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hydromagnetic micropolar fluid flow over a
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Email: sahin.ahmed@rgu.ac.in the numerical solution (bvp4c) of the transformed

The proper boundary conditions are used to facilitate

governing equations. Graphical discussions have been
made of the influence of the physical parameters on
the velocity, angular velocity (microrotation), and
temperature, and the distributions are accentuated on
the plots via MATLAB. The study is validated by the
previous work and it is found appropriate for
investigation, where the absolute difference between
the previous work and the present investigation by
adopting the finite difference scheme is smaller than
10> which implies that the scheme is stable and
convergent. The microrotation has a great impact on
the micropolar fluid with the influences of buoyancy
forces, source, and suction over the stretching surface
in a Darcian regime. With a rise in the heat source
parameter, both velocity and microrotational profiles
lessen, but the opposite is true for temperature.
Eringen number (E,) rises with the flow velocity,
whereas temperature and microrotational profiles

Heat Transfer. 2022;1-17. wileyonlinelibrary.com/journal/htj © 2022 Wiley Periodicals LLC. 1


mailto:sahin.ahmed@rgu.ac.in
https://wileyonlinelibrary.com/journal/htj

2 HUSSAIN AHMED
—I—Wl B DAV HEAT TRANSFER M

show the reverse relationship. The current study
focused on particular applications in non-Newtonian
fluid mechanics, polymer flows in filtration systems
and metallurgical procedures that included cooling
unbroken strips or filaments via a static fluid.
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1 | INTRODUCTION

Micropolar fluids being represented as non-Newtonian fluids are made up of microstructured
polymeric additives. The fluid flow properties with heterogeneity or nonuniformity within the
physical composition in a non-Newtonian fluid cannot be narrated appropriately or suitably by
Navier-Stokes alone, therefore the theory of micropolar fluid projected by Eringen'* came into
existence and this theory allows or permits a correct model for fluid when there is a case for
consideration of polymeric and rotating particles and as proposed by Eringen the problem can
be overcome by involving the microrotational momentum equation together with the classical
momentum equation. Theories of micropolar fluid were based on pioneering work by Eringen,
Dahler, and Scriven, to name a few. Their pioneering works in the field of micropolar fluid laid
the foundation for all the work done on micropolar fluid and all the works going on presently.
Lately, more exploration and investigation are going on in the field of micropolar fluid by
taking into consideration the physical and engineering problems moreover the examination of
micropolar fluid flow received significant recognition as it fits into various applications (such as
animal blood, lubricants, etc.) in industry. Numerous scholars, including Amin et al., Kartini
et al., Ahmed et al.,, Ali et al., Mohammadein et al., Tassaddiq, and Gangadhar et al.,>™”®
investigated the magnetohydrodynamic (MHD) boundary layer of flow in micropolar fluid with
the result of viscous dissipation in these papers and reported some intriguing findings. In their
publications, Kalyan et al,'® Ishak et al.,'* and Sheikh et al.'? have examined the MHD
micropolar fluid flow in a vertical channel. In his article, Kalyan'’ discovered that the material
parameter is inversely related to fluid velocity and directly related to the microrotation velocity,
while Sheikh et al.’* found in their study that the magnetic parameter reduces the fluid velocity
as well as the magnitude of microrotation, and Ishak! found that dual solutions exist for the
assisting flow. Sui et al."* in their paper studied theoretically micropolar fluid flow by means of
novel constitutive models in presence of heat transfer. Theoretical studies of MHD micropolar
fluid flow across stretching sheets or stretchable surfaces with heat transfer were conducted by
Singh et al., El-Eziz, and Yasmin et al.,"*"'® who graphically summarized the findings for the
different parameters. Ahmad et al.'” investigated micropolar fluid flow with porous media in
presence of MHD in a rotating cone and the investigator found that the microrotation
parameter showed decreasing behavior with the enhancement of magnetic as well as porosity
parameters. The behavior of the flow of micropolar fluid under the influence of an induced
magnetic field was numerically investigated by Hassan et al.,'® and the impacts of different
parameters were visually presented in the form of graphs, including the Reynold Number,
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Hartmann Number, Brinkman Number, and a few other parameters. Mahmoud et al.’® and
Lavanya et al.® examined the impact of dissimilar physical variables on the fluid velocity,
microrotation, and temperature and illustrated the impacts of these parameters on the generation of
heat and thermal energy on MHD micropolar fluid flow past over stretching sheet/surface in the
form of graphs. Ishak et al.** discovered that numerous solutions exist when the surface is going in
the opposite direction from the free stream and derived similarity solutions for a flat and moving
wedge plate in a fluid of microstructure. Application of magnetic drag force with a chemical
reaction, Pal et al.** explored the effects of a periodic flow of a micropolar fluid on heat and mass
transfer in a porous medium. The study found that while raising the porosity parameter of the
porous medium has the opposite effect of enhancing chemical reaction, it decreases the skin-friction
coefficient at the surface. To study micropolar fluid flow through a permeable inclined plate with
chemical reaction in the presence of a magnetic field, Shamshuddin and Thumma® used numerical
methods. The results showed that the mass transmission rate rose as the chemical reaction
parameter increased, meanwhile the angle of inclination showed the reverse tendency. Hsiao™
investigated the impact of radiation action on a micropolar fluid moving through a nonlinearly
stretched sheet. In their study, Abbas et al.?® examined the heat and flow exchange that occurs when
a curved surface is stretched with a constant or varying surface temperature. Hazarika et al.**>
investigate statistically in their works how micropolar and nanofluid behave over stretchy discs and
sheets in the presence of an electromagnetic field.

The importance of the study of forced/natural convection of heat transport in nanofluids
under the effects of entropy generation and magnetoconvection moving in various shaped
surfaces are highlighted in their investigations by Armaghani and colleagues.’*>> Chamkha
and others**® have explained the impression of Hall currents, porosity, and magnetic drag
forces, as well as shear, stresses over the significant fluids that contact with dissimilar surfaces
under the accomplishment of buoyancy forces in connection with physical arrangements and
they deliberated the worth of the outputs for the physical variations. Moreover, the
consequences of micropolar fluid along a stretching sheet/disk under the application of
Brownian motion and thermophoretic forces in a Darcian porous medium have enlightened in
various branches of mechanical and chemical engineering and the numerical solutions have
been derived by virtue of the initiation of numerical network method and bvp4c solver.**>°

In the current article, the researcher examined how mass and heat transmission affected the
flow of a micropolar fluid when a magnetic field was present and the fluid was flowing over a
constantly stretched sheet in a porous material. The set of conservation equations is
transformed into ordinary differential equations by suitable transformations and is solved with
help of the finite difference scheme of bvp4c. The micropolar fluid properties are investigated
with the impact of physical variables over the stretching sheet.

2 | MATHEMATICAL FORMULATION

We take into account a moving stretching surface occupied in a Darcian medium, a stable two-
dimensional (2D) laminar boundary layer, electrically conducting, incompressible flow, and
transmission of heat of a micropolar fluid under the application of magnetic field and is
presented in Figure 1. The surface is extended in the x-direction such that U, = ax, where
a > 0 is a stretching constant, is considered as the stretching velocity. A constant magnetic field
By in the normal direction is applied to the surface. The fluid temperatures in the free stream
and close to the surface are T, T, respectively. There is no chemical interaction between both
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FIGURE 1 Geometry of the problem®”***° [Color figure can be viewed at wileyonlinelibrary.com]

the diffusing species and the fluid in this scenario. Moreover, we assume that all fluid

properties are constant.

The governing equations for fluid motion are provided below, using the boundary-layer

assumptions and the aforementioned hypotheses®’*%*°:

o= density,
T* = temperature, j = microinertia per unit mass,

ut | v _
ox dy - €))
* * * 25 % * *
M*%Lx * v*aaLy B [v * %) zybg ¥ %aja\; + B (T* = T) — Kipu* - UTBOM*Z ®)

* * 2NT* * *
u*aN +v*aN :l_aN2 —k—.[ZN*+aL) 3)
ox dy pj Oy Jelj oy
* * 2% * * * * *
£OT* v*ai _ _k o*T*  &* [0T*ON 9T*dN*| L(T* _ 1) @
dx dy  pCp dy*  pCp| dx Oy dy Ox G,

The corresponding boundary conditions are*”*>*:

-1

_a_u,T*: T,

2 0oy (5)
y—>oo:uf* - 0,v* > 0,N*—> 0, T* > T,

y=0:u*=U, =ax,v*=V* N*=

Here, [u*, v*] is the velocity vector, v = % = kinematic viscosity, u = dynamic viscosity,

k* =vortex viscosity, y =spin gradient viscosity, C, = specific

N* = microrotation,

heat,
V* = Suction

velocity k =thermal conductivity of the fluid, V* = Suction velocity and U, = ax; a > 0
denotes the wall's velocity.
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In the present study, we take the nondimensional parameters are as follows:

1/2 3 1/2
n:y(%) , P = (av)*f (n), N*:y(a—] Q@),
(6)
* EEQ — ! * — ¢ / T T&
u* = 3 axf’(n), v*= = (@) (), 6(n = -1

Here, n denotes the similarity variable, ¢ denotes stream function in dimensional form, f{n)
denotes the stream function in nondimensional form, 6(») denotes temperature in
nondimensional form, Q(») denotes microrotation in nondimensional form, and prime
denotes derivation with regard to variable 7.

The governing Equations (1)-(4) are converted as follows using the transformations shown
in Equation (5):

3 2 2
(1+E)af faf LA + G, —ii— o Ea—Q 0 (7)
an D, 91 677 o
2 2
aQ + C* fa—Q af + E, 20+af =0 (8)
6 E'd an 677 dn?
1 8% 06
——— —f—-80— +a6=0
B on? f on ©)
And the corresponding transformed boundary conditions are:
2
At n=0:|f=4; i:1; Q=- af,@:l
on 2 on?
of (10)
At n—>oo:(——>0; Q—>0,6—>0]
on
where
C, * i *
B‘ZQ,Er:k_’ngscvkzﬂya:aa’
k K H H HCp a
K 2 *
a=_r Gr_pgﬁ(T oo),Da: pa’M:ﬂ,l:Vi
uC, a*x v oa (upa)l/?

The other important quantities in the physical applications are 7, I},, and g,, which are
mentioned below:
Local shear stress:

du ok
Ty = —(,l,l + k)a— = —(1 + EV),UCREI/Z a—é (12)

y=0 7 n=0
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Local wall couple stress:

ON oQ
I, = }/—:| = —yRex Cx‘la—] (13)
y=0 U

Rate of heat transmission at 7 = 0:

oT C\/?96
q, = —ke— = —k.(T,, — Too)(_) P (14
v 9y 1,0 v) anl_, )
where,
Re, = Reynold's No. = Ox
v
The expressions of f”(0) and 6’(0) have been calculated as
C=—— and Nu,=————
T v T k(T — T (15)
With help of (15), the following expressions are obtained:
1/2 92
CfRex =—-1+ Er)a_nz ) (16)
n=0
06
NuxRex_1/2 = ——:| (17)
on =0

3 | NUMERICAL METHODS

The problem is multidimensional since it involves temperature fields, streamlines, and the geometry
of the flow region is also complex, hence numerical approaches were applied for the current study.
Therefore, it requires more sophisticated mathematical programming. The study has been controlled
by the initial and boundary conditions and therefore, bvp4c has been adopted as numerical methods
to solve the governing boundary layer equations of micropolar fluids in a porous medium.

Bvp4c is a finite difference code that implements the three-stage Lobatto I11a formula. This
is a collocation formula and the collocation polynomial provides a C*-continuous solution that
is fourth-order accurate uniformly in [a,b]. Mesh selection and error control are based on the
residual of the continuous solution.

With the transformations y(1) =f, y2)=f", y@®) =f",y@) =Q, y(5)=Q, y(6) =0
and y(7) =0, where y = [f,f'.f ,Q,Q,0,0], the differential Equations (7)-(9) can be
converted into a system of first-order ordinary differential equations

dydx = [y(2)



HUSSAIN AHMED ’
AND EAT TRANSFER SV.V4| LEYJ—

y(3)

QA+ E)'x(y@?*-yQ)xyB) — G xy(6) +(1/D)) xy(2) + MxyR) + E Xy
5)
y(5)

ON((=CHX Q) X y(5) = G xy(2)) = E, X (2 X y(4) +y(3)))
y(7)
BEXx@xy@® xy(@) —y@)xy(?) —axy(©)— Ecxy@3)l
The residual boundary conditions are

res = [y0(1) — A; y0(2) —1; y0(4) + 0.5 x y0(3); y0(6) —1; y1(2); yl(4); y1(6)].

4 | VALIDATION

The present study has been compared with the works done by Takhar et al.*® and Zeuco et al.*’ and is

found well validated with these studies. The calculated values of skin friction at various stages of the

present investigation have fulfilled the criterion |(Previous work) — (present work)| < 10~ and it

asserts that the numerical calculations are stable and the scheme is convergent. Table 1 is expressed
1 0%

the numerical values of the skin friction (CfRe,!/?) for & = 0.5 and Q = a7 + 0.

TABLE 1 Distribution of skin friction for the impact of G;, 4, and E,
1=1 1=3
G, E. =0 E. =1 E. =3 E. =0 E. =1 E. =3

Takhar et al.*®

0 1.61955 1.22475 0.87734 3.30361 2.30181 1.49237
1 1.08585 0.86335 0.66138 3.00720 2.09636 1.37355
3 0.21842 0.26595 0.27579 2.42887 1.70064 1.14047

Zueco et al.*

0 1.61882 1.22387 0.87691 3.30286 2.30172 1.49210
1 1.08572 0.86326 0.66140 3.00724 2.09641 1.37360
3 0.21852 0.26587 0.27580 2.42879 1.70062 1.14050

Present investigation
0 1.61945 1.22469 0.87726 3.30363 2.30188 1.49241
1 1.08575 0.86341 0.66140 3.00725 2.09632 1.37351
3 0.21838 0.26590 0.27583 2.42880 1.70069 1.14053
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5 | RESULTS AND DISCUSSION

The results for a variety of physical parameters, including the heat source parameter, the Darcy
number, the Eringen number, the magnetic parameter, and the Grashof number, are reported.
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; higher
magnetic field for strong action to the fluid; higher and lower buoyancy forces; maximum and
minimum suction to the surface; 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 o« = 0.2, A = 0.2, D, = 0.5, E, = 0.5, M = 2,
P.=0.71, G, = 3, C = 0.5, and C* = 0.3 to plot the output of various physical properties of
micropolar fluids in Darcian porous medium.

Figure 2 depicts the velocity distribution for various heat source parameter () values and
suction parameter (1) values of 0.5 and 0.1. In both situations, velocity falls as the heat source
parameter rises. In comparison to 1=0.1, there is a modest increase in velocity profiles
for 4 =0.5. It is understood that for velocity profiles, negative values are assumed as
the suction parameter decreases. Lower suction of 4 =0.1 causes molecules to move in a
negative direction, creating a peak wave at 4 =0.5.

Figure 3 shows the curves of fluid temperature for disparate values of the heat source
variable (@) and suction parameter (1) = 0.1, 0.5. The temperature rises in both situations as the
heat source increases. It can be observed that the temperature profiles take lower values into
account when the suction parameter increases as a result of blowing. The thermal energy
produced by smaller suction (4 = 0.1) raises the temperature of the fluid molecules and creates
a greater loop of temperature at a larger heat source (o = 0.6).

The effects of the heat source parameter and suction parameter, 1=0.1 and 0.5, on
microrotation are shown in Figure 4. As the heat source parameter (¢) is increased, the
microrotation profiles diminish. Microrotational profiles show a slight increase for 1=0.5
compared to 4 =0.1. The microrotation is always negative, suggesting that the microelements

FIGURE 2 Variation of @ and 4 over f’ [Color figure can be viewed at wileyonlinelibrary.com]
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FIGURE 3 Variation of @ and 4 over 6 [Color figure can be viewed at wileyonlinelibrary.com]
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FIGURE 4 Variation of « and 4 over Q [Color figure can be viewed at wileyonlinelibrary.com]

are in a reverse spin. The amount of the microrotation upsurges near the surface as « rises,
while the reverse is seen when the distance from the surface is increased.

The impact of the Eringen number (E,) is seen in Figure 5. and D, = 0.1 and infinity (c0) on
velocity profiles. There is a small rise in velocity profiles for D, = oo than for D, = 0.1
accompanied by growth in Eringen number (E,). Larger values of Eringen number (E,) lead to
an upsurge in velocity profiles.

Figure 6 depicts the impact of the application of magnetic-drag force (M) and the
E, = 1.0, 3.0 on temperature profiles. Along with an upsurge in M, there is a modest rise in
velocity profiles for E, = 3.0 compared to E, = 1.0. The graph illustrates how temperature
profiles rise as M rises. The temperature in the stretching sheet would rise with a rise in the
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FIGURE 5 Variation of D, and E, over f’ [Color figure can be viewed at wileyonlinelibrary.com]

FIGURE 6 Variation of M and E, over 6 [Color figure can be viewed at wileyonlinelibrary.com]

magnetic parameter (M), as growth in M diminutions the amplitude of fluid-velocity curves
caused by the Lorentz force in the stretching sheet.

The impact of the magnetic parameter (M) and D, = 0.1 and infinity (~) on the
microrotation profiles is depicted in Figure 7. For D, = 0.1 compared to D, = oo, there is a little
increase in the microrotation profiles along with a rise in the magnetic parameter (M).
Microrotation profiles grow with larger values of M. In the event of a big Darcy number
D, = oo, the microrotation is always negative, showing the reverse spin of the microelements.
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FIGURE 8 Variation of M and E, over Q [Color figure can be viewed at wileyonlinelibrary.com]

As M rises, the microrotation's magnitude rises close to the surface, but further from the
surface, the reverse is seen.

The impact of the magnetic parameter (M) and E, = 0.1 and 0.5 on the microrotation profiles
is depicted in Figure 8. When E, = 0.1 instead of E, = 0.5, there is a little rise in the
microrotation profiles along with an intensification in the magnetic parameter (M).
Microrotation profiles grow as the magnetic parameter (M) rises. The microrotation is always
negative, suggesting that the microelements are in reverse spin. Near the surface, the magnitude
of the microrotation grows as M rises, but farther from the surface, the reverse is seen.

The impact of the magnetic parameter (M) and Gr = 0.2 and 2.0 on the microrotation
profiles is depicted in Figure 9. Microrotation patterns somewhat differ between Gr = 2.0 and
Gr = 0.2, and the magnetic parameter (M) also increases. Microrotation profiles grow with
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FIGURE 9 Variation of M and G, over Q [Color figure can be viewed at wileyonlinelibrary.com]
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FIGURE 10 Variation of G, and E, over f’ [Color figure can be viewed at wileyonlinelibrary.com]

larger values of M. The microrotation is always negative, suggesting that the microelements are
in reverse spin. The size of the microrotation rises as M grows close to the surface, whereas the

reverse is seen farther away from the surface.

The impact of the Eringen number (E,) is seen in Figure 10 and G, = 7.0 and 0.7 on velocity
profiles. There is a small increase in velocity profiles for G, = 7.0 than for G, = 0.7 accompanied
by increase in Eringen number (E,). Larger values of E, lead to an increase in velocity profiles.
Buoyancy forces have a tendency to overshoot the velocity of the molecules opposite to the
direction of acceleration due to gravity due to the change of density variation and thus the
molecules of micropolar fluid have a higher velocity for the greater impact of G, = 7.0 than the

smaller G, = 0.7.
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FIGURE 11 Variation of G, and E, over 8 [Color figure can be viewed at wileyonlinelibrary.com]

FIGURE 12 Variation of G, and E, over Q [Color figure can be viewed at wileyonlinelibrary.com]

Figure 11 depicts the effect of Eringen number (E,) and G, = 0.7 and 7.0 on the curves of
fluid temperature (0). Small declination has been marked in 6 for G, = 7.0 than for G, = 0.7
accompanied by an increase in Eringen number (E,). There is a declination in temperature
profiles for higher values of the Eringen number. The application of higher buoyancy forces
over the temperature performances opposite to the velocity of molecules due to temperature
differences and thus higher G, suppresses the fluid temperature and the lower G, augments the
temperature.

Figure 12 depicts the effect of Eringen number (E,) and G, = 0.7 and 7.0 on microrotation
profiles. There is a small decline in microrotation profiles for G, =7.0 than for G, = 0.7
accompanied by an increase in Eringen number (E,). There is declination in temperature
profiles for higher values of the Eringen number. The microrotation is always negative,
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suggesting that the microelements are in reverse spin. The strength of the microrotation rises as
E, grows close to the surface, whereas the reverse is seen farther away from the surface.

6 | CONCLUSIONS

The purpose of the current research is to investigate how mass and heat transfer affect the
MHD micropolar fluid flow through a constantly moving stretched sheet in a porous material.
The effects of various factors on temperature, microrotation, and velocity are discussed. The
following are the key conclusions drawn from the current work:

1. Flow velocity diminishes with an increase in heat source parameter (), whereas increases
with an increase in Eringen number (E,).

2. Intensifications in the magnetic-drag force (M) and heat source variable (¢r) both cause a rise
in temperature, whereas increases in the Eringen number (E,) cause a reduction in
temperature.

3. When the heat source parameter and the Eringen number (E,) are increased, angular
momentum (microrotation) decreases but it increases when the magnetic parameter (M) is
increased.

4. Microrotation causes the micropolar fluid to spin more strongly in the negative direction.

5. Asymptotic solutions have occurred over the momentum, the thermal and angular
momentum of the molecules.

6. Instead of the lower Darcy, the higher Darcy impacts the flow velocity, which increases the
mobility of molecules.

7. Table 1 shows that the shear stresses (CfRex“ 2) are declined with the augmentation of forces
of buoyancy forces and Eringen in the micropolar fluid by the application of suction (4).

8. The practical application of the current work is in polymer technology, which involves
stretching plastic sheets.

NOMENCLATURE

B, magnetic induction (Tesla)

Cy specific heat (Jkg~'K™1)

D, Darcy number

U, wall's velocity (ms™!)

v* suction velocity (ms™!)

N* microrotation (s™1)

M dynamic viscosity (Pa.s)

v kinematic viscosity (m?s~1)

K, permeability of porous medium,

k* vortex viscosity

P density of micropolar fluid (kgm=3)

4 spin gradient viscosity coefficient (Pa.s)
o* micropolar heat conduction coefficient
E, Eringen micropolar number

) heat conduction parameter

G, Grashof number

M magnetic parameter
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Q™3 SR

heat source parameter

constant suction parameter

C and C* are constants

volume coefficient expansion (K1)
fluid electrical conductivity (Sm~1)
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