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In the present paper, the researcher investigates the mutual impact of radiative heat and mass exchange on
hydromagnetic micropolar fluid moving along an infinite vertical surface in a porous regime. The goal of the
research is to investigate the impact of convective temperature and mass flow on hydromagnetic motion of
micropolar fluid across a vertical plate ingrained in a porous regime. The conservation equations with appropri-
ate boundary conditions are resolved analytically by assuming a convergent series solution and thus obtained
the analytical solutions for velocity, angular velocity (microrotation), temperature and molar-concentration. The
novelty of the current work is that it takes heat transfer into account while considering for the impacts of chem-
ical reaction in a micropolar fluid flow of reactive diffusing species. The influence of different physical variables
on temperature, molar-concentration, velocity and angular velocity of the fluid molecules have been presented
graphically for dual solutions. It is seen that the micropolar parameter and porosity of the medium play a signif-
icant behaviour over the momentum and thermal boundary layers. This investigation may involve with various
disciplines of chemical engineering, bio-mechanics and medical sciences. The outcomes of the present study

have significant applications in MHD generators and geothermal resource extraction.
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1. INTRODUCTION

The study of the interaction of conducting fluids and
electromagnetic events is known as MHD. Micropolar
fluids are micro structured fluids. Eringen'? proposed
the micropolar fluid theory, which consists of two dis-
tinct effects such as micro-rotational and micro-inertia.
These investigations were driven by the latent standing
of micropolar fluids in industrial sectors. The spirit of
the micropolar fluid flow theory is that it extends the
conservative equations for viscous fluids to include addi-
tional complicated fluids such as particle suspensions, liq-
uid crystals, animal blood, lubrication, and turbulent shear
flows. Ariman et al.>* looked into the theory of micro
structured fluids. The motion of micropolar fluid mov-
ing along a semi-infinite surface and plotted the outcomes
over the velocity, micro-rotation, shear, and couple stresses
studied by Hazarika and Ahmed.’ He also discovered that
when the micro-inertia is not constant, self-similar solu-
tions can be obtained. The laminar boundary layer flow of
a thermomicropolar fluid across a non-isothermal vertical
flat surface and graphically depicted the impact of mate-
rial characteristics on velocity and microrotation fields
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(Hazarika and Ahmed®). Peddieson’ looked the boundary
layer flow of a micropolar fluid across a flat plate and
discovered that the model can predict results that have
some of the same features as turbulent wall shear lay-
ers. However, the authors Nazar et al., Nadeem et al.,
and Olanrewaju et al.>!° were analysed the motion of
molecules in hydromagnetic micropolar fluid at stagna-
tion point, and the outcomes have been plotted graphi-
cally over the fluid properties. Many research has been
approved to explore the influence of the exchange of mass
and heat in micropolar fluid of porous material with MHD
using various flow geometry such as vertical plate, semi-
infinite plate, oscillating plate, stretching sheet, rotating
cone, and so on.''?? Raptis* investigated the behaviour of
micropolar fluid flowing along a plane of uniform motion
with application of radiation and the outcomes asserts that
augmented radiation, declined the temperature. Papautsky
et al.** used a numerical model based on micropolar
fluid theory to explore fluid behaviour in a rectangular
microchannel. Researchers have done comparable work to
investigate the combined effects of MHD free/forced con-
vection, mass and heat transfer, and thermal radiation on
fluid flow through a porous material.>>2°

Problems of mutual heat and mass transport with
the rate of reactions are significant in several processes
and have thus gotten a lot of devotion in recent times
and have lots of applications in the area of ventilation,
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disappearance at the surface of a water body, energy
exchange in a tower of wet cooling, and the motion in a
cooler of desert. Many sectors have potential applications
for this type of flow. In the electric power business, for
example, one method of generating electricity is to extract
electrical energy directly from a moving conducting fluid.
Khalid et al.”’ have published exact solutions using the
Laplace transform approach for the exchange of heat and
mass of micropolar fluid moving along an oscillating sur-
face. The impact of heat radiation on unsteady free convec-
tive flow over a moving vertical plate with mass transfer
and chemical reaction investigated by Muthucumaraswamy
et al.?® The Laplace transform approach was used to solve
the dimensionless governing equations. Bakr® recently
published an article for exchange of mass moving along a
vertical surface of uniform motion for a rotating microp-
olar fluid under the application of heat source/sink and a
reaction rate. Ahmed et al.’** deliberate the consequence
of the order one homogeneous molar reaction on the
process of a non-steady motion along an infinite verti-
cal surface with a uniform exchange of heat and mass.
Chamkha?! deliberate the behaviour of hydromagnetic
along a stretched vertical permeable surface with uniform
motion under the action of source/sink and a reaction rate.
In a constant porosity porous media, Ahmed et al.?? inves-
tigated the impacts of a force of inertia of molecules and
viscous resistive force at the wall on flow and exchange of
heat-convection. The exchange of convective heat across a
stretched surface surrounded in a non-Darcian material of
pores under the action of a magnetic field has explored by
Abo-Eldahab and El Gendy.** Some recent notable works
has been done by Krishna et al.*>* in the related field
which are noteworthy to be mentioned, which provides
inspiration for the current study.

The current work is motivated by the above investiga-
tions and focuses on hydromagnetic motion of micropo-
lar fluid across a plane surface entrenched in a porous
material under the action of micropolar parameter, poros-
ity and thermal radiation. The dual solutions of the current
research are obtained using analytical method via MAT-
LAB codes.

2. MATHEMATICAL FORMULATION

The two-dimensional motion of viscous incompressible
fluid of micropolar behaviour for Darcian porous material
under the action of magnetic drag force has been con-
sidered in this investigation and the physical depiction of
the situation has been initiated by Figure 1. Initially, the
fluid and the plane surface are at rest, and then at 7 > 0
the surface set in uniform motion with velocity u, where
T, and C, are the surface temperature and concentration
respectively. The ambient temperature and concentration
are respectively 7., and C_,. The x-axis has set in the direc-
tion of fluid motion over the surface, while the axis of
y-perpendicular to the surface. A uniform magnetic field
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Fig. 1. Geometry of the flow configuration.

(0, —B,, 0) is acted to the fluid medium in a normal direc-
tion towards the surface.

The governing equations of the micropolar fluid over an
oscillating vertical surface with thermophoretic forces are
given as follows:*

du  Jdv du
—+—=0=—=0 1
dox * dy = dy M
’u IN b
] +a) —+a——0Bj u———u
IN  &#N
; _IN 3
Pigr =Vap 3)
aT *T 9 D, K, d*C
pCyom=hor -+ LI (@)
or ay*  dy C, 09y’
ac *C
ar* dy?
The radiative heat influx is given by
d
S~ —4a(1-T.) (©)
x

The corresponding initial and boundary conditions are
given by Ref. [34]
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Now, introducing the dimensionless variables,

2
N
v="1 =%y =B 0="7
U, v v ug
-7, cC—-C, a
0 = , ¢ = — B = —,
Tw_Too Cw_Coo w
__ voB) vgBy,
op T w1, - T
160,72 vgB,
a = > rm = 3 ’
3klk2 u, (Cw - Coo)
v? j c v
K;lz d)l’ nzﬂ, Przh, Sc = —
ku? 0% k, D
K M, +K! P 7Pr
= N re = N
off d i (1+R.)
U= DmKT (Cm B Coo)
Cslu‘Cp (Tw - Too)
)

With the help of these dimensionless variables (9), the
Eqgs. (2)—(5) are transformed as:

av *v Q)
— = — ——K,V-M,V+G,0+G
ot ( +B) agz +Ba§ P d + r + rmd)
(10)
Q. 1Q
= 11
at  m 9&? (11
W _ L0 ko pul? (12)
at P ag e 9&2
d 1
W_L1I0 (13)

The transformed initial and boundary conditions are:

V=0, Q=0, 0=0, ¢=0 at r<0 V¢ (14)
d
V=1, Q:—n—v, 0=1,
&
t>0:]¢=1 at £§=0 (15)
v=0, Q=0, 6=0,
¢=0 as &— o0

3. SOLUTION OF THE GIVEN PROBLEM

By virtue of classical perturbation theory to solve the
Egs. (10)—(13), the convergent scheme of series solution
is given by,
fEN=fE)+e3 ”f;(§). exl (16)
j=1

where f =v, Q, 6 or ¢.
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Table I. Analysis of M, and R, over the velocity (V) and temperature
0) at G, =Gr,=2,8=02,P, =071, K, =0.5, n=0.1, n=0.5.

Previous work* Present work

£ M, R, 1% ) 1% )
00 05 01 1.0 1.0 1.0 1.0
02 10 01 291038 041510 291210 041572
04 20 01 181034 010225  1.81052  0.10238

0.0 0.5 0.5 1.0 1.0 1.0 1.0
0.2 1.0 0.5 2.37058 0.50572 2.37107 0.50569
0.4 2.0 0.5 1.53071 0.10371 1.53067 0.10383

Applying Eq. (16) into Egs. (10)—(13), we get the
required solutions as

p=e VSt (17)
0= Ae VR it 4 o=/ €St (18)

\/Kp+Md <1 G,-A+G,-B+Gr,,,)
Qe 1+ C D

G, -A — G, -B+G
+i-JR P2 —\/C,-Sc-g

C D
+E - gl Vioné

(19)

i W;
G,-A G, -B+G B
(1— L+ i m)e I+p

C D

V: +Gr'A _\/R(A'Pri§
e
C
G,-B+G /cSe
_ o + rmef C,-Scé

) b (20)

4. VALIDATION

The validation of the present investigation has been calcu-
lated with the previous work illustrated by Sheikh et al.**
and they have not studied the impact of thermo-diffusion
(D,) and rate of reaction (C,). The analysis of Table I rec-
ommend that the method of solution is stable and accurate
which validates the considered flow model.

5. RESULTS AND DISCUSSION

The dual solutions for molar concentration, temperature,
and velocity are obtained and the outcomes are plotted
via. MATLAB for various physical parameters, namely,
Magnetic drag force (M), rate of Chemical reaction (C,),
Schmidt number (Sc¢), Dufour number (Du), porosity (K p),
Prandtl number (P,), Mass Grashof number (Gr,,), Ther-
mal Grashof number (G,), Micropolar fluid parameter (3).

The physical parametric values of micropolar fluids have
been chosen with regard to the physical point of view such
as the application of higher porosity and lower porosity;
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Higher magnetic field for strong action to the fluid; Higher
and lower buoyancy forces; Maximum and endothermic
reactions to the fluid; maximum and minimum angular
rotations of the fluid. All the numerical calculations have
been done via MATLAB code with respect to the default
physical values otherwise stated and they are R, =3=0.2,
P .=0.71, G,=Gr,=05,C,=0.1, M;=2, Du=0.2,
K, =0.01, n=0.1, n=0.5, otherwise stated.

Figure 2 depicts the concentration profiles with & for
various values of rate of chemical reaction (C,) and
Schmidt number (Sc¢). When C, is positive, then the chem-
ical reaction is endothermic. Due to the augmented values
of endothermic chemical reaction, the molar concentration
declined in the rotating fluid. The endothermic chemical
reaction parameter always acts as a transfer of mass from
source of the system to the environment of the considered
surface. In the physical point of view, the Schmidt number
may be expressed as Sc = (kinematic viscosity)/(molecular
diffusivity coefficient). The Schmidt number of species at
25 °C in Air (Pr =0.71) have been considered as Ammo-
nia (Sc¢ = 0.78), Methanol (Sc¢ = 1.14) and Ethanol (Sc =
1.50). The Schmidt numbers are Sc¢ = 1.14, 1.50 > 1,
and therefore the kinematic viscosity is dominant over the
molecular diffusivity, while this behaviour is opposite in
Sc =0.78. The higher Schmidt number always thickened
the molar concentration boundary layer.

Figure 3 portrays the temperature profiles with ¢ for
various values of endothermic chemical reaction (C, > 0)
and Dufour number (Du). In fluid mechanics, the number
Du signifies the contribution of the concentration gradi-
ents to the thermal energy flux in the motion of flow. In
Figure 3, the concentration gradients are dominant over
the thermal energies in the motion of flow and therefore
temperature depression has occurred due to the influence
of the Dufour. The application of endothermic chemical
reaction in the energy equation asserts that molecules of
the reactive fluids did not generate kinematic energies and
consequently there is a declination in temperature of the

C,=0.1
08rsN\  ----- C, =05
0.6
¢ Se=0.78,1.14,1.50
0.4r
0.21

~ -

Fig. 2. Concentration profiles of Sc and C,.
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10

Fig. 3. Temperature profiles of C, and Du.

fluid. Also, it is perceived that higher rate of reaction near
the surface possesses negative values due to higher rate of
endothermic reaction.

The variation of porosity (Kp) and micropolar fluid
parameter () have been calculated over the velocity dis-
tribution (V) and is plotted in Figure 4. The porosity of
the porous material may performances as a resistive force
that always retard the motion of the molecules of the
fluid and thereby the momentum boundary layer thickness
develops a thicker layer and gradually velocity deacceler-
ated throughout the motion. Moreover, the application of
B decelerated the motion of molecules of micropolar fluid
over the surface in porous regime. Under the simultane-
ous action of B and K, the momentum boundary layer
becomes thicker.

Figure 5 analysed the impact of Prandtl number (P,)
under the influence of molecular species of Ammonia
(8¢ =0.78), and Ethanol (Sc = 1.50) in a Darcian regime.
In physical point of view, P, is encapsulated as P, =

r

(kinematic viscosity (momentum diffusivity))/(thermal

451
4t — Kp=20.05
35 |/ \ ~----- Kp=105

B8=0.5,1.0,15

Fig. 4. Velocity profiles of K, and S.
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Fig. 5. Velocity profiles of P, and Sc.

diffusivity) in a thermal boundary layer. As P, <1, so
the kinematic viscosity is lower than the thermal diffu-
sivity and thereby fluid molecules are diffused to get the
higher values of momentum at P, = 0.1. In porous media,
fluid motion is inversely proportional to kinematic vis-
cosity. Thus, in this Figure 5 it may observed that as P,
upsurges from lower value to higher values, there is a
declination of fluid velocity due to the enhancement of
kinematic viscosity. The Sc¢ may be calculated as Sc =
(kinematic viscosity)/(molecular diffusivity). S¢ > 1 impli-
cates the kinematic viscosity is dominant over the molec-
ular diffusivity coefficient. Higher Sc generates dominant
kinematic viscosity and thereby lessening in fluid veloc-
ity, but lower Sc < 1 produces higher molecular diffusivity
that gives resistance less motion of molecules uplifts the
velocity. Therefore, the impact of Sc declines the motion
of molecules from diffusivity to viscosity.

The dual solution of the velocity distribution for mag-
netic drag force (M,) and buoyancy force (Gr,) due to
the exchange of mass has been presented in Figure 6. The

1.8

1.6

1.4

M;=1,1.5,2,2.5

0.6
0.4

0.2

Fig. 6. Velocity profiles of M, and Gr,,.
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8 =0.5,1.0,1.5

-1.5

Fig. 7. Angular velocity profiles of 8 and R,,.

magnetic drag force has a retarding effect due to Lorentz
force and thereby the molecules of the micropolar fluid
are moving with slow motion. Hence, the flow velocity
slowed by the impact of M, and the momentum bound-
ary layer thickness becomes thicker because the viscos-
ity effect is pre-dominant near the surface. The buoyancy
force is due to differences in pressure that boost the fluid
velocity as the viscosity effect is very smaller and thereby
molecules are moving freely in the upward direction oppo-
site to acceleration due to gravity.

The impact of R, and B have been discussed on the
angular velocity () of the micropolar fluid and is shown
in Figure 7. Higher thermal radiation (R, = 5.0) produces
lower thermal energy that causes the deceleration of angu-
lar velocity, while lower R, = 0.8 generates the higher
thermal energy that causes the acceleration in (). There-
fore, the application of R, declined the velocity () in
the porous regime. The micropolar fluid parameter (B)
boosted the curves of angular velocity in both the variant
of R, and all the curves of () are sustaining the asymptotic
flow behaviour towards the free stream. Rotation of the
micropolar fluid causes the high spin and generates vor-
tex tubes that gets reversed motion towards the negative
direction of the axis of rotation. The magnitude of micro-
rotation show an increasing behaviour for higher values of
R, for different values of (.

The variation of angular velocity () by the influ-
ence of G, and M, has been illustrated in Figure 8.
Physically, Grashof number indicates that G, = (buoyancy
force)/(viscous force). The maximum spin of micropolar
fluid in the formed vortex tube of angular velocity has
been observed for the higher buoyancy force (G, = 15),
while slow rotation may occur at the lower buoyancy
force (G, =5) and therefore a negative suppression has
occurred in ) along the vortex tube. The application of
magnetic drag force (M) accelerates the angular velocity
in the negative direction. The dual solutions of () encap-
sulated the motion of molecules asymptotically in the free

1618
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-12

4 6 6 8 10
Fig. 8. Velocity profiles of G, and M,,.

Table II. Distribution of Shear stress (7,) and couple stress (C,) under
the influence of M,, Du, 8 and C, at G, =Gr,, =2, R,=0.2, P, =0.71,
K,=0.1,n=0.1, n=0.5.

B M, Du C, W €,

0.01 0.5 0.1 0.1 8.13510 9.21073
0.05 0.5 0.1 0.1 7.62402 9.41970
0.5 0.5 0.1 0.1 7.40750 9.61891
0.01 1.0 0.1 0.1 8.50351 9.04165
0.01 2.0 0.1 0.1 8.7710 8.91532
0.01 0.5 0.3 0.1 10.7028 9.13051
0.01 0.5 0.5 0.1 32.10293 9.01752
0.01 0.5 0.1 0.2 8.47382 8.87105
0.01 0.5 0.1 0.3 8.61027 8.71962

stream. The magnitude of microrotation show a growing
behaviour for greater values of G, for different values
of M,.

The numerical values for the impact of M,;, Du, 3 and
C, over the 7, and C; are expressed in the Table II. The
augmented values of M,, Du and C, enhanced the dis-
tributions of 7, while this behaviour is opposite to C,.
The shear stress has declined by the action of micropo-
lar parameter, but this variable (8) up lift the profiles of
couple stress in the Darcian regime.

6. CONCLUSION

In this investigation, a hydromagnetic micropolar fluid
moving along a vertical surface entrenched in material of
pores under the action of thermal radiation is considered.
The dual solutions of the current work are obtained using
analytical method. The important findings are concluded
from the present work are that growth in Du and C,, leads
to declination in fluid temperature; upsurge in Sc and C,,
leads to falling of molar concentration in the rotating fluid;
a rise in Sc and Kp, leads to declination of flow velocity
in porous regime; an increase in M,, B and P, reduces the
fluid velocity; rise in B and M, leads to declination of

Micropolar Hydromagnetic Fluid Over a Vertical Surface in Darcian Regime: An Analytical Approach

angular velocity, while this behaviour is opposite for the
growth of G, and R,.

NOMENCLATURE

(x,y) Cartesian coordinates, m
Thermal Grashof number
N Dimensional angular velocity, S~
M, Magnetic drag force
Prandtl Number
Radiation parameter
Sc Schmidt number
Mass diffusivity, m?/s
K., Pr.; Constants
B, Magnetic Induction, Tesla
g Acceleration due to gravity, m/s
j Microinertia per unit mass, Kg - m?
a Vortex viscosity, ms™!
u Dynamic viscosity, Pa s
B Coefficient of thermal expansion, K~!
o Electrical conductivity, Sm~!
Du Diffusion-thermo number
(u,v) Velocity components in (x, y)-directions,
ms~!
Gr,, Mass Grashof number
K, Porosity parameter
C Species concentration, mol/m?
C, Specific heat capacity, J - kg™! - K!
C, Coefficient of couple stress, Pa
1 Spin gradient, s
K, Chemical reaction coefficient, Ms~!
ky Thermal diffusion ratio, m*/s
K, Non-dimensional porosity, m?
w Frequency parameter
v
p
ky
BL

Kinematic viscosity, m?s~
3

1

Fluid density, kgm~
Thermal conductivity, W -m~'K~!
. Coefficient of concentration expansion,

K—l
¢, Porosity of the porous medium
O<¢, <1),m?

B Micropolar fluid parameter
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