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Abstract: Boundary layer analysis is invoked to clarify the aspects of variable thermal conductivity
and thermophoretic forces on a steady state of MHD micropolar fluid flow in the existence of a
uniform transverse magnetic field along an isothermal horizontal plate. The micropolar pattern
permits the rotational freedom degrees that lead to couple stresses and a non symmetric stress
tensor. The initiated PDEs governing the case pattern are mutated into a non-dimensional system
due to proper transformations. The transformed mathematical governing equations are solved
by implementing a very potent computer algebra software MATLAB code. The plotted graphs
analyzed the attitude of multiple physical aspects involving factors on the flow attitude of micropolar
velocity and angular velocity and temperature. Through the involved factors, the couple stress,
skin friction and Nusselt number are manifested and interpreted amply. A new outcome for drag
force and heat gradient experienced by the key factors is portrayed. Augmentation in () results
in the thermophoretic forces that encapsulate the mass transmission. The local Nusselt number
strengthened as the thermal conductivity, heat absorption factors or wall suction velocity were
improved, and weakened due to the existence of viscous dissipation or heat generation impacts. As a
particular case, the governing field equations of a classical Newtonian liquid are given by dropping
the micropolar parameter impacts.
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1. Introduction

A number of industrially significant fluids exhibit a non-Newtonian fluid attitude. Due
to the growing usage of these non-Newtonian liquids, massive efforts have been directed
toward realizing their flow and heat transfer behaviors. The non-Newtonian liquids, which
can be seen in heterogeneous mixtures, colloidal liquids, animal blood, exotic lubricants,
most slurry and a number of liquids with polymer additives, have microstructure, which is
randomly oriented or composed of spherical elements in a viscous medium, and hence they
do not undergo the Newtonian liquid flow theorem. For illustrating and understanding
the attitude of such liquids, there were several non-Newtonian liquid theorems invoked.
Convenient contributions [1-9] have been presented on non-Newtonian liquid motion
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over variant geometrical surfaces. Among these, the micropolar liquid theorem stated by
Eringen [10,11] has special features, such as microscopic impacts due to the local structure
and micromotion of liquid elements, and not the absence of couple stresses, body couples
and non-symmetric stress tensors. Therefore, it may be applied to explore the attitude
of blood flow, colloidal suspensions or polymeric additives, liquid crystals and dirty oils,
and exotic lubricants. The distinct features of micropolar liquids were argued in a com-
prehensive review article of the application of micropolar liquid mechanics by Ariman et
al. [12]. Nabwey and Mahdy [13] reported the attitude of momentum and heat transmis-
sion of homogeneous dust elements micropolar fluid flow along a vertical permeable cone
with variable wall temperature and suction impacts. MHD flow and heat transmission
attitude of a viscous electrically conducting incompressible micropolar liquid through a
channel due to a shrinking and a stationary surface and rotating disks has been examined
by Ali et al. [14,15].

The phenomenon of the movement of loaded molecules in a liquid that leads to
thermal gradient and the flow of elements continually reversing to the thermal gradient
is known as thermophoresis. The forces of thermophoresis are very important in natural
convection by the lower liquid velocities. Additionally, the velocity of thermophoresis is
permanently boosted by the loaded liquid elements in the direction of declining thermal
gradient. Hazarika and Ahmed [16,17] have recognized the impact of thermophoresis in
their new investigations on heat and mass transfer and introduced detailed clarifications.
In addition, due to physical technique, viscous dissipation represents the produced kinetic
energy altered into thermal energy, which may be noticed in natural convection concerned
with dawdled speed from high rotating speeds. Buoyancy forces arising from thermal
and mass diffusion are of wide importance in miscellaneous industrial operations, e.g.,
geo-physics, solidification of binary alloys and chemical engineering. Commonly, this
outcome is indicated by the Eckert number, and a lot of researchers have exhibited its
impact. Tsai [18], Talbot et al. [19] and Chamkha and Camille [20] have illustrated that the
result of thermophoretic forces on the exchange of heat and mass flow is ostentatiously
clarified. The authors scrutinized the significance of heat absorption/generation and
explored the aspect of suction and thermodiffusion in 2-D laminar flow over flat plates for
boosted values of physical factors.

Based on the miscellaneous applications of magnetohydrodynamics (MHD), there has
been a focus on realizing fluid movement attitude in which the liquid attitude of electrically
conducting and magnetic features has been examined. MHD applications can be noticed in
liquid metals, power generation, plasma, etc. Miscellaneous analyses have been provided
with several aspects of MHD flows of different types of fluids [21-25]. The impact of
viscous dissipation and chemical reaction on mass and heat transmit flow of magneto-
hydrodynamic of micropolar liquid has been argued by Sheri and Shamshuddin [26].
Shehzad et al. [27] handled numerically the problem of MHD flow of non-Newtonian
nanofluid due to convective boundary conditions. In addition, fluid motion within porous
media has become very significant because of ground water flows and miscellaneous
tertiary oil retrieval operations. Again, there are a variety of practical applications of liquid
movement within porous media, involving filtration flow in packed columns, permeation
of water or oil within matrix of porous rock, etc. The Darcy equation is known to be strong
in describing this flow. Several researchers [26-33] have concentrated fluid flows within a
porous media in miscellaneous flow cases.

As the surface is cooling or heating, the viscous dissipation values and Joule heating
become more significant. Massive engineering and industrial operations of Joule heating
phenomena may be noticed such as sterilization, electronic chips, electric coffee fabricators,
cooling of metallic sheets, cooling of nuclear reactors, system of power generators and
food processing. The heat energy is established in the Joule heating due to an electric
current on the conductor. The major utility of Joule heating is transmitting an electrical
intensity to lessen the damages by reducing the current. The magnetohydrodynamics
of non-Newtonian micropolar liquid flow with heat absorption/generation through an
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extending plate has been reported by Khedr et al. [34]. Hayat et al. [35] provided the
viscous dissipation impact in Burger’s fluid flow. Joule heating in MHD nanoliquid flow
with slip condition was performed by Alreshidi et al. [36]. Hayat and Qasim [37] presented
Joule heating in MHD non-Newtonian Maxwell fluid flow. Shah et al. [38] exhibited
viscous dissipation and Joule heating impacts in Ag-H>O nanofluids. The impact of heat
source/sink in the magnethydrodynamics of non-Newtonian fluid flow has been analyzed
by Sandeep and Sulochana [39]. Further related contributions can be seen in Refs. [40-43].

Due to the invoked literature review, our analysis initiates the impact of variable
thermal conductivity and thermophoretic forces and porosity of Darcy regime on 2-D
MHD micropolar fluid flow around an isothermal horizontal porous wall inspired by the
applications of Joule heating. The governing non-linear PDEs are turned into ODEs utilizing
similarity transformation, and a tool using finite difference technique of bvp4c code has
been initiated to gain the numerical computations of the non-linear ODEs concerned with
convenient boundary conditions. The significant computations have portrayed through
curves with the help of MATLAB codes. It is possible that the current contribution may
be considered as a vehicle to understand the particle deposition phenomenon with the
existence of magnetic field and a heat source of a sink. blowing. The significance of porous
media and such contribution can be seen in variant branches such as petroleum engineering,
biophysics, hydrogeology, material science, etc.

2. Flow Equations Analysis

Figure 1 illustrates a 2-D steady flow of non-Newtonian (of micropolar type) electron-
ically conducting fluid through a horizontal isothermal plate placed in a Darcy porous
domain due to heat generation and variable thermal conductivity. The surface temperature
is Ty, and the concentration at the surface is selected to be zero C, = 0. The temperature
and concentration far away from the boundary layer are Teo, Ceo. A coordinate system (x, y)
is presented as shown. Moreover, a non-variable magnetic field (0,Hp,0) is imposed as
normal to the x-axis. Due to the surface wall of tiny pores, the velocities of suction and
injection are applicable with an angle 77/2 to the wall. The non-Newtonian micropolar
fluid molecules move along the wall. Via the help of forgoing assumptions and Boussi-
nesq approximations, the governing flow equations for the considered pattern are stated
as [8,18,20].

}'1_; i
e

TCEJ Cﬂ:

Figure 1. Geometrical coordinates and physical model.
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where the convenient boundary conditions considered here are [8,18,20].
- Jdu
u=0 v=-V,, N:—m@, T=T, C=0 at y=0
u—U N—=No, T—Tew, C— Co, as Y — oo (6)

In earlier governing flow equations, u and v present the non-Newtonian micropolar
velocity components through the trends of x and y axes, respectively; p indicates the active
density of the fluid; y stands for the effective dynamic viscosity of micropolar fluid; ¢ is the
vortex viscosity; K is the porosity factor; T, C point out the temperature and concentration;
and g represents the acceleration due to gravity. Additionally, ¢ symbolizes the viscosity of
the spin gradient, and there is considered to be a linear relation between the spin gradient
viscosity ¢ and the microinertial coefficient j in the formula ¢ = (u + 0.50)j like [5,8]. The
microrotation factor m appearing in boundary conditions has the range 0 < m < 1. A zero
value of m, i.e., m = 0, refers to intense concentration of microelements, whereas m = 1/2
indicates low microelements concentration, Q gives the dimensional heat generation factor,
m gives microrotation factor, and N is the angular velocity. The thermophoretic velocity V
appears in Equation (5) is assigned as in [18-20].

g YT _ _WoT __ov or
T T oy Ty— T oy
2Cs(k/kp 4 CKyy)Cy
(143C —mKy) (1 +2k/ky +2CiKy)

@)

/\:

The factor of A is commonly considered to vary from 0.2 up to 1.2 [18]. Let us assign the
thermophoretic factor Q = —A(Ty — Teo) /T, with QO = 0.01,0.1, and 1.0, whose associated
values of —A (T, — Teo) were approximately 3, 30 and 300 K for a temperature 300 K. Again,
the variable thermal conductivity k is expressed as

k=kp(1+8(T — T)) = kp(1 +6) ®)

where Te, presents the temperature of the free stream; k, k¢ point out the thermal con-
ductivities at temperatures T and Tw, respectively; ¢ stands for the fluid trustworthy
thermo-physical fixed value, with negative values of J assigning lubricant liquids and
positive values of § providing air or water; and the factor y equals 6(T — Teo).

At this stage, let us assign the next non-dimensional functions ¥, 8, ¢ and # as follows:

U\ /2 2 .
" (2) v, $=(uxU)2E(y), NOp) = <5§C> N
T-Te C
0 =7 —» ¢ =¢; Y

Y points out stream function, and in terms of previous mathematical expressions (u, v)
components can be stated as

. a1 /2wU)\ V2
“—@—UF(U)/ v__ax__z(x> F(n) (10
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Utilizing Equation (9), therefore, the flow governing equations Equations (2)—(5) are
reduced to
(1+B)F" +FF' — (H2 +K V) (F —1)+ BN =0 (11)

1
(1 + 2[%) N"+FN' +FN - Bw(2N+F") =0 (12)

prt ((1 +70)0" + 79’2) + FO' + Ec(1+ B)F"? +EcH? (F —1)>+ Q6 =0 (13)

Sc71¢” 4+ (F— Qo' )¢’ — Qg =0 (14)

and the given boundary conditions mutated into

F(0) = fur  F'(0)=0, N(0)=—mF"(0), 6(0)—1=¢(0)=0,
F'(00) -1, N(0) =0 6(c0) >0, ¢(c0)—1 (15)
wherein primes “/” refer to differentiation with respect to similarity variable i7; B = p/u
and w = 2vx/(Uj) symbolize the micropolar material factors; H2 = 20H3x/(Up) indi-
cates magnetic field factor; Q = 2xQ/(Upc,) points out the heat source or sink factor;
Ec=U?%/ (cp(Tw — Tw)) is the Eckert number; Pr = pcy/ky stands for the Prandtl num-
ber; Sc = v/D is the Schmidt number; K = KU/(2vx) is the porosity factor; and
fw =2V (x/ 2vU)1/2 is the suction/ blowing flow factor.

Finally, in order to view the attitude of the pattern of current non-Newtonian micropo-
lar fluid flow, the quantities of physical significance are expressed as the local skin friction
factor C 'z the couple stress factor Ny, the local heat transmission factor Nu, and mass
transmission factor Sh,, and those are formulated as

=55 Ny = 20
pU pU7j
o Xdw _ Xm
Nu, = 7kf(Tw — Ty Shy DCw (16)
where Ty, Juw, gw and g, are determined by
ou - . ON
e (oeoeer) ;. nei(3)
w ((V Q) dy Q - w 3 ),
oT aC
S I
T f ay y=0 e ay y=0

Invoking the presented non-dimensional transformations (10), one obtains

CfRe? = (1+ B)F"(0) + BN(0), Nny = (1+0.58)N’(0)
2Nuy, = —Rel/2¢'(0), 2Sh, = —Rel/2¢/(0) (18)

Rey, which equals 2xU /v, is known as the Reynolds number.

3. Results and Discussion

Governing flow Equations (10) through (13) relate to the boundary condition;
Equation (14) illustrates the mutated similarity equations of the controlling momentum,
energy and concentration equations, respectively. These non-linear differential equations
have been tackled numerically by means of an efficient, iterative and finite-difference
with MATLAB code. The MATLAB built-in function bvp4c [44] integrates a system of
differential equations of the form iy’ = f(x,y), subject to the boundary conditions with
nonlinear shooting technique. In the shooting scheme, first-order ODEs along with initial
conditions are integrated with the utilization of RK4 approach and modified missing initial
conditions with the utilization of Newton’s scheme until the solution meets the specified
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accuracy. The asymptotic convergence is noted to be achieved for 7 = 5. The function
bvp4c represents one of the boundary value problem solvers in the MATLAB package.
MATLAB software has been used where we performed a finite difference scheme, which is
a collocation method of order four. All the numerical results achieved in this problem are
subjected to an error tolerance of 10~°. The system of partial differential equations (PDEs)
is mutated into first-order ordinary differential equations. A representative collection
of numerical outcomes is given graphically in following figures to exhibit the impact of
the miscellaneous physical factors on the solution. In our investigation, the given results
are computed for wide ranges of the controlling factors, thatis0 < § < 3,0 < 4 <1,
001 <w<1-1<Q<1,05<E<1502<K<51<H?2<10,0<m<1and
—1 < fi <1, and we have chosen the default factors as f, = 0.5, Pr = 0.71, f = v = 04,
Sc=062,w=1,Q0=01,m =05, Ha =2, Ec = K= 0.2and Q = 0.6, otherwise
reminded. For authenticating the soundness of our numerical approach, Table 1 gives
comparison data of —¢’(0) determined in our investigation and those calculated earlier by
Chamkha and Camille [20] and Tsai [18]. It can be clearly seen that an excellent agreement
between the data exists. This lends effectiveness to our numerical approach.

Table 1. Values of —¢’(0) for values of Q and f;, with dropping micropolar factors.

fw Q) Chamkha and Camille [20] Tsai [18] Present
0.02 —0.967014 —0.967530 —0.966182
0.5 0.20 —0.983710 —0.984805 —0.984291
2.00 —1.152172 —1.152437 —1.152257
0.02 —0.354171 —0.354261 —0.352051
—0.5 0.20 —0.367250 —0.367710 —0.367207
2.00 —0.548181 —0.548312 —0.547344

Figure 2 introduces the impact of coupling factor § (=0, 0.5, 1, 2 and 3) on dimension-
less velocity and microrotation velocity or angular velocity. The coupling of linear and
rotational movement inducing from the micromotion of the fluid elements is described by
coupling factor. Therefore, the factor f signifies the coupling between the rotational and
Newtonian viscosities. When p — 0, that is, = 0, micropolarity will be lost and hence
the liquid behaves as a non-polar liquid. Thus, B = 0 corresponds to viscous liquid. The
figure illustrates that the velocity weakens as B boosts. The figure also portrays that the
microrotation component reduces with an increment in the value of the coupling factor,
and an increment in temperature variations due to the j factor.

Figure 3 demonstrates the impact of the wall mass transfer factor fw on the micropolar
velocity, microrotation and temperature curves, respectively. The application of wall fluid
suction, i.e., f, has positive values since this case has the aspect of decreasing all of the
hydrodynamic and angular velocity boundary layers, causing the working fluid velocity
and its microrotation to strengthen, as observed as the microrotation curves argued close
to the wall then reduced far away from the plate. Moreover, the imposition of wall liquid
injection f;, < 0 leads to an inverse impact, namely a reduction in the liquid velocity and
concentration and an enhancement in its temperature. These impacts are accompanied by
maximizing in all of the hydrodynamic, thermal boundary layers.
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Figure 2. Velocity and angular velocity distribution under the impact of  factor.
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Figure 3. Velocity and angular velocity distribution under the impact of f;, factor.

Typical fluctuations for the working fluid velocity, microrotation and temperature

for miscellaneous values of the Hartmann number H,, respectively, for a physical view
with heat generation and thermophoretic impacts, are depicted in Figure 4. According
to the conventional Hartmann movement, the H, affects the U due to the term (u — U)
in Equations (2) and (3), which makes the fluid velocity faster. Imposition of a magnetic
field moving with the free stream has the susceptibility to result in a motive force (Lorentz
force) which accelerates the fluid flow and its angular velocity and weakens its boundary
layer. This is accompanied by accelerating the working liquid temperature. Moreover, the
thermal boundary layer becomes thicker as a result of escalating the strength of applied Hy.

The attitude of porosity factor K over the working liquid velocity F’, angular velocity

N and temperature 6 under the action of suction (f;, = 0.5) are sketched in Figure 5. The
imposition of porosity K into the boundary layer indicates that the fluid elements are
restricted to flow from the wall to the fluid zone, which yields the velocity to be slow and
and angular. Physically, as the quantity of Joule heating EcH2(F’ — 1)? increases from F’ to
(F' —1), it results in higher temperature profiles. Within thermal boundary layer, the fluid
elements are flowing past the monotonically enhancing fluctuations of 6 due to the impact
of K. In addition, letting m = 0 results in zero microrotation (no-spin condition), and due
to the condition at the porous wall N(0) = —mF"(0), the microelements in the flow of
concentrated particles close to the wall cannot spin. When m = 0.5 (N cannot vanish when
F’(0) # 0), the part that is anti-symmetric from the stress tensor vanishes and gives a weak
concentration. The element spin for fine molecules loaded is to be equal to the velocity
of the working fluid at the porous wall. As m = 0.5, it has the potential to illustrate the
possibility of diminishing the ruling equations to the equations of Newtonian case (p = 0).
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For the purpose of modeling the turbulent boundary layer flows, we have m = 1. Asis
clear, the velocity becomes faster with an increment of m factor, but an opposite attitude for
angular velocity and temperature profiles is shown in Figure 6.

Figure 7 clarifies the variation in thermal distribution versus Eckert number Ec in
the case of positive and negative values of f;,. Actually, the Eckert number represents the
ratio of advective transport to the heat dissipation potential. The supporting miscellaneous
values suggest cooling of the surface, that is, a diminution of high temperature from the
wall to the working liquid, such that the higher Joule heat values provide the variation in
temperature fluctuations. Again, the variation in thermal fluctuation is higher in cases of
injection flow as compared to suction flow cases. The second part of Figure 7 indicates
the impact of the non-dimensional heat generation or absorption factor Q on the working
fluid temperature variations. As stated before, owing to the existence of a heat source or
heat generation impact (i.e., Q is positive), the temperature fluctuations of the working
liquid strengthen, causing the thermal boundary layer to be thicker. In the situation that the
magnitude of the heat source is comparatively large, the highest working fluid temperature
is not noticed at the wall but rather in the liquid domain close to it. Contrariwise, the
existence of a heat sink or a heat absorption impact (i.e., Q is negative) causes the thermal
state of the liquid to weaken, thus outputting a thinner thermal boundary layer. The last
part of Figure 7 points out the impact of y factor for f,, = 0.5 and —0.5. The factor -y
represents thermal conductivity or the capability of a material to deport heat, and the value
of heat is transported by conduction through a unit area of a cross-section of a material;
as a temperature gradient gets out perpendicular to the area, this provides Fourier’s law
of heat conduction. Due to the heat conduction law, heat flux is directly proportional to
0T /9y, and the proportionality constant 7 is known as the thermal conductivity, which
relates to the variant in temperature in the heat flux trend.

In effect, thermal conductivity and porosity have wide significance in the manufac-
turing of nano-materials in mechanical engineering applications. It is illustrated that
temperature distributions rise (in the last part of Figure 7) with an increment in the 7y
factor. In the case of injection, the temperature distribution decreases until the value of %
equals 1.528, and then it upgrades. Figure 8 signposts the impact of thermophoretic forces
Q) on the distributions of ¢. The phenomenon of thermophoresis may be noticed in the
collection of movable elements, in which the force of a temperature gradient can be seen
due to the different responses given by several types of elements. From a physical point
of view, thermophoretic forces () result in a gradient of temperature between the heated
working liquid and the cold surface that affects the flow of the molecules of micropolar
fluid close to the porous wall. In any case, due to the cause of the thermophoretic forces,
the working fluid velocity is weakened, whereas ¢ distributions are boosted. In addition,
the factor () represents a decreasing function of mass transfer, since augmentation in ()
results in the thermophoretic forces that encapsulate the mass transmission. The variations
in skin friction Cy, couple stress N7y coefficients and Nusselt number Nu, against coupling
factor B are presented in Figure 9. As is clear from the figure, enlarging values of coupling
factor B lead to an augmentation of skin friction and couple stress coefficients as well as
a reduction in the Nusselt number. Figure 10 depicts the deviation of Eckert number Ec,
heat generation/absorption Q and variable thermal conductivity factor v over the heat
transmission expressed in Nusselt number Nu, at the wall # = 0 for f;, = 0.5. The Nusselt
number is a monotonic reducing function of the Eckert number and heat sink parameter,
whereas it represents an increasing function of thermophoretic and heat source factors.
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4. Conclusions

The impact of wall suction or injection, variable thermal conductivity and ther-
mophoresis on laminar MHD non-Newtonian micropolar fluid flow over an isothermal
porous wall has been studied. A set of similarity equations controlling the fluid veloc-
ity, microrotation, temperature and element mass concentrations has been provided by
employing a similarity transformation. It is possible that the current contribution may
be considered as a vehicle to understand the particle deposition phenomenon with the
existence of the magnetic field and heat source of a sink. From the introduced contributions,
the following conclusion items are drawn:

* An augmentation in ) results in the thermophoretic forces that encapsulate the
mass transmission.

*  Anenhancement in the magnetic field factor has the same impact on the flow distribu-
tion as an increment in viscosity.

®  The local Nusselt number strengthened as the thermal conductivity, heat absorption
factors or wall suction velocity were boosted, and weakened due to the existence of
either heat generation or viscous dissipation impacts.

*  The temperature profiles boost with enlarging Eckert numbers, porosity and mag-
netic factors.

*  The coupling factor leads to amplifying skin friction and couple stress while lessening
the Nusselt number.

*  Heat source results in a thicker boundary layer, while heat sink leads to a thinner
thermal boundary layer.

*  The microrotation fluctuations are enhanced in the case of strong (m = 0) and low (m = 0.5)
concentrations and are weakened in the case of a very low (m = 1) concentration.
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Nomenclature
C Concentration Rey Reynolds number
o Skin friction Sc Schmidt number
Ec Eckert number Shy Sherwood number
F Dimensionless stream function T Temperature
fuw Suction/blowing flow factor (u,v)  Velocity components
I's Gravity acceleration (x,y) Cartesian axes
H, Hartmann number Greek letters
Hy Magnetic field intensity u Effective dynamic viscosity
j Microinertial factor v Kinematic viscosity
k Thermal conductivity & Viscosity of spin gradient
K Dimensional porosity factor Q Thermophoretic factor
K Dimensionless porosity factor 6 Dimensionless temperature
m Microrotation factor ¢ Dimensionless concentration
N Dimensionless angular velocity P Stream function
Nny, Couple stress factor B Micropolar coupling factor
Nuy  Nusselt number 7 Similarity variable
Pr Prandtl number 0 Vortex viscosity
Q Dimensionless heat source/sink factor o Active fluid density
Q Dimensional heat source/sink factor 0% Variable thermal conductivity factor
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