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Abstract: This article investigates the significance of varying radius of copper nanoparticles for
non-Newtonian nanofluid flow due to an extending sheet in the presence of a magnetic field and
porous medium. The modern technological applications of non-Newtonian nanofluids have attracted
researchers in the current era. So, the impacts of the radius of nanoparticles with micropolar fluid
have been taken into consideration. Three-dimensional leading equations (PDEs) for momentum,
concentration, and temperature are transformed into ODEs by applying the appropriate similarity
transformation. The numerical approach bvp4c is applied to obtain the problem’s solution numeri-
cally. The influence of the nanoparticles’ radius and various physical parameters on the microrotation,
velocity, and temperature profile are analyzed. The velocity profile decreases against the magnetic
field (M), rotational parameter (Γ), and Forchheimer number (Fr), but the temperature distribution
has increasing behavior for these parameters, and the microrotation is augmented for rising inputs
of the magnetic parameter and boundary parameter (β). It is also observed that the temperature
reduces against the material parameter (∇) and Forchheimer number (Fr). The skin friction co-
efficients and Nusselt number decrease against the growing strength of the Forchheimer number
(Fr). At the stretching surface, the skin friction factor and Nusselt number are numerically and
graphically calculated.

Keywords: micropolar fluid; rotating frame; MHD; porous sheet; nanoparticle radius

1. Introduction

Micropolar fluids are non-Newtonian fluids that defy the Newtonian viscosity law.
These liquids are stiff components that lie within a viscous or sticky channel.
Micropolar theory has attained a lot of interest in recent years as a result of its many
applications in various industrial processes such as polymer solutions, nuclear power
plants, low concentration suspension flux, biological structures, and flows of turbulent
shear, etc. Erigen [1] was the first to present the notion of simple micropolar liquids.
Reddy et al. [2] explored the thermal radiation impact on the time-independent 3D MHD
flux of micropolar liquid on a horizontal surface. Singh et al. [3] investigated the numerical
solution of micropolar liquid flux on the stretching surface along the chemical reaction and
melting heat transportation by using the Keller box method. Salahuddin et al. [4] illustrated
the study of the mass and heat transfer micropolar liquid flux close to the stagnation region
of an object. The heat transportation of 3D micropolar over a rigid plate was investigated by
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Nadeem et al. [5]. Ali et al. [6] described the significance of injection/suction, thermal
radiation, gravity modulation, and MHD on the dynamics of micropolar fluid over an
inclined sheet. The Darcy–Forchheimer porous media is very useful for fluid zones, and
it has a wide range of applications in the design of heat exchangers, geophysics, under
ground water systems, and crude oil recovery systems [7]. He et al. [8] examined the
instability of two-superposed Walters’ B fluids moving through porous media.

Enhancement of the heat transfer in a flux of fluid has led specialists to accept the per-
formance of nanofluids in thermal engineering. The previous development was based on the
nature of nanoparticles and the host fluid. The concentration of nanoparticles and temperature
impacts on the viscosity and the ratio of mass to density, as some of the physical attributes.
Heat conductivity, nanoparticles’ specific size, the heat capacity of nanoparticles’ concentration
at several levels, and temperature are some of the thermal characteristics. The pressure drop,
nanoparticle concentration, nanoparticle radius, and the friction factor are also some of the
outlined properties of nanofluids as pointed out by Lin and Yang [9] and Mohamoud Jama [10].
Magnetite’s intrinsic magnetic characteristics fluctuate as the diameter changes.
The superparamagnetic property of magnetic nanoparticles varies as the size of nanoparti-
cles decreases. The change in nanoparticles’ radius affects the attributes of both nanopar-
ticles and the interphase, as reported by Ashraf et al. [11]. Vishal et al. [12] observed
that nanofluid’s viscosity can be highly effected by the particle size and the nature of
energy transmitted between the surface of particles and the fluid’s layer. The single wall
and multiwall carbon nanotubes are a form of allotrope of carbon having a wide scope of
practical applications such as optics, chemical production, cooling in microelectronics, and
many other distinctive material sciences [13,14]. Yapici et al. [15] investigated the outcome
of a comparative examination of ethylene glycol conveying ZnO (10–30 nm, 35–45 nm,
and 80–200 nm), MgO (20 nm, 40 nm), CuO (40 nm, 80 nm), TiO2 (30 nm, 50 nm), and
SiO2 (20–30 nm, 60–70 nm), demonstrating that the relative viscosity of these nanofluids
was a reducing attribute of particle sizes. The analysis of Namburu et al. [16] showed
that enhancing the diameter of the nanoparticles of SiO2 in water and ethylene glycol
corresponded to a decrease in the viscosity of nanofluid. The noted decline in the viscosity
of fluids was more significant when the nanofluid was cold. The decline in viscosity along
with the particle size diminished at higher temperatures. Recently published research
articles on nanofluids are mentioned in references [17–20].

MHD examines the flux of electrically conducting solutions when a magnetic field
is present. The application of a magnetic field noticeably alters the heat transfer and
transportation features of electrically conducting flows, according to a number of novel
and anticipated studies. MHD fluxes are necessary in an extensive range of technical
and industrial usage such as wire drawing, MHD flow meters, the extrusion process in
aerodynamics, MHD generators, and the design of nuclear reactors and MHD pumps.
Awan et al. [21] analyzed the MHD stagnation oblique stagnation point flow of second
grade fluid on an oscillatory extending surface. Jang et al. [22] examined the experimental
and theoretical analysis on MHD micropumps. Over the last few years, excellent analysis
of the significance and applications of MHD has been conducted [23–26].

Rotational flows are extremely important because of their applications in engineering,
science, and manufacturing industries. Many manufactured items rely on the physics of
rotational flow for their modeling capabilities and foundations such as vacuum pumps,
whirlpools, tropical cyclones, centrifugal pumps, jet engines, and tornadoes, etc.
Since rotating flow is a complex phenomenon, researchers are working to understand
the underlying science. Aziz et al. [27] investigated the numerical simulation on the
three-dimensional rotational flux of a nanoliquid with entropy generation. Numerical
investigation of a time-dependent MHD convective rotational flow past an infinite ver-
tically moving permeable surface was studied by Krishna et al. [28]. Yacob et al. [29]
reported the rotational flux in a nanoliquid with CNT nanoparticles with a stretching
surface. Shahzad et al. [30] explained the heat transmission analysis of MHD rotational
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flux of Fe3O4 by extending the surface. Sajid et al. [31] analyzed the MHD rotational flow
of viscous fluid on a shrinking surface.

In the above mentioned investigations, less consideration was paid towards the sig-
nificance of a nanoparticle’s radius on the dynamics of water-based micropolar nanofluid
subject to the Darcy–Forchheimer law, Lorentz force, and rotating frame of reference. To
the authors’ knowledge, the elaborated fluid flow model has not been addressed in pre-
vious research. The primary objective of this report is to optimize the heat transfer rate
using nanoparticles’ radius, motivated by the wide scope of non-Newtonian fluids and
nanoparticles’ extraordinary thermal characteristics such as thermal conductivity, etc. The
novelties of the current examination are: (i) the significance of nanoparticles’ radius on
the dynamics of micropolar fluid, (ii) the analysis of Lorentz and Coriolis forces on the
dynamics of water-based non-Newtonian fluid, (iii) assimilation of the Darcy–Forchheimer
law effect on the dynamics of micropolar fluid when Lorentz and Coriolis forces are domi-
nant, (iv) the selection of Cu nanoparticles for this examination, and (iv) the observation
of the variation in the skin friction coefficient and Nusselt number when the magnetic
field, Darcy–Forchheimer law, rotating, and materials parameters are incremented. The
formulated three-dimensional fluid problem is reduced to dimension ODEs via the simi-
larity transformation, and the numerical computation is obtained via using a well-known
Bvp4c with shooting approach, which is coded in a MATLAB tool. The present findings are
confirmed by comparing them to already published results.

2. Mathematical Formulation

Let us analyze the 3D time-independent incompressible water-based non-Newtonian
(micropolar) nanofluid conveying copper nanoparticles on a stretchable sheet with magnetic
effect in the presence of a porous medium and a rotating frame. Two forces are inverse in
direction and identically act in x-direction to extend the surface such that the x-component
of velocity linearly varies along it, i.e., v1 = ax. Bo denotes the uniformly magnetic
strength and acting in the z direction. Under the assumption of a small magnetic Reynolds
number, the induced magnetic field is negligible, moreover, the Ohmic dissipation and Hall
current impacts are ignored, since the magnetic field applied is not excessively strong [32].
In addition, the viscous dissipation is ignored and isothermal conditions are sustained at
the surface of sheet. Further, we consider that T∞ and Tw are the ambient temperature and
the superficial temperature. The thermo-physical features of water and Cu nanoparticles
are shown in Tables 1 and 2. The solid particles’ agglomeration is neglected because the
nanofluid mixture is considered as a stable compound. The geometry of the problem is
depicted in Figure 1.
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Figure 1. Physical fluid flow configuration.
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Considering the above assumptions, the governing equations are as follows [33–35]:

∂v1

∂x
+

∂v2

∂y
+

∂v3

∂z
= 0, (1)

v1
∂v1

∂x
+ v2

∂v1

∂y
+ v3

∂v1

∂z
− 2Ωv2 =

(
ν +

k
ρ

)
∂2v1

∂z2 +
k
ρ

∂N
∂z
− ν

k
v1 − Fv2

1 −
σn f

ρn f
B2

o v1, (2)

v1
∂v2

∂x
+ v2

∂v2

∂y
+ v3

∂v2

∂z
+ 2Ωv1 =

(
ν +

k
ρ

)
∂2v2

∂z2 −
ν

k
v2 − Fv2

2 −
σn f

ρn f
B2

o v2, (3)

v1
∂N
∂x

+ v2
∂N
∂y

+ v3
∂N
∂z

=
γ

ρj
∂2N
∂z2 −

k
ρj

(
2N +

∂v1

∂z

)
, (4)

v1
∂T
∂x

+ v3
∂T
∂z

+ v2
∂T
∂y

= αn f
∂2T
∂z2 . (5)

Here, v1, v2, and v3 are the velocity components in the directions of the x, y, and z
axes, respectively. T, N, ρn f , D, ν, and αn f are the temperature of the nanofluid, microrota-
tion, density, electric conductivity, kinematic viscosity, and heat diffusion, respectively. j, k,
and γ are the micro-inertia per unit mass. The boundary conditions are as follows [33,34]:

v1 = ax, v3 = 0, v2 = 0, N = −β
∂v1

∂z
, T = Tw, at z = 0,

v1 −→ 0, v2 −→ 0, N −→ 0, T −→ T∞, when z −→ ∞.

 (6)

Table 1. Attributes of the nanoparticles and base fluid [36].

Physical Features Density (ρ) Specific Heat (Cp) Thermal Conductivity (κ)

H2O 0991.1 4179.0 00.613
Cu 8933.0 0385.0 0401.0

The following similarity transformation was used for further examination [37]:

η =

√
a
v

z, v1 = axF′1(η), v3 = −(aν)
1
2 F1(η), v2 = axF2(η), N = ax

√
a
ν

H(η), Θ(η) =
T − T∞

Tw − T∞
. (7)

Table 2. Properties of the nanoparticles and base fluid [38,39].

Properties Nanofluid

Viscosity (µ) µn f
µb f

= 1 + 2.5Φ + 4.5
[

1
h

Dp
(2+ h

Dp
)(1+ h

Dp
)2

]
Density (ρ) ρn f = ρ f (1−Φ) + Φρs

Heat capacity (ρCp) (ρCp)n f = (ρCp) f (1−Φ) + Φ (ρCp)s

(ρCp) f

Thermal conductivity (k) kn f
k f

=
ks+2k f−2Φ(k f−ks)

ks+2k f +Φ(k f−ks)

Electrical conductivity (σ) σn f
σf

=

[
1 +

3
(

σs
σf
−1
)

Φ(
σs
σf
+2
)
−
(

σs
σf
−1
)

Φ

]

By the use of the similarity transformation, the first equation is satisfied identically,
and Equations (2)–(6) are converted into the following nonlinear ODEs.
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(
λ1

λ2
+∇)F′′′1 + F1F′′1 + 2ΓF2 − kPF′1 +

∇
λ2

H′ − F′21 (1 + Fr)− λ3

λ2
MF′1 = 0, (8)

(
λ1

λ2
+∇)F′′2 − F′1F2 + F1F′2 − 2ΓF′1 − kpF2 − FrF2

2 −
λ3

λ2
MF2 = 0, (9)

(
λ1

λ2
+
∇
2
)H′′ + F1H′ − F′1H − ∇

λ2
(2H + F′′1 ) = 0, (10)

λ4

λ5
Θ′′ + PrF1Θ′ = 0. (11)

The boundary conditions are:

F1(0) = 0, F′1(0) = 1, F2(0) = 0, H = −βF′′1 , Θ(0) = 1, at η = 0,

F′1(∞) −→ 0, F2(∞) −→ 0, H = 0, Θ(∞) −→ 0, when η −→ 0,

}
(12)

where

λ1 = 1 + 2.5Φ + 4.5

 1
h

Dp
(2 + h

Dp
)(1 + h

Dp
)2

, λ2 = (1−Φ)ρ f + Φ ρs, λ3 = 1 +
3
( σs

σf
− 1
)
Φ( σs

σf
+ 2
)
−
( σs

σf
− 1
)
Φ

, (13)

λ4 =
ks + 2k f − 2Φ(k f − ks)

ks + 2k f + Φ(k f − ks)
, λ5 = (1−Φ) + Φ

(ρCp)s

(ρCp) f
. (14)

In Equations (9)–(13), ∇ is the material parameter, H is the microrotation, the rotating
parameter is Γ, kp denotes the porosity factor, and M, Fr, and Pr are the magnetic strength,
Forchheimer number, and Prandtl number, which are defined as:

∇ =
k
µ

, Γ =
Ω
a

, kp =
ν

Ka
, M =

σn f B2
o

ρn f a
, Fr =

Cb

k
1
2

, Pr =
(µCp) f

k f
F =

Cb

xk
1
2

.

The relations for the coefficient of skin friction and the Nusselt number are [40,41]:

C fx =
τxz

ρ(ax)2 ,

C fy =
τyz

ρ(ax)2 ,

Nu =
xqw

k f (T − T∞)
.


(15)

Then

qw = −k
∂T
∂z
|z=0 ..., jw = −D

∂C
∂z
|z=0. (16)

Finally, we have

(Rex)
0.5C fx = (1 + (1− β)∇)F′′1 (0),

(Rex)
0.5C fy = (1 + (1− β)∇)F′2(0),

(Rex)
−0.5Nu = −Θ′(0).

 (17)

where Rex is the local Reynolds number that is defined as ax2

ν .

3. Solution Procedure

In this section, the ordinary nonlinear coupled differential flow expressions (8)–(11),
subject to the conditions in (12), are addressed and solved numerically by utilizing the compu-
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tational tool bvp4c, a built-in function in Matlab software. The nonlinear system of coupled
flow equations is changed to first-order differential equations following refs [41,42]:

s′1 = s2,

s′2 = s3,

s′3 = (−1)

(
λ1
λ2

+∇)
[s1s3 + 2Γs4 − Kps2 − (1 + Fr)s2

2 −
λ3
λ2

Ms2],

s′4 = s5,

s′5 = (−1)

(
λ1
λ2

+∇)
[s1s5 − s2s4 − 2Γs2 − Kps4 − Frs2

4 −
λ3
λ2

Ms4],

s′6 = s7,

s′7 = (−1)

(
λ1
λ2

+∇2 )
[s1s7 − ∇λ2

(2s6 − s3)],

s′8 = s9,

s′9 = − λ5
λ4

Prs1s9.

The corresponding boundary conditions are as follows:

s1 = 0, s2 = 1, s4 = 0, s7 = −βs3, s9 = 1, at η = 0,

s2 → 0, s4 → 0, s7 → 0, s9 → 0, as η → ∞.

To solve the above first order differential equations via the shooting technique, seven
initial condition are required. The numerical computations were performed for various
physical emerging parameters for the appropriate computational domain [0,10] instead of
[0,∞], where η was fixed at 10 because there is no more variation in the results after η = 10.
Newton’s iterative scheme was applied to improve the accuracy of the initial guesses until
the desired approximation was obtained. The stopping criteria for the iterative process was
10−6. Bvp4c is an effective solver for a system of ODEs as compared to other boundary value
problem solvers. It is very easy to implement in Matlab and has low computational cost.

4. Results and Discussion

The influence of the nanoparticles’ radius Dp and emerging parameters in the elabo-
rated fluid flow problem on the dynamic of micropolar fluid is demonstrated in this section.
For solving the problem graphically, the bvp4c technique was implemented to observe
the impacts of the velocities (F′1(η), F2(η)), microrotation distribution (H(η)), and temper-
ature (Θ(η) ) with the radius of nanoparticles Dp and the emerging physical parameters.
Moreover, C fx and C fy (coefficients of skin friction) and Nu (Nusselt number) are shown
graphically. A comprehensive comparison of the consequences was conducted to check
the validity of the bvp4c technique as displayed in Tables 3 and 4 and clearly, there was
a strong relationship between the consequences. For the skin friction factor, the results
were compared with Wang et al. [43] and Ali et al. [38] in the presence of Γ when other
parameters are ignored, as shown in Table 3. The results for the Nusselt number in the
presence of Γ and Pr are compared with Adnan et al. [44] and Ali et al. [45] in Table 4. Our
computations had an excellent agreement with the already published results. The current
computation was conducted by using these parameters’ values: Γ = 1, Pr = 6.2 (water
host fluid), kp = 0.3, M = 0.3, Fr = 1.0, ∇ = 1, and β = 0.5.

Figure 2a,b reveal the influence of the radius of nanoparticles Dp and the rotating pa-
rameter Γ on the primary velocity F′1 and the secondary velocity F2. With the enhancement
of the nanoparticle radius Dp, the primary velocity F′1 increased. With each increment in Dp,
the velocity curves were smooth and continuously growing in a symmetrical manner. An
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elaboration on this consequence can be seen in Figure 2a. However, the nanoparticles with
radius Dp showed the opposite behavior for the secondary velocity. F2 decreased against
the rising value of Dp, as shown in Figure 2b. This can be associated with the fact that
enhancing the diameter of the nanoparticles in water as pointed out by Namburu et al. [16]
corresponds to a decline in the viscosity of the nanofluids. In addition, the consequence
of an analysis of (i) the CuO and water nanoparticle mixture and (ii) the alumina and
ethylene glycol nanoparticles mixture by Pastoriza-Gallego et al. [46,47] indicated that
higher viscosity was bound to occur as the size of the particle diminished. Moreover,
Figure 2a,b disclose the impact of the rotating parameter on F′1 and F2. Both velocities were
lessened close to the surface and later encountered a fluctuation when Γ was raised. When
Γ = 0, F′1 obtained its maximum value. Extending the surface in the x direction caused the
momentum to rise in this direction, which is worth noticing whereas the momentum in
the y direction remained unsupported. Therefore, Figure 2a,b show that F′1 was swapped
marginally, and F2 was swapped significantly.

Figure 3a,b depicts the affect of the radius of nanoparticles Dp and M on velocity. With
the escalating values of the radius of nanoparticles Dp, F′1 was boosted but F2 decreased.
However, there was depreciation in F′1 and F2 with amplified values of M, which was related
to the boundary layer thickness. This corroborated the general behavior of the magnetic
impact. Physically, the growing value of M enhanced the opposing force that was called
the Lorentz force, which produced a decline in the velocities. So, F′1 and F2 were reduced.
Figure 4a,b show the variation in F′1 and F2 due to the radius of nanoparticles Dp and (Fr).
F′1 increased with a higher contribution of Dp and Fr. Physically, due to the permeable
medium, the fluid became thicker and the opposing force produced slowed down the
velocities F′1 and F2. The effect of the radius of nanoparticles Dp and the material parameter
∇ on the velocity profile is sketched out in Figure 5a,b. The components of velocity F′1
magnified with incremental inputs of ∇ and Dp; however, F2 showed decreasing behavior
against incremented values of both parameters. The material parameter’s larger value
denoted a reduction in the viscous effects, enabling the flow to move more quickly, because
it was inversely related to the dynamic viscosity coefficients. Figure 6a,b display the effects
of the magnetic parameter, radius of nanoparticles Dp, and the rotational parameter on
the microrotation distribution profile. With the impact of the rising values of Dp and M,
the microrotation profile increased, but with the growing values of Γ, H(η) decreased.
Figure 7a,b portray the effect of the material parameter (∇), radius of nanoparticles (Dp),
and boundary parameter (β) on H(η). With higher inputs of Dp and β, the microrotation
profile increased but reduced against the amplified value of ∇. Figure 8a,b disclose the
influence of Dp, ∇, and Fr. The temperature Θ(η) lowered conspicuously with developing
values of DP and ∇. Physically, larger nanoparticles reduced the area of surface, which
allowed for less heat transportation. So, for small-sized nanoparticles, the temperature
of the nanoliquid was at a higher level. With incremented values of Fr, the temperature
increased. Physically, opposing forces were produced due to the porous channel, so liquid
dragged in the boundary layer zone, which led to heat dissipation to create further heat in
this region. Therefore Θ(η) rose with the Fr. The impact of the rotating parameter, radius of
nanoparticles, and the magnetic parameter on the temperature of the nanofluid is visualized
in Figure 9a,b. It decreased with the rising values of Dp, whereas, the development of
heat by increasing inputs of Γ was satisfied on the basis of larger diffusion processes. With
amplified values of M, the temperature field increased. With magnified values of M, the
flux of fluid stopped, and the dissipation appended to the thermal energy of liquid.

Figure 10a,b depict the variation in C fx(Re)0.5 and C fy(Re)0.5 when parameters M,
Dp, and ∇ were given different inputs. The skin friction coefficient C fx(Re)0.5 increased
when the radius of nanoparticles Dp increased, but it had receding behavior with increased
values of M and ∇; the skin friction coefficient C fy(Re)0.5 underwent a notable increase
with rising values of M, ∇, and Dp. Figure 11a,b are drawn to show the fluctuation in the
coefficients of skin friction with varying values of Dp, Fr, and Γ. Figure 11a presents the
increment in C fx(Re)0.5 with growing inputs of Dp but a reduction with larger values of
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Fr and Γ. Figure 11b shows that C fy(Re)0.5 rose with amplified values of Fr and Dp but
decreased with varying values of Γ. Figure 12a,b show that the Nusselt number Nu(Re)0.5

was boosted along with elevated inputs of Dp and ∇ but lessened with increasing values
of M, Fr, and Γ.
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Table 3. Comparison of the F′′1 (0) and F′2(0) values with various values of Γ ignoring other involved
parameters.

Γ
Wang et al. [43] Ali et al. [38] Current Results

−F′′1 (0) −F′2(0) −F′′1 (0) −F′2(0) −F′′1 (0) −F′2(0)

0 1.000 0.000 1.0000 0.0000 1.000009 0.000000
1 1.325 0.837 1.3250 0.8371 1.325019 0.837199
2 1.652 1.287 1.6523 1.2873 1.6523251 1.287359

Table 4. Comparison of the values of Θ′(0) with various values of Γ and Pr.

Γ
Ali et al. [45] Adnan et al. [44] Current Results

Pr = 2.0 Pr = 7.0 Pr = 2.0 Pr = 7.0 Pr = 2.0 Pr = 7.0

0 0.9108 1.8944 0.9113 1.8944 0.911353 1.895401
0.5 0.8525 1.8500 0.8534 1.8500 0.852437 1.850177
1 0.7703 1.7877 0.7703 1.7877 0.770331 1.787625

5. Conclusions

The fluctuation of the radius of copper nanoparticles for a non-Newtonian liquid
flux due to a stretching sheet in the presence of a porous medium and magnetic field
was investigated with fixed interparticle spacing. By using the bvp4c technique, the fluid
velocity components, microrotation distribution, temperature, skin friction factor, and
Nusselt number were examined. Some of the significant consequences are summarized
as follows:
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1. The increase in the nanoparticle radius Dp increased the velocity F′1 and microrotation
H(η) and

• Decreased the secondary velocity F2.
• Decreased the Cu-nanofluid’s temperature.
• Increased the skin friction factor.
• Increased the Nusselt number.

2. The magnetic parameter M reduced the component of velocity F′1, F2 and

• Increased the microrotation of nanoparticles.
• Increased the temperature of the non-Newtonian fluid.
• Increased the skin friction coefficient C fy(Re)0.5 but lessened the C fx(Re)0.5.
• Reduced the Nusselt number.

3. The boundary concentration parameter β increased the microrotation distribution.
4. The rotational parameter Γ lowered the F′1, F2, and H(η) and

• Enhanced the temperature profile.
• Decrease the skin friction coefficients and Nusselt number.

5. The higher input of the Forchheimer number (Fr) decreased the velocity F′1, F2, and
microrotation H(η) and

• Increased the temperature of the fluid.
• Increase the C fy(Re)0.5 but reduced the C fx(Re)0.5 and Nusselt number.

6. The material parameter ∇ reduced the component of velocity F2, microrotation, and
temperature and

• Enlarged the velocity component F2.
• Enlarged the C fy(Re)0.5 but reduced the C fx(Re)0.5.
• Enlarged the Nusselt number.

By this computational endeavor, we successfully clarified the parametric effects
on fluid dynamics. This study can be extended to Prandtl nanofluid, Carreau–Yasuda
nanofluid, Maxwell nanofluid, viscoelastic Jeffrey’s nanofluid, and tangent hyperbolic.
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