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The Runge-Kutta method combined with the shooting technique is used to solve the
numerical results of the theoretical model for the electrically conducting micropolar fluid
through two parallel plates in the presence of a heat source or sink and first-order chemical
reactions in the flow heat and mass transfer equations. This work encourages us to use the
Homotopy analysis approach to develop semi-analytical solutions for dimensionless velocity,
dimensionless microrotation, dimensionless temperature, and dimensionless concentration.
The answers are used to produce the analytical approximations of the physical
characteristics, such as the skin friction factor, Nusselt number, and Sherwood number.
Additionally, tabular values for the physical parameters, such as the skin friction factor,
Nusselt number, and Sherwood number, are provided. Graphs are also used to illustrate how
characterizing parameters behave. We found a high correlation between the semi-analytical
and numerical findings of this study when we compared our semi-analytical works with the
earlier studies. Compared to the prior method, this approach to the model is simpler, and it
may be readily extended to find semi-analytical solutions to other MHD and EMHD fluid flow
issues in the physical sciences and engineering.
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1. Introduction

Because the topic

of micropolar fluid

polymers, paints, lubricants, and other non-
Newtonian materials.
The study of electrically conducting fluid

dynamics is becoming more and more used in the
processing sector, many professionals are
interested in studying it. In order to account for
the microstructure and the local motion of the
particles inside the fluid's volume element,
Erigen created micropolar fluids in 1966. Erigen
[1] investigated the effects of inertial spin, local
rotary inertia, and the pair stresses in order to
develop a model for the non-Newtonian behavior
observed in suspended fluids, such as blood,
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motion in the presence of a magnetic field, or the
interaction of the magnetic field and the fluid
velocity of electrically conducting fluids, such as
in dynamos and MHD pumps, is known as
magnetohydrodynamics (MHD). A lot of studies
employ MHD flow for mass and heat transfer
because of the primary effect of magnetic fields.
Studying analytically and numerically, nuclear
reactors, MHD generators, and other engineering
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science fields now heavily rely on electrically
conducting fluids.

Mishra et al. [2] examined the flow of mass
MHD-free convection and heat in a micropolar
fluid with a heat source. Hague et al. [3]
investigated the behavior of micropolar fluids in
steady MHD-free convection flow with joule
heating and viscous dissipation. Rahman et al. [4]
talked about the heat transmission in a
micropolar fluid down an inclined permeable
plate with different fluid characteristics. The
unsteady MHD mixed convection flow of a
micropolar fluid down inclined surfaces is
studied in the study of Aurangzaib etal. [5]. In the
work of Srinivasacharya, and Bindu [6], the
creation of entropy in a micropolar fluid flow via
an inclined channel is examined.

An impulsively begun infinite vertical porous
flat plate containing a viscous, incompressible,
and electrically conducting fluid in the presence
of a porous material was explored in [7] to
examine the impacts of MHD, Dufour, and Soret
on unstable free convection and mass transfer
flow. According to Soret and Dufour effects, MHD
thermo solutal convection in a porous cylindrical
cavity filled with Casson nanofluid was studied
[8]. Mass transport and temperature variation
both cause unsteady MHD convection to flow
through a loosely packed porous material and
into a precipitately begun perpendicular plate
[9].

Researchers have been particularly interested
in the study of heat and mass transfer effects in
their fluid flow problems in recent years because
of the significance of chemical reactions in
industries during the production process. The
MHD Casson nanofluid flow via a linear
stretching surface in the presence of a chemical
reaction coefficient and the slip condition were
described by Swapna et al. [11].

By incorporating the hitherto unrecognized
magnetic field effect on the flow of micropolar
fluid through the two parallel plates in the
presence of a heat source or sink and a first-order
chemical reaction in the flow heat and mass
transfer equations, respectively, the expanded
work was derived by Dash et al. [12]. The firing
technique was used with the fourth-order Runge-
Kutta method to solve nonlinear differential
equations.

The aforementioned studies forced us to
investigate these kinds utilising analytical
techniques because most publications have used
numerical methods. For numerical study, we can
refer to the numerical study of the boundary
layer flow problem over a flat plate by the finite
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difference method [13], and the numerical study
of chemical reactions and magnetic flow over a
flat plate [14].

Boundary value problems in potentiometric
biosensors [15], reactive gas absorption [16],
several two-point non-linear elliptic boundary
value problems [17], and transient current
potential for redox enzymatic homogenous
systems [18] can also be consulted for analytical
solutions. We have already covered a number of
approximate analytical solutions. An
approximate solution technique that does not
depend on a small parameter [19], an
approximate analytical solution of a non-linear
kinetic equation in a porous pellet [20], semi-
analytical expressions of a non-linear boundary
value problem for immobilised enzyme in porous
planar, cylindrical spherical [21], non-linear
mathematical models, including the Variational
Iteration method [22], Homotopy Perturbation
technique [23],. Homotopy perturbation method
for a new non linear analytical technique [24],
Homotopy perturbation method to linear and
non linear Schrodinger equations [25], new
homotopy perturbation method [26], Modified
Adomain  Decomposition technique [27],
Homotopy Analysis method for non-linear
problems [28], Homotopy Analysis method for
Non- linear Initial Value Problem for an
Autocatalysis in a continuous stirred Tank
Reactor[29], Modified Homotopy Analysis
method for analytical expressions of a boundary
layer flow of viscous fluid[30], Semi-analytical
solution of MHD free convective Jeffrey fluid flow
in the presence of heat source and chemical
reaction[ 31], Ananthaswamy Sivasankari
method for solving some non-linear initial value
problems in  physical sciences [32],
Ananthaswamy Sivasankari method for solving
non-linear boundary value problem in heat
transfer through porous fin [33]. Adapting
techniques in the pioneering works are
mentioned in Table 1. Also, several numerical
techniques were utilised for resolving MHD flow
issues via MATLAB regarding RK4 [36], and
bvp4c [37].

In this work, the homotopy analysis method is
employed to solve the equations found in [12].
The answers are used to produce the analytical
approximations of the physical characteristics,
such as the skin friction factor, Nusselt number,
and Sheerwood number. and the results are
contrasted with the numerical results. Graphs
obtained through modifications of the controlling
parameters are also analysed in detail.
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Table 1. Comparison of Past studies with present work

Past Studies

Reference

Subject Matter Approach

Study Met!

hod Outcomes

Mishra et al.

(2]

Ziaul Haque
etal. [3]

Kasim
Aurangzaib
etal. [5]

Srinivasachar
yaetal. [6]

Mustapha EI
Hamma et al.

(9]

Study of Heat and Mass Transfer
in MHD Flow of Micropolar Fluid Numerical
over a Curved Stretching Sheet

Micropolar fluid behavior on
steady MHD free convection and
mass transfer through a porous Numerical
medium with constant heat and

mass fluxes
The unsteady
magnetohydrodynamic  mixed Numerical

convection flow of a micropolar
fluid over an inclined plate

Entropy generation of
micropolar fluid flow through an

inclined channel of parallel Numerical
plates with constant pressure

gradient

Numerical study of the model
thermosolute natural convection

in porous, isotropic and
saturated media filled with Numerical
Casson nanofluids (aluminum
nanoparticles) under the

influence of a magnetic field

Dufour and Soret Effect on
Unsteady MHD Free Convection

Meenakshi et and Mass Transfer Flow Past an

al. [10]

Dash.et al.
[12]

Present
work

Impulsively ~ Started  Vertical Numerical

Porous Plate Considering with
Heat Generation

Chemical Reaction Effect of MHD
Micropolar Fluid Flow between

two Parallel Plates in the Numerical
Presence of Heat Source/Sink

Study on non-linear boundary Semi -
value problem for MHD fluid flow

with chemical effect Analytical

External magnetic field tends to raise

SOR Method )
temperature profiles.

. The skin friction is larger for lighter
gjl?hs?elm_ particles and air than heavier
iterftion particles and water, respectively. The
technique micropolar fluid temperature is more

Implicit finite-

for air than water.

A solution could be obtained for all

difference positive values of the buoyancy
scheme parameter A.

The entropy generation number

increases with the increase in
Spectral  quasi Brinkman number and angle of
. .. inclination. Further, it is observed that
linearization . . X
method the increase in coupling number,

Prandtl number and Reynolds

number reduces the entropy

generation number.

An uneven decrease in the thermo
Finite volume solutal transfer with the increase in
method the Hartmann Soret and Dufour

numbers.

The Skin-friction coefficient Cf

decreases with the decrease of Soret

number Sr.

The Nusselt number Nu value
Implicit finite increases with the effect of suction
difference parameter vo, while it decreases with
method the effect of magnetic field parameter

Runge-Kutta

method
with
technique

Homotopy
analysis
approach

M.

No change in Nu and Sh for the
different values of permeability
parameter A

An increase in magnetic parameter
velocity profile decreases whereas the
microrotation profile enhances for
along N>1 but reverse effect is observed for

shooting N<1.

Both Dufour and Soret enhance the
thermal and concentration boundary
layer respectively.

High correlation between the semi-
analytical and numerical findings of
this study.

Compared to the prior method, this
approach to the model is simpler, and
it may be readily extended to find
semi-analytical solutions to other
MHD and EMHD fluid flow issues in
the physical sciences and engineering.
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2. Mathematical Formulation of the
Problem

As The mixed convection flow of a constant
incompressible micropolar fluid between two
parallel plates separated by a distance h has been
considered. The y-axis is perpendicular to the
plates, and the flow direction is along the x-axis.
Whereas the fluid's temperature and
concentration at the upper plate are and,
respectively, those at the lower plate are and
(and). A transverse magnetic field is applied with
increasing field strength. The heat source and
sink, as well as the chemical reaction, are taken
into account in the formulas for mass and energy
transfer, respectively. The cross-flow velocity of
transpiration is constant where denotes the
injection velocity and represents the suction
velocity.

The equations regulating the flow of
incompressible micropolar fluids are [12] under
the  aforementioned  presumptions and
Boussinesq approximations with energy and
concentrations.

V =V, = constant (N
2
o 2 Py T O
oy  oOx oy’ oy
2
~B,/u+pgf,(T-T))+pghc-C,) &)
_or 0T au
piVo — =y —5 — 2kpgl' =k — (3)
%y oy
N 82T+(y+k)(6ujz
=k — el
ey oy o
2
+ y(ﬁ—rj +2K[F2+Fa—uJ (4)
oy oy
DK, 62
T T TUR
Cs oy’
2 DK 2
1o & pEC, DKy P7C
oy oy Tm 0y (5)
-Kc"(c-C,)
where U is velocity components in the X-

directions, I' is micro rotation, p and | are the
fluid density and gyration parameter, /1, K,y are
the material constants (viscosity coefficients), g
is the acceleration due to gravity, pis pressure,
P is the coefficient of thermal expansion, £ is
k; the
is the

the coefficient of solutal expansion,

coefficient of thermal conductivity, D
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mass diffusivity, CpiS the specific heat of fluid,

C, is the concentration susceptibility, T,, is the

m
mean fluid temperature, and K; is the thermal

diffusion ratio.
The boundary conditions are:

(6)
(7)

The following non-dimensional variables are
introduced:

u=0,v=v,,I'=0T=T,,C=C;, aty=0

u=0,v=v,,I'=0,T=T,,C=C,, aty=h

U
’IZ%’U:UO f (), F:TOW (),

(8)
T-T c-c
0m) == T1,415(77)=C Cl
211 2>

We obtain the following non-linear system of
ordinary differential equations from Egs. (1)
through (5):

Nif"—Rf’+ N w
Gr Gc )
+—0+—¢-Mf'—A=0
Re Re
2-N , _1-N_, .
W —ajTRW—(2W+f )=0 (10)
m
P
0" —RPro’
Br f!2+ N(2_2N)Wr2
+ m (11
1-N P
+2N(w? —wf")
+DuPrg"+Prp6e=0
Si¢”—R¢’+Sr9”—y¢:O (12)
c

Where primes denote differentiation with

\'
respect to 77, SC=Bis the Schmidt number,

pr— #Cp_is the Prandtl number, R, = PYoh g
Ky

the Reynolds number, g,_ PKr(C2-C1) s
vC,C b (T, —Ty)
the Dufour number, { _ Aoh is the suction /
Y7

Injuction parameter, n __K
u+K

is coupling

2 3
number, Gr = 90" fr (Ti —Tyh is temperature

y7i
2 3
Grashof number, gc_ 92 Fe (CZZ_Cl)h is the
)7
mass Grashof number, A _ h? dP js the
wU g dx
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2
constant pressure gradient, m 2 _ h"ku+k) js

y(u+Kk)
the micropolar parameter, a; = _1_is the micro-
h 2
2
inertial density parameter, gy — Mo is
ki (T, —Ty)

the Brinkman number.

Boundary conditions (6) in terms of
f,w, 8, p become
f=0,w=0,6=0,¢=0 atn=0 (13)
f=0w=0,6=1 ¢=1 atn=1 (14)

2.1. Physical Quantities of Interest

The major physical quantities of interest are
the skin friction coefficient C; , Nusselt number

Nu, and Sherwood number Sh, which are
defined as,

Cp=—""4—, N”:k(rXqWT)'

A’ v (15)
she— X9m

k(Cw-C.)

Where surface shear stress, Surface heat and
mass flux are defined as

ou
Ty = (/1+k)—+kw:| ,
|: 5y y=0

ar oC
wooff) oy
ay y=0 8y y=0

Using the non-dimensional variables (8), we
get

(16)

1c, Ret? =(1+5jf’(0),
2 2 (17)
Nu , Sh ,

iz =00, ——5=-¢'0)

X eX

3. Semi-Analytical Expressions of the
Non-Linear Boundary  Value
Problem Using the Homotopy
Analysis Method

Liao's 1992 invention of the Homotopy
analysis method is a noteworthy one for locating
answers to non-linear issues. HAM is
independent of any small or big physical
parameters. Second, HAM offers a practical
means of ensuring the convergence of solutions.
In conclusion, HAM offers us a practical
instrument to resolve extremely non-linear
issues in science and engineering.

Consider a differential equation
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N [f ()]=0 (18)

where N is a non-linear operator, 77 denotes
independent variable and f(7)is a semi-

analytical solution of Eq. (17) which is unknown
function. Let f, (1), wy(17), 6y (17), ¢o(r7) denote
approximations of

respectively. H (1) is

an initial
f(m), w (), 6(n), $(n)

known as auxiliary function and L denotes an
auxiliary linear operator, h is non - zero
embedding parameter lies between -1 and 1.

Then the Homotopy is given by,

@-p) L[f@)ph Hm) - fo(n)]
=ph H(») N[f@); p.h, H@)]

where p €[0, 1]is an embedding parameter.

(19)

Without having to solve the supplied non-
linear problem, we can determine the suitable
base functions to represent the answer by
evaluating the boundary conditions of the non-
linear differential problem.

_@-NA (N-DA

fo(m) > > (20)
Wy (7) =0 (21)
Oum) =n (22)
do(m) =1 (23)
and the linear operators L¢, L,, Ly, L, are
defined as

Ly =f" (24)
L, =w" (25)
L, =0" (26)
Ly, =¢" (27)

Applying the Homotopy analysis method,
I-N)A  (N-DA ,
= +
2 T T
(N -1)%2(MA+ AR)
12 7
N 1)Gr Gc
+| === —=—+—1
6 6 AR R
Gr(N -1
R |n°
2 6
+(N-1)“MA

f

(28)
(N -1)?RA-
_ Ge(N-1)
R
[(N ~1)2RA+ n*
(N-1)’MA | 4
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T@a-N)A
4

C(@-N)A

2, (29)

sinh

2
—|——m_ .7 _ —
. Vo™ LN 41)A+(1 ;\I)An

-R Pr+SBr(1—N)A2
2 8
LB
6
RPr_ Br(l-—N)A? }72

0=-h 2 8 +n 30)

[ Bra=N)A?* ) 4
2 /)

6 6

Br(1— N)A2 N Pr,[f}73

RScn yScp
2 6
N 786773 B RSC772
6 2

¢=- h+n (B1)

4. Results and Discussion

In Fig. 1 and Fig. 2, the fixed parameter values
are:

N =05 R=2,Pr=0.71,Gr =0.2,Sc =2,

Sr=02, Gc=2,a=1a;=0001, Re=1, =0,
m, =1 Br=1,Du=1 =0, whereas the varying
parameters and its values are given in figures.

Fig. 1 illustrates how a magnetic parameter
affects flow phenomena when there is no heat
source, no chemical reaction, and other physical
parameters present. When data from Dash et al.
[12] were compared in the absence of the current
discovery, an intriguing observation was found;
increasing the magnetic parameter improves the
velocity profile by 12.5 % at every site in the
velocity boundary layer. For 7 < 0.4, velocity

profile increases as the magnetic parameter

increases. After that, it decreases, corresponding
to the magnetic parameter. So the variation of the
magnetic parameter shows a significant effect on
the thickness of the boundary layer.

In Fig. 2 Near the first plate, the micro rotation
profile increases by 46.15 % as the magnetic
parameter increases; however, the opposite
effect is observed after that. The impact of the
magnetic parameter on the velocity profiles for
N=2.5 is seen in Fig. 3. It can be seen that the
effect in this profile is the opposite of what it is in
Fig. 1. With an increase in the magnetic
parameter, the velocity profile slows down. So
the variation of the magnetic parameter does not
show a significant effect on the thickness of the
boundary layer.

01
0.09 ¢
0.08 1

007} /5/

006+ 7

0057 4 RN

004} f A
W

0031 \;

0.02

M=0,05,115 \\__\_ \

RN

Dimensionless Velocity Profile f(x)
.‘1%?}

- Anakpticalsolution
. W merical solution

001/

0 . . . . . . . . .
0 01 02 03 04 05 06 07 08 08 1

Dimensionless Coordinate (1)

Fig. 1. Dimensionless coordinate 77 versus the

dimensionless velocity profile f (7). The curve is plotted

using eq. (28). The curve is plotted using eq. (28) for various
values of dimensionless parameters and in some fixed values
of dimensionless parameters.

= Anaktical solution
o Hamerical solution ||

Dimensionless Microrotation Profile w ()

0 01 02 03 04 05 06 07 08 09 1
Dimensionless Coordinate (1)

Fig. 2.Dimensionless coordinate 77 versus the dimensionless

micro rotation profile W(i]). The curve is plotted using eq.

(29) for various values of dimensionless parameters and in
some fixed values of dimensionless parameters.
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.02

0.03

R /]
N sl
M-0051LE N e //,

Dimensionless Velocity Profile (o)

008 . /.
S

006 NN T S

£0.07 N T /

.\\ /
0.08 || - Anakptice! solution L
w HUmerical solution
0.09

001 02 03 04 05 06 07 08 0% 1

Dimensionless Coordinate (1)
Fig. 3. Dimensionless coordinate 77 versus the

dimensionless velocity profile f(77). The curve is plotted

using eq. (28) for various values of dimensionless parameter
and in some fixed values of dimensionless parameters.

Fig. 4 illustrates how magnetic factors affect
the micro rotation profiles for N=2.5. It has been
observed that, depending on the micro rotation
profile, the intermediate layer of the channel
exhibits opposite properties. For the purpose of
accommodating the inadequate boundary
conditions, the profile slows down before the
region and then accelerates after it.

10

15

=== Anafyticalsolution
we Hitmerical solution

%ﬁ}{hm.m,l.s
/A

=
(=3

=
m

Dimensionless Mic rorotation Profile w (#)
=

N
_1 N A
M=005113 “nﬁ—?

15
001 02 03 04 05 06 07 08 09 1

Dimensionless Coordinate (i)
Fig. 4. Dimensionless coordinate 77 versus the
dimensionless micro rotation profile W (77). The curve is

plotted using eq. (29) for various values of dimensionless
parameters and in some fixed values of dimensionless
parameters.

Fig. 5 for N = 0.5 illustrates how the thermal
and mass buoyancy properties affect the velocity
profile thatis displayed when magnetic and other
parameters are present. It can be seen that the
velocity attains its maximum when the thermal
buoyancy parameter is 2.0. It is interesting that
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the increase in thermal and mass buoyancy
parameter velocity profile increases significantly.
When the buoyancy parameter and the fluid
velocity increase, the thermal boundary layer
decreases . It causes more fluid in the boundary
layer. The Buoyancy effect causes the velocity in
the fluid to increase. So there is an increase in
higher values of Gr.

0.02
- Anakyticedsolution
. Mumericaisolution L

0.01

Dimensionless Velocity Profile f(y)

om %, \
NN N e
N i
0030 Grez ... \. e o
Gr=10 S /
M Gr=20 . /
U et x‘--\ s
Ge=20 S

0 01 02 03 04 05 06 07 08 09 1
Dimensionless Coordinate (17)

Fig. 5. Dimensionless coordinate 77 versus the
dimensionless velocity profile f(77). The curve is plotted

using eq. (28) for various values of GI, GC and in some

fixed values of dimensionless parameters.

The influence of thermal buoyancy and mass
buoyancy forces is seen in Fig. 6 (N = 0.5). These
forces within the region react negatively, similar
to the velocity in Fig. 5, until the trend is reversed.

-3
25 10

15 ’/ \*\

=~ Aneltical solution
we Hitmerical solution

Dimensionless Microrotation Profile w (m)
\ = =
wn
%

| N ey’
= NN

o Fere AN

i s N
Ge=20 R

2.5

0 01 02 03 04 05 06 07 08 09 1
Dimensionless Coordinate (x)

Fig. 6. Dimensionless coordinate 77 versus the
dimensionless micro rotation profile W (77). The curve is

plotted using eq. (29) for various values of GI, GC and in

some fixed values of dimensionless parameters.
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The temperature profile for N = 2.5 is shown
in Fig. 7 as a function of the Prandtl number and
the heat generation (source)/absorption (sink)
parameter. When it comes to water, the
temperature rises when it is near the source and
falls when it is near the sink. Stated differently,
sink has the opposite effect on the temperature
profile. Interestingly, the fluid's temperature
increases as the Prandtl number increases. There
was not a heat source in one instance. There is
good agreement between the present finding and
that of [6].

12 : : : . T - . : -
—-Anaktical solution
we Nitmerical sofution

08

0.6

4 f=-1-0500351 for Pr=0.71

Dimensionless Temperature Profile & ()

0 01 02 03 04 05 06 07 08 09 1
Dimensionless Coordinate (y)

Fig. 7. Dimensionless coordinate 77 versus the
dimensionless temperature profile 0(7]). The curve is

plotted using eq. (30) for various values of dimensionless
parameter and in some fixed values of dimensionless
parameters

The coupling number between Figs. 8 and 10
is 0.5. It is significant to observe that in Fig. 8, the
fluid temperature rises in tandem with the
Dufour number. The presence of a source can
raise the fluid temperature of the thermal
boundary layer everywhere. Fig. 9 illustrates how
the fluid concentration grows with the number of
sorets. A high Schmidt number inclusion with a
soret number promotes increased fluid
concentration by 33.3 % in the concentration
boundary layer.

Fig. 10 discusses the consequences of a
destructive chemical reaction, a non-chemical
reaction, and a constructive chemical reaction. It
is clear that the chemical reaction was more
significant. As stated otherwise, a destructive
chemical reaction causes the fluid concentration
to slow down, whereas a constructive reaction
results in a negative consequence. In addition, if
there is no chemical reaction, the fluid
concentration becomes linear. Moreover, the
heavier species slow down the fluid
concentration at every point in the concentration
boundary layer.
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o=
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0 01 02 03 04 05 06 07 08 09 1
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Fig. 8.Dimensionless coordinate 77 versus the dimensionless
temperature profile 9(77). The curve is plotted using eq.

(30) for various values of dimensionless parameter and in
some fixed values of dimensionless parameters
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05 » /

03[
7 Sr=0,02,02,10
o2t S

Dimensionless Concentration Profile ¢ ()

0 01 02 03 04 05 06 07 08 09 1
Dimensionless Coordinate ()
Fig. 9. Dimensionless coordinate 77 versus the
dimensionless concentration profile ¢(77). The curve is

plotted using eq. (31) for various values of Sr and in some
fixed values of dimensionless parameters.
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wa N merical solution

Dimensionless Concentration Profile ¢ (1)

02 03 04 05 06 07 08 09 1
Dimensionless Coordinate ()

0 01
Fig. 10. Dimensionless coordinate 77 versus the

dimensionless concentration profile ¢(77). The curve is

plotted using eq. (31) for various values of }, SCandin

some fixed values of dimensionless parameters.
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In Fig. 11 and Fig. 14 , the fixed parameter
values are:

N=25M=05 R=2 Pr=0.71, Re=1,
Gr=02, Gc=2,5r=0_2,
;/:O,a:Laj =0.001, m, =1 Br=1 Du =1,

B=0. 3 :0.00l,mp:L y=0a=1

It should be noted that as the thermal
buoyancy parameter rises, the velocity falls, as
seen in Fig. 11. The influence of temperature and
mass buoyancy forces is shown in Fig. 12. which
first react in the opposite way inside the region as
that of velocity in Fig. 6 before trending in the
opposite direction. Fig. 13 illustrates how the
fluid concentration increases in proportion to the
Soret number. A high Schmidt number inclusion
with Soret number promotes increased fluid
concentration in the concentration boundary
layer.
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Fig. 11. Dimensionless coordinate 77 versus the

dimensionless velocity profile f (77) The curve is plotted

using Eq. (28) for various values of Gr, GC and in some
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Dimensionless Coordinate ()

o7 08 09 1

Fig. 12. Dimensionless coordinate 7 versus the
dimensionless micro rotation profile W (7]) The curve is

plotted using Eq. (29) for various values of G, GC and in

some fixed values of dimensionless parameters.

—- Anakitical solution
0.9 ]| we Numerical solution

0.8

Dimensionless Concentration Profile ¢ (1)

04 05 06 07 08 09 1
Dimensionless Coordinate ()

Fig. 13. Dimensionless coordinate 77 versus the

dimensionless concentration profile ¢5(77) The curve is

plotted using eq. (31) for various values of Sr and in some
fixed values of dimensionless parameters.

Fig. 14 illustrates the consequences of a
destructive chemical reaction, a non-chemical
reaction, and a constructive chemical reaction. It
is clear that the chemical reaction was more
significant. As stated otherwise, a destructive
chemical reaction causes the fluid concentration
to slow down, whereas a constructive reaction
results in a negative consequence. In addition, if
there is no chemical reaction, the fluid
concentration becomes linear. Moreover, the
heavier species slow down the fluid
concentration at every point in the concentration
boundary layer.

12

=== Analytical solution
e Numerical solution

0.8

7=-10,-40,410 for Se=0.22

Dimensionless Concentration Profile ¢ (1)

o b=
0 01 02 03 04 05 06 07 08 09 1
Dimensionless Coordinate ()

Fig. 14. Dimensionless coordinate 77 versus the
dimensionless concentration profile ¢(77). The curve is
plotted using eq. (31) for various values of }, SCandin

some fixed values of dimensionless parameters.

The temperature profile for N = 0.5, is
influenced by the Prandtl number and the heat
generation (source) / absorption (sink)
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parameters, as illustrated in Fig. 15. When it
comes to water, temperature increases occur in
the source while temperature drops in the sink.
As stated differently, the sink has the opposite
effect on the temperature profile. Interestingly,
the fluid's temperature increases as the Prandtl
number increases. There was not a heat source in
one instance. There is good agreement between
the present finding and that of [6]. It's
noteworthy to see that in Fig. 16, the fluid
temperature raises in tandem with the Dufour
number by 66%. The fluid temperature of the
thermal boundary layer can always be raised by
the presence of a source at N = 2.5.

12
= Anakgtical solution
. Wumerical solution

08

06

04

Dimensionless Temperature Profile & ()

F=1,050,-05-1 forPr=0.71
02

001 02 03 04 05 06 07 08 09 1
Dimensionless Coordinate (7)
Fig. 15. Dimensionless coordinate 77 versus the

dimensionless temperature profile 49(77). The curve is

plotted using eq. (30) for various values of dimensionless
parameter and in some fixed values of dimensionless
parameters.

=== Analytical solution
0.9F| v Numerical solution

Dimensionless Temperature Profile &(i7)

0 01 02 03 04 05 06 07 08 09 1
Dimensionless Coordinate ()

Fig. 16. Dimensionless coordinate 7 versus the
dimensionless temperature profile &(77). The curve is

plotted using eq. (30) for various values of dimensionless
parameter and in some fixed values of dimensionless
parameters.
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The impact of Reand N on Skin friction
coefficient is presented in Fig. 17. Skin friction
coefficient In both cases (M >0 and M <0), the

Skin friction coefficient decays with an increment
in the coupling number (N ) and Reynolds
number ( Re ). Fig. 18 represents the effect of Gr
and K. Increasing the value of temperature,
Grashof number and coefficient of thermal
conductivity, elevates the Skin friction coefficient.
The values are given in Table 2. It is observed that
the increasing value of the magnetic parameter,
thermal and solutal buoyancy, decreases the skin
friction in magnitude whereas an increase in the
material parameter, N increases the skin friction
coefficient.

24 . . . . . . .
Dashedline: i >0

22F0n Solid e : 1 <0

Re=0.102,0.3

03 . . . . . . .
0 005 01 015 02 025 03 03 04 045 04

N

Fig. 17. Impact of Re and N versus Skin friction.
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Dashed line - }f >0
Solidtine: M <0

0.75 T

Gr=0.10.2,03

05 ' ' ' ' '
0 005 01 015 02 025 03 03 04 0456 05

K

Fig. 18. Impact of GI and K versus Skin friction.
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Table 2. The Skin Friction Coefficient f'(0) are given as follows:

M 0.5 1.5 2.5
Numerical Solution -0.157892 -0.155528 -0.154781
N, Gr,Gc, AR Analytical Solution -0.157889 -0.155412 -0.153217
Error 0.000003 0.0000116 0.001564
N 0.5 1.5 2.5
Numerical Solution - 0.154896 -0.414134 -0.669917
M, Gr,Ge, AR Analytical Solution -0.154790 -0.401781 -0.669906
Error 0.000106 0.012353 0.000011
Gr 0.2 1 2
Numerical Solution - 0.154896 -0.065104 -0.038694
M,N,Gc, AR Analytical Solution -0.153712 -0.062561 -0.037584
Error 0.001184 0.002543 0.001110
Gc 1 2 3
Numerical Solution -0.171851 - 0.154896 -0.137380
M,N,Gr, AR Analytical Solution -0170750 -0.153128 -0.136120
Error 0.001101 0.001768 0.001260
R 2 3 4
Numerical Solution -0.154884 -0.136780 -0.111598
M,N,Gr,Gc, A Analytical Solution - 0.154881 -0.136618 -0.110130
Error 0.000003 0.000162 0.001468
A 1 2 3
Numerical Solution -0.172392 -0.142189 -0.126590
M,N,Gr,Gc,R Analytical Solution -0.172100 -0.141080 -0.124318
Error 0.000292 0.001109 0.002272
The wvariations of Nu for different 02

combinations of R and N is illustrated in Fig. 19.
For small variations in the coupling number ( N )
and suction/Injuction parameter (R ), there is a
fall in the Nusselt number. The influence of Br
and Pron the Nusselt number is studied in Fig.
20. On varying the Brinkman number from 0 to 2
with respect to the Prandtl numbers 0.71, 0.81,
0.91, then the Nusselt number gets increasing by
33.33%. The values are given in Table 3. The
Nusselt number is significantly affected by
suction/injection parameter.

1

0.2
0

Fig. 19. Impactof R and N versus Nusselt Number.
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0.18

0.16

Pr=0.71, 0.81, 0.1

+0.12

NuRe 12

17 18 1% 2

Fig. 20. Impact of Br and Pr versus Nusselt Number.

The effect of Rand Scon the Sherwood
number is shown in Fig. 21. The Schmidt number
shows a rapid increase on varying R from 2 to 8,
whereas it shows a little variation when
increasing Scfrom 2 to 4. Fig. 22 explains the
variation of Rand y when the Sherwood
number. From the Fig, it can be concluded that
for fixed R=8and varyingy=0,4,10, the

Sherwood number remains 0. After that stage (i.e.
for R =8 to 9), the Sherwood number rises. The
values are given in Table 4.
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2 3 4 5 6 7 8
R

Fig. 21. Impact of R and SC versus Sherwood Number.

ShRe—1/2

]

0.95
0.9

0.85

7=0,410

08

0.75

07

0.65

0.6 * : * - * * * * *
8 81 82 83 84 85 86 87 88 89 9
R

Fig. 22. Impact of R and ¥ versus Sherwood Number.

Table 3. The Nusselt Number —0'(0) are given as follows:

N 0.5 1.5 2.5
Numerical Solution 0.820560 0.805481 0.788503
R,Pr,Br,A, B Analytical Solution 0.820410 0.803210 0.788502
Error 0.000150 0.002271 0.000001
B 0 -1 1
Numerical Solution 0.818349 0.749083 0.821786
N,R,Pr,Br, A Analytical Solution 0.817218 0.748072 0.810634
Error 0.001131 0.001011 0.011152
Pr 0.71 0.81 091
Numerical Solution 0.821877 0.758125 0.731681
N,R,Br,A, B Analytical Solution 0.810811 0.748615 0.720623
Error 0.010066 0.009510 0.011058
Table 4. The Sherwood Number —¢'(0) are given as follows:
Sc 2 3 4
Numerical Solution 0.166015 0.167984 0.168123
Ry Analytical Solution 0.165923 0.156321 0.167121
Error 0.000092 0.011663 0.001002
y 0 -1 1
Numerical Solution 0.157014 0.176388 0.156002
R,Sc Analytical Solution 0.146901 0.175123 0.155013
Error 0.010113 0.001265 0.000989

5. Conclusions

The non-linear boundary value problem for

MHD micropolar fluid between two parallel
plates in the presence of a heat source and sink

has
technique

been studied wusing a semi-analytical

in this study. HAM solved the

governing equations. The conclusions that follow
are drawn.

1.

For N>1, the micro rotation profile
increases while the magnetic parameter
velocity profile falls; for N<1, the opposite
impactis seen.

248

Maximum velocity occurs at higher buoyant
force values.

The thermal and concentration boundary
layers are both strengthened by Dufour and
Soret, respectively.

The concentration profile is retarded by
heavier species as well as chemical
reactions.

While the rate of mass transfer increases,
the skin friction coefficient and heat
transfer rate decrease with an increase in N.
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6. While the skin friction coefficient rises with
an increase in material parameter N, the
skin friction magnitude reduces with an
increase in magnetic parameter,
temperature, and solutal buoyancy values.

7. The rate of heat transmission is decreased
by all parameters other than the heat
source and the destructive chemical
reaction, but the rate of mass transfer
exhibits the opposite effect.

We notice that the numerical approach is
convenient and closed when we compare our
stated outcomes to it. The purpose of obtaining
the graphical findings was to examine the effects
of multiple parameters. The study's findings were
generally consistent with those of earlier
investigations.

Comparing our stated results to the numerical
approach, we find that it is closed and convenient.
The graphical results were obtained in order to
study the consequences of several parameters.
The research results were in good agreement
with the results of previous work.

Nomenclature

Symbol Meaning

C Fluid concentration

D Coefficient of the mass diffusivity
A Constant Pressure gradient
Pr Prandtl number

Br Brinkman number

g Acceleration due to gravity
M Magnetic parameter

N Coupling number

k Material parameter

Cp Specific molecular diffusivity
Sc Schmidt number

Ct Skin friction coefficient

,9(77) Dimensionless temperature
T Fluid temperature

H Dynamic viscosity

T, Fluid temperature at infinity

9 Solutal buoyancy parameter

Bo Magnetic flux density

o Thermal diffusivity
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Sh Sherwood number

(e} Electrical conductivity

k Thermal conductivity

A Thermal buoyancy or mixed convection
parameter

Nu Nusselt number

Gr Temperature Grashof number

Gc Mass Grashof number

1% Density of the fluid

u,v Velocity components along x- and y-
direction

K Vortex viscosity or micro rotation viscosity

j Micro-inertia density

Cu Stretching sheet concentration

Ec Eckert number

Ty Stretching sheet temperature

X,y Coordinates
Chemical reaction parameter
Kinematic viscosity

C; Species concentration at upper plate

yij heat source / sink parameter

[ Angular velocity or micro rotation vector

#(n) Non-dimensional concentration parameter

f(7) Non-dimensional velocity parameter
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Appendix

Appendix-A: Semi-Analytical Solution of the
Non-Linear Boundary Value Problem Using the
Homotopy Analysis Method

The given non-linear differential equations
are

fr-R(N-1)f'+ Nw’+%(N ~1)0
e

Ge (A1)
+R—(N “Dp-M(N-)f'-AN-1)=0
e
2
N m
w'—a; =N NN 5 pN Rw’
) ) (A2)
—ow—— P _fr=0
2-N 2-N
6"—RPro’
Br f’2+N(2_2N)W'2
+ m (A.3)
1-N P
+2N(w? —wf ")
+DuPr¢”"+Prpo=0
¢"—SCR¢@'+ScSrf"—Scy¢=0 (A4)
with the boundary conditions
f=0,w=0,6=0,¢=0 atn=0 (A5)
f=0,w=0,6=1 ¢=1 atn=1 (A.6)

We construct the Homotopy for the Egs. (A.
1) to (A. 4) are as follows :

@-p)[f"~(N-1)A]
f"—R(N-1)f'+Nw

A7
+ +E(N—1)0+E(N D¢ =0 (A7)
Re Re
~M(N-1)f" —A(N-1)
w' — 1-N mpz Rw'
(1-gw"+q| — 2w _ZN e | _ g (a8)
2-N 2-N
1-ne"
[0"-RPro’ i
N(2-N) ,,
f'2 4 w’
A9
o+ 20 m,? _o @9
1-N
+2N(w? —wf ")
| +DuPrg¢”"+Prpeo
1_5 "
(A=s)¢ (A.10)

+8[¢"—ScR¢'+ScSro"—Scy ¢]=0
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The semi-analytical expressions of the
equations of (A.1) to (A.4) are as follows:
f=fy+pf+p2f,+p3fy+.. (A11)
W =W, +q Wy +q7wW, +q3wy + ... (A12)
- 2 3
O0=0,+r0, +r°0, +r 03 +... (A13)
G=chy +S +5%hy +5°hs +... (A14)

Substituting the Egs. (A.11) to (A.14) in the
Egs. (A.7) to (A.10) respectively and comparing
the coefficients of the powers of p, q, I, Swe get,

P : fg-(N-DA=0 (A15)
ph: f/=R(N =D fg + Nwg
Gr Ge
+—(N-1)f +—(N -1
Re( )8, Re( )Po
“MIN-Dfg=0 s 1)
qO W " :0
. (A.17)
2
. ) 1-N m, ,
W — . W,
q T"RION 22N 0
2 2
—2wy.————P £/
"N 2-N (A.18)
0 "
0 g, =0 (A.19)
rl 6/ —RPr&;
f'z N(2_N) 72
Br | To 2 0
+ Mo
1-N 2
+2N(wp® —wo g )
+DUPrgg +Prpby =0 450
SO ¢ n :0
\ (A.21)
st : g —ScRe +ScSroy—Scy gy =0 (A.22)

The initial approximations are as follows :

fo(0)=0, f;(0)=0, =123, .. (A.23)
W@ =0 Wi(©)=0, =123 .. (44
6,(0)=0, 6,(0)=0, =123, .. (A.25)
%@)=0 40)=0, =123 .. g
fo@=0, fi(®=0, =123, .. (A.27)
wWo(D)=0, w(@=0 =123 .. (A.28)
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0,() =1, 6,(1)=0, =123, ...

(A29)
b =1 41)=0, =123 .. (A30)
A-N)A  (N-DA ,
f = } .
oln) =Ty (A31)
_ (N-1)?(MA+ AR)
fi(n) = 12
(N 1)[Gr ch
+|—=-= +— 1
6 6 R
(N —1)2RA—M
n
_M+(N—1)ZMA 6
2
~((N—12RA+ (N -1)2MA) L
4 (A.32)
Wo (7) =0 (A.33)
2 2
w, (1) =C, eJ;' " ice [z
L(N-DA  (A-N).Azy
4 2 (A.34)
where
Cl:(1—N)A
4
2 m
_ 2-N"°P
C(@-N)A| e 1| (A35)
sinh i.mp
V2-N
2 m
o _A=N)A| e |
278 [ 2
sinh ——m,
2-N
&)= n (A.36)
0 n) = 3Br(1-N)A2 |/
LoBrE=N)A-
8
RPr Br(l-N)A2 )
> n (A.37)
2
[Br(l N)A }74
{Br(l N)A?2 Prﬂ} 3
n
6
do() =1 (A38)
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RSCU }/SC77+ySCz7 RSCr]2
6 6 2

¢ (n7) = (A.39)

According to HAM, for -1< h <1 ,as p—1,
g—1 r -1 s —lwe acquire the following:

f= !)ITl f(n)=fo-hf, (A.40)
W= Llinl w(77) = Wy —hwy (A41)
6=1im 6() = 6, ~h6; (A.42)
¢=1lim ¢(1) = go —N (A43)

Substituting Eqs. (A.31) to (A.39) into Egs.
(A.40) to (A.43), we obtain the results in the text
Egs. (28) to (31) respectively.
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