free convection flow of nanofluid through an
exponentially accelerated inclined plate embedded in a porous
medium with variable thermal conductivity in the presence of
radiation.

The gyratory liquids are extremely imperative. For this reason
of its happening in an assortment of expected phenomenon as
well as technological requirements through the Coriolis force.
The literature has several examples of a number of momen-
tous and several characteristics of rotational fluids. Coriolis force
effect is an essential gelatinous and nonreactive force. More-
over, the strengths of magnetic and Coriolis are comparable but
they have disadvantages. The Hall and ion-slip impacts include
on the vector form with transitionally lying on the magnetic
field strength idiom. Ellahi, Bhatti, and Pop (2016) discussed
the Hall and ion-slip impacts on the peristalsis Jeffrey liquid
stream through a rectangular channel which are inhomoge-
neous. Bhatti, Abbas, and Rashidi (2016) carried out research
on the consequences of Hall and ion-slip on non-Newtonian
fluid flow with the Reynolds number as zero. Srinivasacharya
and Shafeeurrahman (2017) studied using two analogous con-
centric cylinders for the Hall and ion slip effects on MHD mixed
convective nanofluid. Jitendra and Srinivasa (2018) explored
Hall and ion slip consequences on convective flow of revolv-
ing fluid through a perpendicular expanding and accelerating
surface. Krishna and Chamkha (2019) explored the heat radia-
tion and heat absorption, diffusion-thermo and Hall and ion slip
effects using MHD natural convection gyrating flow by nano-
fluids past a moving porous plate with constant heat source.
Sara and Bhatti (2018) explored the MHD pumping flow of a
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non-Newtonian nano-fluid using chemical reactions, and Hall
and ion slip consequences. Krishna (2021) investigated the radia-
tion absorption, chemical reaction, and Hall and ion slip impacts
onMHD free convection flowpast a semi-infinitemoving porous
surface. Krishna, Swarnalathamma, and Chamkha (2018) stud-
ied the heat and mass transport impacts on a variable flow of
a chemical reactive micro-polar fluid past an unlimited perpen-
dicular porous plate for the occurrence of a transversemagnetic
field, Hall currents and heat radiation concept. Research was
done on the heat andmass transport impacts on free convection
flow ofmicro-polar fluid on an infinite vertical porous plate hav-
ing transverse magnetic field through a constant suction veloc-
ity and captivating Hall impacts (Krishna, Anand, and Chamkha
2019). Krishna, Ahamad, and Chamkha (2020a) researched the
Hall and ion slip impacts on the unsteady hydromagnetic natu-
ral convective gyrating flow through a porous medium over an
exponential accelerated plate. The united effects of Hall and ion
slip for MHD gyrating flow of ciliary propulsion of microscopic
organisms through porous media were studied by Krishna, Sra-
vanthi, and Gorla (2020b). Krishna and Chamkha (2020a) inves-
tigated the Hall and ion slip effects on the MHD convective flow
of elastico-viscous fluid through a porousmedium between two
rigidly rotating parallel plates with time and fluctuating sinu-
soidal pressure gradient. Krishna (2020a) reported the Hall and
ion slip effects on MHD free convective rotating flow bounded
by the semi-infinite vertical porous surface. Krishna (2020b) dis-
cussed the MHD laminar flow of an elastico-viscous electrically
conducting Walter’s fluid through a circular cylinder or a pipe.
The Hall and ion slip effects on unsteady MHD convective rotat-
ing flow of nanofluids have been discussed by Krishna and
Chamkha (2020b). Pal and Biswas (2018) reported double dif-
fusion temperature and mass transport features of an oscillat-
ing viscous electrically conducting micro-polar liquid through a
moving plate utilising the convective boundary condition and
chemical reaction effect. Nanofluid natural convection in a baf-
fled U-shaped enclosure in the presence of a magnetic field has
been investigated by Ma et al. (2018). Bhatti et al. (2018) exam-
ined three-dimensional unsteady MHD boundary layer flow of
viscous nanofluid having gyrotactic microorganisms through
a stretching porous cylinder. Rashad et al. (2017) investigated
the effect of magnetic field and internal heat generation on
the free convection flow in a rectangular cavity. Here the cav-
ity is filled with a porous medium saturated with Cu–water
nanofluid. The effects of thermal radiation and rotation on the
unsteady MHD convective flow past an infinite vertical moving
absorbent plate have been investigated by Krishna, Ahamad,
and Chamkha (2021a). Krishna, Ahamad, and Chamkha (2021b)
discussed the radiation absorption on MHD convective flow
of nanofluids through a perpendicularly travelling permeable
plate.

Considering the above-mentioned facts, the consequences
of thermo-diffusion, chemical reaction, Hall and ion-slip impacts
lying on unsteady heat and mass transport of natural convec-
tive MHD micro-polar liquid flow enclosed past a semi-infinite
porous plate within a gyratory frame under the accomplish-
ment of a transverse magnetic field and convective boundary
conditions are explored. The non-dimensional governing equa-
tions are solved systematically by means of the finite element
method.

2. Formulation and solution of the problem

The consequences of thermo-diffusion, chemical reaction, Hall
and ion-slip impacts lying on double diffusive heat and mass
transport on unsteady free convective hydro-magnetic micro-
polar fluid flow enclosed through a semi-infinite porous plate
within a gyratory frame under the influence of transverse mag-
netic field and convective boundary conditions are explored.
The assumptions are made as follows.

The movement of the flow is impinged by a uniform trans-
verse magnetic field B0 with the occurrence of thermal and con-
centration buoyancy forces. In the initial undisturbed state both
the fluid and the plate are in rigid rotationwith the same angular
velocity � about the normal to the plate. The x-axis is consid-
ered along the plate in the upward direction as well as the z-axis
is at right angles to it as revealed in Figure 1 (Krishna, Ahamad,
andAljohani 2021c). Inducedmagnetic field is negligible in com-
parison to the applied magnetic field. It is assumed that the
magnetic field is of low intensity. Electric dissipation is neglected
hence Joule heating is negligible. The fluid is considered to be
grey absorbing or emitting radiation but not scatteringmedium.
The Rosseland approximation is utilised to portray the radiative
heat flux in the z-direction. The plate travels unremittingly with
uniform velocity up in its own plane. It is assumed that the tem-
perature of the surface should be held uniform at Tw , whereas
those of the ambient temperature acquires the unvarying value
T∞, so that Tw > T∞. The concentration of the surface needs to
be taken as Cw and that of the ambient fluid is taken as C∞.

Under these assumptions, the boundary layer equations of
motion, energy and mass-diffusion under the influence of uni-
form transverse magnetic field by the incidence of thermal dif-
fusion and chemical reaction are as follows.

Thegoverning equations of the floware (Pal andBiswas 2018)

∂w

∂z
= 0 (1)

∂u

∂t
+ w

∂u

∂z
− 2�v = (ν + νr)

∂2u

∂z2
+
B0Jy
ρ

− ν

k
u + gβT (T − T∞) + gβC(C − C∞)

Figure 1. Physical model.
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− νr
∂ω̄2

∂z
(2)

∂v

∂t
+ w

∂v

∂z
+ 2�u = (ν + νr)

∂2v

∂z2
− B0Jx

ρ
− ν

k
v + νr

∂ω̄1

∂z
(3)

∂ω̄1

∂t
+ w

∂ω̄1

∂z
= �

ρj

∂2ω̄1

∂z2
(4)

∂ω̄2

∂t
+ w

∂ω̄2

∂z
= �

ρj

∂2ω̄2

∂z2
(5)

∂T

∂t
+ w

∂T

∂z
= k1

ρCp

∂2T

∂z2
− 1

ρCp

∂qr
∂z

− Q0(Tw − T∞)
ρCp

+ DmkT
ρCp

∂2C

∂z2
(6)

∂C

∂t
+ w

∂C

∂z
= Dm

∂2C

∂z2
− Kr ∗ (Cw − C∞) (7)

The boundary conditions are given by

u = v = 0, ω̄1 = ω̄2 = 0, T = T∞,C = C∞ for t ≤ 0 (8)

u = Ur

(
1 + ε

2
(eint + e−int)

)
,v = 0,ω̄1 = − i

2
∂v

∂z
,

ω̄2 = i

2
∂u

∂z
,−k1

∂T

∂z
= qw ,−Dm

∂C

∂z
= Mw at z = 0

u = v = 0, ω̄1 = ω̄2 = 0,

T = T∞, C = C∞ as z → ∞ for t > 0 (9)

The velocity of the oscillatory plate [Ganapathy (1994)] from
Equation (1), is given by,

w = −w0 (10)

Following Rosseland approximation (Brewster 1972), the
radiative heat flux qr is modelled as

qr = −4σ ∗

3k∗
∂T4

∂z
(11)

We expand T4 in Taylor’s series about T∞ as follows:

T4 = T4∞ + 4T3∞(T − T∞) + 6T2∞(T − T∞)2 + . . . , (12)

Neglecting higher powers in (T − T∞), we have

T4 ≈ −3T4∞ + 4T3∞T (13)

Differentiating Equation (12) with respect to z and using
Equation (13) we obtain

∂qr
∂z

= −16T3∞σ ∗

3k∗
∂2T

∂z2
(14)

The electron-atom collision frequency is assumed to be very
high, so that Hall and ion slip currents cannot be neglected.
Hence, the Hall and ion slip currents give rise to the velocity in
the y-direction. When the strength of the magnetic field is very

large, the generalised Ohm’s law is modified to include the Hall
and ion slip effect (Sutton and Sherman 1965),

J = σ(E + V × B)−ωeτe

B0
(J × B) + ωeτeβi

B20
((J × B) × B)) (15)

Further, the Hall parameter βe = ωeτe ≈ O(1) and the ion
slip parameter βi = ωiτi << 1 are taken into consideration in
Equation (15), the electron pressure gradient and thermoelec-
tric effects are neglected, i.e. the electric field E = 0, under these
assumptions, Equation (15) is reduced to component forms as,

(1 + βiβe)Jx + βeJy = σB0v (16)

(1 + βiβe)Jy − βeJx = − σB0u (17)

On solving Equations (16) and (17) we obtain

Jx = σB0(α2u + α1v) (18)

Jy = −σB0(α2v − α1u) (19)

where α1 = ((1 + βeβi)/(1 + βeβi)2 + β2
e ) and α2 = ((βe)/

(1 + βeβi)2 + β2
e )

Substituting Equations (18) and (19) in (3) and (2), respec-
tively, we get

∂u

∂t
+ w

∂u

∂z
− 2�v = (ν + νr)

∂2u

∂z2
+ σB20(α2v − α1u)

ρ

− ν

k
u + gβT (T − T∞) + gβC(C − C∞)

− νr
∂ω̄2

∂z
(20)

∂v

∂t
+ w

∂v

∂z
+ 2�u = (ν + νr)

∂2v

∂z2
− σB20(α2u + α1v)

ρ

− ν

k
v + νr

∂ω̄1

∂z
(21)

Let us introduce the following non-dimensional variables:

u∗ = u

Ur
, v∗ = v

Ur
, z∗ = zUr

ν
, t∗ = tU2

r

ν
, n∗ = nν

U2
r
,

ω̄1∗ = ω̄1ν

U2
r
, ω̄2∗ = ω̄2ν

U2
r

, λ = vr
v
, θ = k1(T − T∞)

qw

φ = Dm(C − C∞)

Mw
, R = Ων

U2
r
, M = B0

Ur

√
σν

ρ
, Pr = μρCp

k1
,

Sc = ν

Dm
, Gr = νgβTqw

k1U3
r

, δ = �

μj

Gm = νgβCMw

DmU3
r

, N = 4T3σ ∗

k1k∗ , K = kU2
r

ν2
Du = k21KTMw

qwρcμ
,

S = w0

Ur
, Kc = Kr ν

U2
r
, Q = Q0ν

2

U2
r k1

Using non-dimensional quantities, the governing equations
(20), (21), (4) to (7) reduces to (Dropping asterisks)

∂u

∂t
− S

∂u

∂z
− 2Rv = (1 + λ)

∂2u

∂z2
+ M2(α2v − α1u)
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− 1
K
u + Grθ + Gmφ − λ

∂ω̄2

∂z
(22)

∂v

∂t
− S

∂v

∂z
+ 2Ru = (1 + λ)

∂2v

∂z2
− M2(α2u + α1v)

− 1
K
v + λ

∂ω̄1

∂z
(23)

∂ω̄1

∂t
− S

∂ω̄1

∂z
= δ

∂2ω̄1

∂z2
(24)

∂ω̄2

∂t
− S

∂ω̄2

∂z
= δ

∂2ω̄2

∂z2
(25)

∂θ

∂t
− S

∂θ

∂z
= 1

Pr

(
1 + 4N

3

)
∂2θ

∂z2
+ Q θ

Pr
+ Du

∂2φ

∂z2
(26)

∂φ

∂t
− S

∂φ

∂z
= 1

Sc
∂2φ

∂z2
− Kcφ (27)

Corresponding boundary conditions are

u = v = 0, ω̄1 = ω̄2 = 0, θ = 0, φ = 0 for t ≤ 0 (28)

u = 1 + ε

2
(eint + e−int),v = 0, ω̄1 = − i

2
∂v

∂z
,

ω̄2 = i

2
∂u

∂z
,

∂θ

∂z
= −1,

∂φ

∂z
= −1 at z = 0

u = v = 0, ω̄1 = ω̄2 = 0, θ = 0,

φ = 0 as z → ∞ for t > 0 (29)

Combining Equations (22)–(25), let q = u + iv and ω = ω̄1 +
i ω̄2,

∂q

∂t
− S

∂q

∂z
= (1 + λ)

∂2q

∂z2
−

(
M2(α1 + iα2) +

1
K

+ 2iR
)
q + Grθ

+ Gmφ + iλ
∂ω

∂z
(30)

∂ω

∂t
− S

∂ω

∂z
= δ

∂2ω

∂z2
(31)

Revised boundary conditions are

q = 0,ω = 0, θ = 0, φ = 0 for t ≤ 0 (32)

q = 1 + ε

2
(eint + e−int),ω = i

2
∂q

∂z
,

∂θ

∂z
= −1,

∂φ

∂z
= −1, at z = 0

q = 0,ω = 0, θ = 0, φ = 0 as z → ∞ for t > 0 (33)

The solutions of Equations (30) and (31) and (26) and (27) under
the boundary conditions (32) and (33) can be determined by the
Galarkin finite element method. The steps involved in the finite-
element analysis are discretisation of the domain, derivation of
the element equations, assembly of elements, impositions of
boundary conditions and solution of the assembled equations.

The coefficients of skin-friction, wall couple stress, Nusselt
number and Sherwood number are obtained as

Cf =
(

∂q

∂z

)
z=0

, Cw =
(

∂ω

∂z

)
z=0

, Nu =
(

∂θ

∂z

)
z=0

,

Sh =
(

∂φ

∂z

)
z=0

(34)

It is authenticated the rightness as well as validity of the arith-
metical outcomes connected through the weighted residual
Galerkins technique. Agrids improvement investigationwas car-
ried out for separating the complete area into consecutively
sized grid 91× 91, 111× 111 as well as 131× 131 in the y-
direction. Additionally the extended codes were run for dissim-
ilar grids sized and finally it was found that each and every
solution is not dependent on the grids. Following a lot of exam-
inations it was approved that the grid sized has 111 inter-
vals. Thus, every computation was obtained through 111 inter-
vals of equal steps sizes of 0.01. Near each node, six variables
were found as later assemble of element equations, the sets
of 808 non-linearised equations were evaluated and with this
might not produce the closed forms solution, subsequently iter-
ative schemes were assumed to be solved in the systems by
introducing the frontier conditions. Finally, the solutions are
assumed to be convergent when the relative differentiation
through two succeeding iterations was less than the quantity
10−8.

3. Results and discussion

The consequences of thermo-diffusion, chemical reaction, Hall
and ion-slip impacts onunsteadyheat andmass transport of free
convective hydro-magnetic micro-polar liquid flow enclosed
past a semi-infinite porous plate within a gyratory frame under
the accomplishment of a transverse magnetic field and convec-
tive boundary conditions were explored. The non-dimensional
governing equations are solved systematically by means of the
finite element method. The numerical calculation for the dis-
tribution of the translational velocity, micro-rotation, tempera-
ture and concentration across the boundary layer for different
values of the parameters was carried out. For the purpose of
our computation, we have chosen M = K = R = δ = N = 0.5,
Du = 0.5, Q = 0.1, Kc = 1, Gr = 5, Gm = 5, Pr = 0.71, λ = 0.2,
Sc = 0.6, S = 1, n = π/6, t = 0.2, βe = 1, βi = 0.3, the param-
eters are varied over a range as shown in the figures. Figures
2–18 represented the velocity, micro-rotations, temperatures
andconcentrationsdistributions, respectively. Prandtl number is
a characteristic of the fluid only. For air at room temperature, Pr
is 0.71 andmost common gases have similar values. The Prandtl
number of water at 17°C is 7.56. Liquids in general have high
Prandtl numbers, with values as high as 105 for some oils.

The significance of Hartmann number M ahead resultant
velocity and micro-rotation velocity is interpreted in Figure 2.
As likely, the enlargement in M diminishes the velocity profiles.
Because of the Lorentz force this emerges towards the sub-
mission by magnetic field just before an electrical conducting
fluid and increases a resistive type force. Appropriate to this
strength, the movement of fluid flow in momentum boundary
layer thickness slows down.

From Figure 3 it can be seen that the resultant velocities
increase with ever growing permeability parameter K. Appar-
ently the larger values of K enhance the resultant velocities and
consequently enlarge themomentumboundary layer thickness.
Lower permeability causes lower fluid velocitywhich is observed



INTERNATIONAL JOURNAL OF AMBIENT ENERGY 5349

Figure 2. The velocity and micro-rotation profiles for q andω withM.

Figure 3. The velocity and micro-rotation profiles for q andω with K.

Figure 4. The velocity and micro-rotation profiles for q andω with R.

Figure 5. The velocity and micro-rotation profiles for q andω with Du.
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Figure 6. The velocity and micro-rotation profiles for q andω with βe .

Figure 7. The velocity and micro-rotation profiles for q andω with βi .

Figure 8. The velocity and micro-rotation profiles for q andω with Kc.

Figure 9. The velocity and micro-rotation profiles for q andω with Gr.
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Figure 10. The velocity and micro-rotation profiles for q andω with Gm.

Figure 11. The velocity and micro-rotation profiles for q andω with S.

Figure 12. The velocity and micro-rotation profiles for q andω with λ.

Figure 13. The velocity and micro-rotation profiles for q andω with δ.
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Figure 14. The velocity and micro-rotation profiles for q andω with N.

Figure 15. The velocity and micro-rotation profiles for q andω with n.

inside flow constituency occupied by the fluid. Rotation also
increases the profiles of velocity andmicro-rotations in the same
fashion (Figure 4). The rotation parameter has a tendency to
increase both the fluid velocities all the way through the fluid
region. Even though rotation is identified to persuade higher
fluid velocities through the fluid region, its accelerated conse-
quence is extensive only through the fluid area near the plate
while it has good achievement on other fluid velocity through
the area away from the plate. It is due to the fact that Corio-
lis force is overriding through the region in close proximity to
the axis of rotation. Accordingly this boundary layer thickness
enhances with growing rotation.

From Figure 5, it can be seen that the velocity and micro-
rotation profiles boost up with increasing Dufour number. The
concentration gradient results in a temperature change. Hence,
an increase in the the relevant profiles.

Figures 6 and 7 depicted that the behaviour of the velocity
and micro-rotation dispensations with Hall and ion-slip param-
eters, βe and βi. Reinforcement in Hall and ion-slip parameters,
which results, enhances the resultant velocity, micro-rotation
as well as the thickness of the momentum boundary layer all
over the fluid section. The incorporation of the Hall parame-
ter reduces the effectual conductibility and therefore decreases
the magnetic renitent intensity. Also, the efficient conductivity

Figure 16. The velocity and micro-rotation profiles for q andω with Q.
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Figure 17. (a–d) the temperature profiles for θ against S, Q, N and Du.

Figure 18. (a–b) the concentration profiles for φ against S and Kc.

causes as increase in the ion-slip parameter, and due to this the
attenuation force reduces, consequently velocity increases.

We noticed that Figure 8 reveals that the velocity and micro-
rotation decaywith a rise in Kc. It is seen that the resultant veloc-
ity andmicro-rotation decrease with an increase in the chemical
reaction parameter throughout the fluid region. An increase in
the chemical reaction parameter will suppress the concentra-
tion of the fluid. Higher values of chemical reaction parameter
amount to a decrease in the chemical molecular diffusivity, i.e.
less diffusion. Therefore, they are obtained by species transfer.
Consequently, the resultant velocity and micro-rotation profiles
gradually reduce.

Figures 9 and 10 depicte the special consequences of ther-
mal andconcentrationbuoyancy forces, the fluid velocitiesqand

ω increase with an increase in Gr or Gm. Thermal Grashof num-
ber symbolises the comparative forces of temperature buoyancy
to viscosity, likewise solutal Grashof number signifies the rela-
tive potency of concentration buoyancy force to viscous force.
Hence, Gr and Gm increase with an increase in the potencies of
temperature and solutal buoyancy forces accordingly. Here, the
free convection flow is satisfied due to thermal and solutal buoy-
ancy forces; hence thermal and solutal forces have a propensity
to speed up the initial and secondary velocities of fluid dur-
ing the boundary layer thickness in either case. It is discovered
that the fluid velocities boostup nearby the surface quickly fol-
lowed by growmouldy to approaches to zero. Thus momentum
boundary layer thickness increases with an enhancement in Gr
or Gm.
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It can be noted from Figures 11 and 12 that velocity and
micro-rotation profiles trim down with increase in suction
parameter S and viscosity ratio λ throughout the fluid region.
Reverse trend is notified with increasing material parameter
δ (Figures 13). Material parameter enhanced the momentum
boundary layer throughout the fluid region.

Additionally, the consequence of thermal radiation param-
eter N through the both velocities profiles is shown in Figure
14. The tendency is shown that velocity augments with escalat-
ing values of the radiation parameter. It is for the reason that
when the strength of the radiation parameter is enhanced this
in turn boosts up the speed of heat transfer towards the fluids,
the connection between the elements for the fluid particles was
effortlessly wrecked furthermore it diminishes the viscosity. It
would construct the fluid be in movement sooner this plays a
leading role to augment of the velocity profile.

Figures 15 and 16 show the performance of velocity and
micro-rotation profiles with frequency of oscillation n and heat
absorption parameter Q. It is observed that velocity profiles
decrease within the boundary layer with an increase in n. Sim-
ilarly the velocity and micro-rotation profiles gradually reduce
with increasing Q.

Figure 17(a–d) exhibits the temperature profiles with S, N, Du
and Q. The temperature profiles reduce with increasing S and Q.
Hence, the thickness of the thermal boundary layer retards with
increasing S or Q. The opposite trend is noticed with increasing
N andDu. Therefore, the thickness of the thermal boundary layer
enhances.

Figure 18(a,b) signifies the concentration profiles with S and
Kc. The concentration of the fluid decreases as S and Kc increase
throughout the fluid region.

Table 1 depicts the effects of parameters on the skin friction
coefficient Cf and couple stress coefficient Cw . It is observed that

the local skin friction coefficient and couple stress coefficient
increase with increasing parameters K, Du, Gr, Gm, N, βe and βi.
The reverse effect is observed with increasing parameters M, R,

Figure 19. Nusselt number.

Figure 20. Sherwood number.

Table 1. Skin friction and Couple stress coefficient (Sc = 0.6, Pr = 0.71, Q = 0.1, t = 0.2).

M R Du Gr Gm N K Kc λ δ S n βe βi Cf Cw

0.5 0.5 0.03 5 3 0.5 0.5 1 0.2 0.5 1 π/6 1 0.3 0.360704 15.2439
1.0 0.344574 13.7022
1.5 0.322987 11.7811

1.0 0.345387 13.6405
1.5 0.332429 12.1493

0.3 0.487331 20.6016
1.0 0.815630 34.4921

8 0.468522 19.8056
12 0.612386 25.8925

5 0.509415 21.5359
7 0.658162 27.8294

1.0 0.453352 19.1639
1.5 0.548025 23.1695

1.0 0.403313 19.9498
1.5 0.417904 21.9943

2 0.214603 9.06269
3 0198803 8.39433

0.4 0.375556 14.2483
0.6 0.388218 13.4120

0.8 0.354004 9.43158
1.0 0.350813 7.5077

2 0.190298 12.0906
3 0.089608 6.62875

π/4 0.356212 15.2442
π/3 0.349823 15.2449

2 0.363246 15.4937
3 0.364413 15.6093

0.5 0.361142 15.2873
0.7 0.361560 15.3285
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Table 2. Comparison of Results for Cf and Cw (Q = 0, Kc = 0, βe = 0, βi = 0).

N S Du R Olajuwon and Oahimire (2013) Cf Present Cf Olajuwon and Oahimire (2013) Cw Present Cw

0.5 1.0 0.03 0.5 −8.25685 −8.25684 3.25447 3.25445
1.0 −7.85547 −7.85546 3.58874 3.58871
1.5 −7.48875 −7.48874 3.78589 3.78587

2.0 −10.2455 −10.2453 5.87499 5.87498
3.0 −12.5585 −12.5582 7.68501 7.68499

0.30 −6.24088 −6.24086 3.65899 3.65896
1.00 −4.33658 −4.33656 3.74558 3.74557

1.0 −7.68859 −7.68857 6.98554 6.98549
1.5 −6.00145 −6.00143 9.47740 9.47739

Table 3. Comparison of Results for Nu (Q = 0, Kc = 0).

S Pr N Du
Olajuwon and
Oahimire (2013) Present

1 0.71 0.5 0.03 1.025446 1.025443
2 2.335568 2.335565
3 3.699857 3.699854

3 0.588749 0.588748
7 0.144155 0.144153

0.8 0.854748 0.854746
1.0 0.699857 0.699854

0.30 0.985547 0.985544
0.75 0.885478 0.885476

Table 4. Comparison of results for Sh (Kc = 0).

S Sc Olajuwon and Oahimire (2013) Present

1 0.22 0.220000 0.220000
2 0.440000 0.440000
3 0.660000 0.660000

0.30 0.300000 0.300000
0.60 0.600000 0.600000

δand S. The viscosity ratio increases the skin friction coefficient
and reduces the couple stress coefficient. The opposite effect is
observed with an increasing in n.

The Nusselt number Nu increases with increasing S,Q and Pr,
while it reduces with increasing N and Du (Figure 19).

Figure 20 analyses the effect of S, Kc and Sc on Sherwood
number and it was found that Sherwood number increases as
S, Kc and Sc increase. These results are in good agreement with
Olajuwon and Oahimire (2013) (Tables 2–4).

It is concluded that there are some advantages and disad-
vantages of the finite element method (FEM), which is used in
this modelling. Advantages: The modelling of complex geome-
tries and irregular shapes is easier as varieties of finite elements
are available for the discretisation of domain. Boundary con-
ditions can be easily incorporated in FEM. Different types of
material properties can be easily accommodated in modelling
from element to element or even within an element. Higher
order elements may be implemented. FEM is simple, compact
and result-oriented and hence widely popular among the engi-
neering community. Availability of a large number of computer
softwarepackages and literaturemakes FEMaversatile andpow-
erful numerical method. Disadvantages: Large amount of data
are required as input for the mesh used in terms of nodal con-
nectivity and other parameters depending on the problem. It
requires a digital computer and is fairly extensive. It requires a
longer execution timecomparedwith FEM. Theoutput resultwill
vary considerably.

4. Conclusions

The combined effects of thermo diffusion, radiation, Hall and
ion slip with suction on MHD free convection heat and mass
transfer flow of an incompressible micro-polar fluid along a
semi-infinite vertical permeable moving plate embedded in a
porous medium in a rotating frame of reference are discussed.
The significant outcomes are framed as follows. As the suction
parameter increases the velocity and micro-rotation decrease,
while they increase with radiating parameters, Dofour parame-
ter, Hall alongwith ions slip parameters. Themomentumbound-
ary layer thickness is reduced with the escalating viscosity ratio,
but the reverse effect is seen with grow in material parame-
ter. The temperature increases with rise in Dafour parameters
and radiatingparameter. As the suctionparameter increases, the
concentration of the fluid decreases. The co-efficient of skin fric-
tions reduces and the co-efficient of couple stress increases with
rising frequency of oscillation. TheNusselts aswell as Sherwoods
quantities are increased with increasing suction parameter.
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