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The steady non-isothermal convective heat transfer in magnetohydrodynamic micropolar
fluid flow over a non-linear extending wall is examined. The fluid flow is treated with
strong magnetic field. The influence of magnetic field, Hall current, and couple stress are
mainly focused in this work. The fluid flow problem is solved analytically. The impact
of developing dimensionless parameters on primary, secondary, and angular velocity
components and temperature profile are determined through graphs. The primary
velocity component has reduced throughout the flow study. The greater magnetic
parameter, Hall parameter and couple stress parameter have increased the secondary
velocity component while the local Grashof number has reduced the secondary
velocity component. The greater magnetic parameter and Hall parameter have reduced
the angular velocity component. The greater magnetic parameter has increased the
temperature profile while the Hall parameter and local Grashof number have decreased
the temperature profile. The impact of developing dimensionless parameters on skin
friction coefficient and local Nusselt number are determined through Tables.

Keywords: hall MHD generator system, convective heat transfer, magnetohydrodynamic, micropolar fluid, couple
stress, hall current, HAM

INTRODUCTION

The flow of non-Newtonian fluids has plentiful importance in industries and modern technology.
Recently, the couple stress fluid among non-Newtonian fluid has acquired the exceptional position
due to the spin field in the fluid. The elementary concept of couple stress was established by Stokes
[1]. Khan et al. [2] deliberated the suggested model of couple stress fluid in a uniformly porous
stretching channel. The axial velocity function heightens while the radial velocity function declines
for escalating couple stress. The couple stress effect on heat transfer in four different nanofluids
flows was determined by Farooq et al. [3]. Srinivasacharya et al. [4] explored the couple stress fluid
flow. They originate that the couple stress parameter diminishes the fluid velocity and temperature
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while heightens the concentration. Ramzan et al. [5] deliberated
the couple stress fluid flow over extending sheet. It is found
that velocity profiles along both directions are declined with
the escalation in couple stress parameter. Also the fluid
temperature escalated with viscous dissipation effect. Hayat
et al. [6] determined the heat transmission rate in the couple
stress flow over extending surface and originate that the heat
transfer intensifies with the rising estimations of the couple
stress. Over an extending sheet, the couple stress fluid flow was
determined by Turkyilmazoglu [7]. It is concluded that over a
stretching sheet the couple stress gives double solution while
over shrinking sheet it gives triple solution. The unsteady couple
stress fluid flow was determined by Awad et al. [8]. Here, the
fluid velocity and temperature decline with heightened couple
stress. Sreenadh et al. [9] examined the fluid flow with couple
stress impact. Hayat et al. [10] analyzed the mass transfer in
couple stress fluid with chemical reaction. Khan et al. [11]
scrutinized the incompressible and unsteady couple stress fluid
flow considering three dimensional cylindrical polar coordinate
systems. Hayat et al. [12] measured the flow of couple stress
nanofluid with convective conditions. The fluid temperature
and concentration are increased with escalating couple stress
parameter. The dissipation influence on couple stress nanofluid
flow was determined by Ramzan [13]. The magnetic field impact
on couple stress nanofluid flow was determined by Hayat et al.
[14]. In this article, the authors determined that temperature of
fluid flow up surged with the large estimation of couple stress
parameter. With Cattaneo-Chritov heat flux Hayat et al. [15]
deliberated the flow of couple stress nanofluid flow. They found
that the velocity components are increased while the temperature
is decreased with the couple stress parameter. Umavathi et al.
[16] deliberated the laminar flow of couple stress fluid and heat
transmission considering horizontal plates. Umavathi et al. [17]
scrutinized the fluid flow with couple stress impact in between
two infinite porous walls. They concluded that the fluid velocity
and temperature are reduced in the boundary layer regime.
Srinivasacharyulu et al. [18] observed the couple stress fluids
flow over stretching walls. Zueco et al. [19] inspected the couple
stress nanofluid in a rigid channel. Zakaria [20] deliberated the
couple stress fluid under magnetic field impact. Ellahi et al. [21]
determined the couple stress blood flow under the impact of
activation energy and chemical reaction.

In recent times, the researchers have got interest in
megnetohydrodynamic (MHD) owing to plentiful applications
in industrial, engineering, and medical devices. Rudolf et al. [22]
briefly reviewed the properties of magnetic field in the universe.
The MHD nanofluid flow with chemical reaction was deliberated
by Hayat et al. [23]. The fluid flow velocity is reduced with higher
estimation of magnetic field, and temperature escalated with
chemical reactions and Dufour influences. The heat transmission
in the flow of MHD nanofluid over unsteady extending sheet was
observed by Lin et al. [24]. The fluid flow velocity is reduced with
heightens in magnetic field while the temperature of the fluid
escalated. The heat transfer in the flow of MHD incompressible
second-grade nanofluid was deliberated by Ramesh et al. [25].
The MHD nanofluid flow in a symmetric channel was probed
by Reddy et al. [26]. The elementary study of micropolar fluid
was introduced by Eringen [27]. Bég et al. [28] presented the

applications of micropolar fluid flow. Uddin et al. [29] probed
the MHD micropolar fluid with Hall effect. Here, interesting
results are concluded. The velocity of the fluid heightens with
the escalation in magnetic field while the temperature of the
fluid reduces with higher estimation of magnetic field (ie.
M>2). Khan et al. [30] determined the radiation and inertial
coefficient influences on the flow of nanofluid. The higher
inertial coeflicient, porosity parameter, and coupling parameter
reduce the fluid velocity and the temperature heightens with
the escalation in thermal radiation. Dawar et al. [31] deliberated
the unsteady MHD nanofluid with viscous dissipation effect.
Here, the authors originate that the fluid flow velocity reduces
with escalation in magnetic field and the fluid flow temperature
reduces with viscous dissipation impacts. Kumam et al. [32]
probed the MHD Casson nanofluid flow. Shah et al. [33]
deliberated the flow of MHD thin film fluid with radiation
impact. The MHD Casson nanofluid flow in a cylindrical tube
was considered by Ali et al. [34]. The nanofluid flow with Hall
effect was studied by Shah et al. [35]. The MHD nanofluid
flow with magnetic and electric fields, and Hall impacts was
determined by Shah et al. [36]. Kumar et al. [37] investigated
the MHD nanofluid with magnetic and heat sink/source impacts.
Temple et al. [38] scrutinized the nanoparticles of ferromagnetic
for their size and magnetic properties. Ellahi et al. [39] examined
the MHD nanofluid flow with thermal conductivity. Asadollahi
et al. [40] deliberated the phase change of a fluid in a square
microchannel. The most relevant and new studied studies can be
reads in Ellahi et al. [41-43], Bhatti et al. [44], Ameen et al. [45],
Vo et al. [46], Ahmad et al. [47], Sheikholeslami et al. [48], Ali
et al. [49], and Ullah et al. [50].

In view of the above mentioned literature survey, the
authors are in position to examine the three-dimensional MHD
micropolar fluid flow over an extending wall with couple stress,
Hall current and viscous dissipation influences. Section of
Problem Formulation agrees with problem formulation. In the
section of Solution by HAM, the recommended model is solved
by HAM. Results section includes the results of the problem
and the section of Discussion of the problem is presented
independently. The final observations are obtainable in the
section of Conclusion.

PROBLEM FORMULATION

We assume the incompressible, steady, and electrically
conducting couple stressed flow of micropolar fluid and
heat transfer in the near wall zone of MHD Hall generator. The
wall is considered as non-linearly stretching and concerned with
x—direction (as shown in Figure 1). The magnetic field By is
functional in y—axis. In the presence of magnetic field, the Hall
current influences the electrically conducting fluid. The flow of
fluid develops to 3D due to the Hall current, which increases
the force in z—direction. All properties of fluid are considered
constant and isotropic.

The principal equations for the fluid flow can be written
as [27, 28]:

av+3u_0 )
dy  ax
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+ 8B (T = Too) + Ki=, (2)
y
ow n ow 32w 04w n BO] 3)
V— FUu—=v— —V—+ —J
dy 0x 9y? awt o pt
Gy 0°N du
——— = 2N+ —, (4)
K, 9y? dy
oT , AT _ « T
y— -
dy ox pcp 3y?
Ba
O UeDy (W2 + 1/l2) ; (5)

pep (m2%* + 1)

u=U =Px"v=0,w=0,N=0, T=T,, = Too
+ Ax¥ aty =0,
—- 0, w—>0,N—0, T — Tyaty — oo. (6)

Here, the positive n indicates the acceleration of the wall and
negative n indicates the deceleration of wall form the origin
whereas n = 0 is the case for stationary wall, u,v and w are
the velocity components, N is the micro-rotation, T denotes

the fluid temperature, J, = SueBod mu —w) and J, =
1+m2x

GiteBok (u — xmw) are the currents along x— and z—directions

232
éggefpondingly, also electrical conductivity-o, fluid viscosity-
e> applied uniform magnetic field-By, Hall parameter-m, couple
stress viscosity-v/, & = cosa where o indicates the angle
between the magnetic field and the transverse plane to the
plate, thermal expansion volumetric coefficient-8, kinematic
viscosity-v, fluid density-p, Eringen vortex viscosity-Kj, thermal
conductivity-«, Eringen spin gradient viscosity-Gj, specific heat-
¢p» ¥> and A-constants.

0.B,.0
lg
Micro-element spin
Hall Current >V
zZ.w

Magnetized Micropolar

FIGURE 1 | Geometrical illustration of the micropolar fluid flow.

To transform the coordinate system to a non-dimensional
one and this is achieved readily via non-similar transformations,
simultaneously eliminating one of the independent variables and
reducing the PDEs into ODEs, the following transformation
variables are defined.

W oz o

T— T
T Ty — T
The transformed equations are defined as:

f/// +ﬁ// _ Nlh/ _

Mx
_ x
+1+m29c2(f+m ):|

g’”rfg—i[fg—Mi%2 ]

— [nf’2 — Gro
f///// Q (8)

%2
1
-k =0 ©)
1
G(”;r )h”—f”—zh:a (10)
1
79// +f9/

Pr
Mx

/ 12 2 _
n+l[yf9— ;czEc(f +g)]_o, (11)

with transformed boundary conditions:

f=0,f=1¢=0 h=0,0=1 at £=0,
f—0,g—>0h—06—>0 as £§ > oo. (12)

Here, G, = M symbolizes the Grashof number, M =

B2 . .
(”; eU"x characterlzes the Hartmann number in which By = %
. . n—1
is the scaled magnetic field strength, G = Gl?‘ represents
2V
4
. . _ Y
the micro-rotation parameter, m Hall parameter, K = ——r—

represents the dimensionless couple stress parameter, y indicates
the non-isothermal power-law index, N1 = % characterizes the

pVep
K

material parameter, Pr = embodies the Prandtl number,

2
Ee = or=To)
the non-linear wall geometric parameter.
For primary and secondary velocity components, the skin
frication are defined as:

epitomizes the Eckert number, and n represents

ou
8)/ y=0

Twx = K

U l/U
:% ( (n+1))f,,(0) (13)
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or N1=02, G=0.6, Gr=0.1, K=0.2, n=L.0,
- A=0.5, =04, Pr=0.72, Ec=0.8, y=0.9, m=0.1.
sl
\ N\
A%

L 08| -
e M=1.0, 2.0, 3.0.
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FIGURE 2 | Impact of M on f' (¢).
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FIGURE 3 | Impact of M on g (£).
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FIGURE 5 | Impact of M on @ ().
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Using Equation (7), the skin fraction coeflicients for primary and
secondary velocities are reduced as:

£ (0), (15)

Cr — Twx  [2(n+1)
FE T2 TV Re
2P

Tz [2(n+1) ,
= = . 1

The Nusselt number is specified by:

— lwg’ 0), (17)
y=0 2

X aT

Nuy=——— —
(Tw — To) 0y

SOLUTION BY HAM

To solve the Equations (8)-(11) using boundary conditions (12),
we proceed HAM with the following manners.

Initial gausses
fo6) =1—¢5, go(6) =0, ho(§) =0, Bo(&) = e, (18)

Linear operators

_ &f  df _ d’g . d*h
Ly(f) = E - T&Lg(g) = E — & Lu(h) = @ —h,
2
Ly(0) = % -0, (19)

with the following properties:

Lf(51 + s 8 +5365) =0, Lg(szle_S +5s5¢5) =0, 20)
Li(sse™¢ +57¢5) = 0, Lo(sse™5 + s9¢5) = 0,
where s;(i = 1 — 9) are arbitrary constants.
The consequential non-linear operators Ny, Ny, Nj;, and Nyare
specified as:

Ny [f(&; ©),4(8; ©),h(§; ©),0(¢; ©)]
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TABLE 1 | Influence of M, Gr, G, N1, m, Ec, Pr, n, and K on C.

M Gr G N1 m

Ec Pr n K Cx

0.2 0.2 0.3 0.2 1.1
0.3
0.4
0.4
0.6
0.8
0.4
0.6
0.8
0.3
0.4
0.5
1.3
1.5
1.7

0.1 0.72 1.1 0.1 —1.233236
—1.339327
—1.443959
—1.391409
—1.338869
—1.286370
—1.286278
—1.286189
—1.286101
—1.288813
—1.291526
—1.294238
—1.173870
—1.097241
—1.042032
0.3 —1.045267
0.6 —1.044867
0.9 —1.044467
1.0 —1.046198

5.0 —1.050270

10.0 —1.050834

1.2 —1.081639

1.3 -1117715

1.4 —1.1562781

0.3 —1.661382

0.5 —2.936200

0.7 —8.747216

When ® = 0and ® = 1 we have:

FE: 1) =f(8), g(&; 1) =g(&), h(§;1) = h(§),
0(&;1) =6(5).  (30)

By Taylor’s series expansion f(&;®), g(&;®), h(¢; ®), and
0(&; ®) can be written as:

= g0E) + 3 gy(£)0Y,
~ = (31)
HES©) = hlE) + 3 hy (€107, 0(650) = h(©) + X 610,

q= q=

F(8:©) = fo(®) + ifq@)@q, 4(&: 0)
p2

where

§;0)

&) = 3752 _ea®) =

10,
E as 90’
1 ah(g ®)r 1 af(é ®) r
he(§) = % o ,0q(8) = % | oy’

(32)

The secondary constraints fiy, hig, fiy, and higare nominated in
such a way that the series (31) converges at ® = 1, changing

® = 1in Equation (31), we get:

— g0+ 3 (),
(e (33)
) 66) = 0 + 3 6,(6).
q=

FE = hE + 3 £,(8), g)
q=1

hE) = ho&) + i";l hy(&
p

The g —order problem satisfies the following:

Ly [6) = xafg-1(6)] = hrUy(€),
L, [dq(g) - quq—l(éf)] = thg(é;_), (34)
Ly [Fy(€) = xqFq1(6)] = UL (E),
Lo [Dg(€) — xqDg—1(8)] = ho U (£).
The equivalent boundary conditions are:
F1(0) = F,(0) = f(00) = 0, g4(0) = gy(00) =0,
hg(0) = hg(o0) =0, 64(0) = 6'g(00) = 0.  (35)
Here,
q—1
UhE) = 1"+ > fymroif " — N1H
k=0
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TABLE 2 | Influence of M, Gr, G, N1, m, Ec, Pr, n, and K onCr.

M Gr G N1 m

Ec Pr n K Cy,

0.2 0.2 0.3 0.2 1.1
0.3
0.4
0.4
0.6
0.8
0.4
0.6
0.8
0.3
0.4
0.5
1.3
1.5
1.7

0.1 0.72 1.1 0.1 0.210288
0.312368
0.410969
0.412875
0.414780
0.416684
0.416776
0.416866
0.416953
0.414227
0.411502
0.408776
0.295179
0.221561
0.171285
0.3 0.171296
0.6 0.171313
0.9 0.171330
1.0 0.171273

5.0 0.171144

10.0 0.171127

1.2 0.166810

1.3 0.162582

1.4 0.158615

0.3 0.191738

0.5 0.184492

0.7 0.184488

2 , 2
o | e) - 6o

Mx , n+1 1
T o +m*gq—l)} Ty M 69
q—1 2 q—1
U§() = 8" gy + 2 fomrmi = oy |12 gt
k=0 k=0
Mx , n+1__,,
Tl Rl R (m?:f g1 _gq—l):| R Kg q—1
(37)
n+1
UlE) =G ( > ) Wt =f" oy = 2hg1, (38)
1 (. 2 K
Uf;(S) = ﬁeﬁq—l + quflfke/k oY Zf/q—l—kek
k=0 k=0

B %EC ((f/qfl)z + (gq71)2>] , (39)

where,

_]0if®@ <1
X4=11,ifO > 1.

RESULTS

Electrically conducting steady non-isothermal convective heat
transfer in magnetohydrodynamic micropolar fluid flow over
a non-linear extending wall is examined. Modeled equations
are solved analytically through HAM. The impact of obtained
important parameters M, Gr, m, and K on the fluid flow behavior
are displayed in Figures 2-15.

DISCUSSION

In this section we have discussed the effects of obtained
parameter which are shown graphically and numerically through
tables. The greater Hartmann number strongly reduced the
primary and angular velocity profile owing to the Lorentz
drag force components as appear in Equations (8) and (9).
The components are negative and positive and thus inhibit
the fluid flow. According to the secondary Lorentz drag
force is truthfully positive and is assistive to secondary
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TABLE 3 | Influence of M, Gr, G, N1, m, Ec, Pr, n, and K on Nuy.

M Gr G N1 m

Ec Pr n K Nuy

0.2 0.2 0.3 0.2 1.1
0.3
0.4
0.4
0.6
0.8
0.4
0.6
0.8
0.3
0.4
0.5
1.3
1.5
1.7

0.1 0.72 1.1 0.1 567232
5663232
.539852
.540408
.540960
.541507
.541508
.541508
.541508
.541500
541493
.541486
.557281
.567616
574715
.530638
.464505
.398349
.524106
.893057
962805
437652
475901
.513178
.515541
.518194
.523959

0.3
0.6
0.9
1.0
5.0
10.0
1.2
1.3
1.4
03
05
0.7

-4 4 4 4 4 4 4 4 4 4 4 a4 a4 a4 a4 a4 a4 4 a4 a4 4 4 a4

momentum development when the magnetic field is positive.
These impacts are depicted in Figures2, 4. The opposite
impacts of M on secondary velocity and temperature functions
are depicted in Figures 3, 5. It is perceived that the strong
magnetic field has direct relationship with the secondary
velocity and temperature functions. Against the magnetic
field, the upsurge in temperature function is an attribute to
the dissipation in kinetic energy consumed in dragging the
micropolar. In addition, the temperature is always supreme at
the wall.

Figures 6-9 display the consequence of Gr on f’ (&),
g(), h(§), and 6 (&). The influence of Gr on f'(§) is
portrayed in Figure 6. Here, the velocity heightens with the
acceleration in Grashof number near the wall. However, the
free convention current deteriorates at a critical distance
from the wall which conserved into the free stream. A
similar impact of Grashof number secondary velocity can
be seen in Figure7. Near the wall the fluid flow escalates
with greater Grashof number but thereafter a deceleration
started after some critical distance. Furthermore, the greater
proportion of the region is observed for secondary velocity
in comparison of primary velocity. Figure8 reveals the
consequence of Gr on h (). The angular velocity heightens

via Grashof number. A very quick growing behavior in the
whole boundary layer regime is observed in the angular
velocity. Figure9 reveals the impact of Gr on 6 (§). The
intensifying Grashof number shrinks the boundary layer
thickness, consequently the decline in temperature function
is depicted.

Figures 10-13 reveal the impact m on f'(§), g(§), h (&),
and 6 (£). Figure10 reveals the impact of m on f' (&).
Acceleration in m escalates the f’ (&) in the neighborhood of
the wall. Further toward the free stream, after some critical
points the primary velocity function reduces. The drag force
moderates which produce acceleration in f* (§) and in conclusion
f’ (¢) diminishes. Figure 11 reveals the impact of m on g (§).
Acceleration in m escalates the g (&) throughout the fluid flow.
The Hall term in Equation (9) is effectively positive for positive
magnetic field parameter. This assists to support the cross flow
and demonstrates in significant cross flow spurt. Figure 12
reveals the impact of m on h (§). The Hall current parameter
shows dual behavior in the flow of fluid. An enhancement in
h (&) is perceived nearer to the wall and then deceleration to
the flow stream is observed at some critical points. Generally,
nevertheless the Hall current emboldens the rotary motions of
microelements. Figure 13 reveals the impact of m on 6 (§). The
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temperature function is regularly inhibited with Hall current
parameter. Here, the decline in thickness of the boundary layer
is perceived.

Figures 14, 15 reveal the impact of K on f'(§), g (&),
h (&), and 6 (§). At the point when an extra force added to
the fluid which contradicts the fluid stream, this resistance
makes a couple forces thus a couple stresses are persuaded
in the fluid. This sort of fluid is recognized as couple
stress fluid. Generally, the couple stress parameter and
couple stress viscosity parameter n’ has direct relationship.
The growing couple stress parameter leads the fluid to
be more viscous which reduces the fluid flow. Therefore,
the escalation approximations of couple stress parameter
reduced the primary and secondary velocity as shown in
Figures 14, 15. Additionally, the couples stress parameter is
associated with the fluid motion. Therefore, it has no impact on
temperature function.

Tables 1-3 are displayed to observe the impact of embedded
parameters on velocities and temperature profiles. The impact
M, Gr, G, N1, m, Ec, Pr, n, and K on Cp and C, are shown in
Tables 1, 2. The rising value of M, N1, n, and K augmented the
skin friction along x-axis Cp where Gr, G, and m have opposite
impact on the skin friction along x-axis Cp. The higher value
of M, Gr, G, and Ec augmented skin friction along z-axis C,
where, m, N1, n, and K reduces the skin friction along z-axis
Cf. The influence of M, Gr, N1, m, Ec, Pr, n, and K on heat flux
Nuy are presented in Table 3. The greater value of Gr, m, Pr, n,
and K augmented the heat flux Nu, while, remaining parameter
reduces the heat flux Nu,. It should be noted that G has no
impact on Nuy.

CONCLUSION

In the current paper, the MHD micropolar boundary layer flow
and heat transfer over a non-linear extending sheet infused by a
strong magnetic field with couple stress, viscous dissipation and
Hall impact have been determined.

The final observations are:

e The primary velocity reduces with greater magnetic
parameter, local Grashof number, Hall parameter and
couples stress parameter.
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