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ABSTRACT

The modern research aims to explore the influence of free stream flow on the motion of MHD
Non-Newtonian nanofluid through a permeable extending surface in a three-dimensional
domain. The primary goal of this research is to examine the significance of distinct fluid pa-
rameters, including Casson fluid parameter f3, free stream velocity parameter A, Brownian
motion parameter Nb, magnetic parameter M, Prandtl number Pr, thermophoresis parameter
Nt, Lewis number Le on distribution of velocity, concentration of nanoparticle and tempera-
ture. When similarity variables are incorporated into the set of governing partial differential
equations, the equations are modified into a set of ordinary differential equations. Runge-
Kutta fourth order is employed with the help of shooting approach in order to achieve the
computational approach of the model that has been reduced. Numerical values of physical
characteristics, like that the Nusselt number, the Sherwood number, and skin friction, have
been assessed contrary to numerous parameters and disclosed in tables for the subject of en-
gineering. Results for distribution of temperature, velocity and concentration of nanoparticles
are explored in detail, including their rate of convergence. The principal results of the research
revealed that the influence of both Casson fluid and magnetic parameter on the distribution of
velocity exhibits a pattern of decline. Additionally, the effects of Brownian motion parameter
on temperature demonstrate a rising pattern, while its impact on concentration distribution
shows a diminishing trend. The use of permeable materials has shown that the heat transport
process along an expanding surface prevents thermal loss and promotes the cooling process,
which is a significant outcome of the study. The findings of this research have numerous ap-
plications in biomedical engineering and are useful for the analysis of fluids that are not New-
tonian under various conditions. The recent study in the three-dimensional extending region
is important for the development of novel industrial processes involving nanoparticles and the
idea of magnetohydrodynamics flow of non-Newtonian fluids in existence of free stream flow.
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INTRODUCTION

Nanofluid are assumed to be the next big thing in man-
ufacture technology. Nanofluids are fast becoming the next
big thing in manufacturing technology. Nanotechnology is
being used to improve equipment and procedures in order
to increase productivity. A primary focus of nano-science
in the manufacturing industry is in the enhancement of
catalytic mechanisms. The next generation of highly effec-
tive automobile radiators-heat exchangers are being inves-
tigated with the use of platinum-based nanomaterials.
With the use of nanotechnology, the construction indus-
try is able to provide various possibilities in terms of style,
safety, cost, and efficiency involving Nano-impregnated
metal, glass, concrete or other materials. As a result of
their little size, nanoparticles possess extraordinary char-
acteristics. Because of their high density, they are able to
pack efficiently, which increases the material’s strength.
Furthermore, nanoparticles frequently exhibit changed
viscosity, which has the effect of changing the behavior of
fluids. Furthermore, because of their increased thermal
conductivity, they are useful for increasing the properties of
heat transmission in a variety of applications.

The features of the nanoparticles that are scattered
inside nanofluids have a substantial impact on the general
efficiency of the fluid, and the behavior of nanofluids is
closely connected to these qualities through a complicated
connection. These nanoparticle characteristics, which are
governed by parameters like as size, shape, and chemical
composition, have an enormous effect on the total effi-
ciency of nanofluids. When it comes to assessing the col-
lective impact that nanoparticles have on density, viscosity,
and thermal conductivity, the volume fraction of nanopar-
ticles, also known as the concentration of nanoparticles in
the fluid, is an extremely important factor. In proportion to
the rise in the volume percent, the effect of nanoparticles
on these attributes also increases significantly. Therefore, in
order to anticipate and optimize the thermophysical char-
acteristics of nanofluids, it is necessary to have a full under-
standing of these nanoparticle features and to precisely
quantify them. This will make it possible for more accurate
evaluations of the heat and fluidic behaviours of nanofluids.
Choi and Eastman [1] proposed the notion of nanofluids
to optimize heat transfer in thermal systems. They empiri-
cally demonstrated that the incorporation of nanoparticles
(defined as particles with dimensions lower than 100 nm)
with the conventional liquids, including ethylene glycol
mixtures, water, or oil, significantly enhances the fluids’
thermal conductivity and heat transfer capabilities.

A nanofluid is the term used to describe the sustained
suspension and uniform dispersion of nanoparticles that
occur within the base fluid. As a result of their heat trans-
fer characteristics, nanofluids have been implemented as
working fluids in numerous energy-conserving industrial
processes, technological device manufacturing to reduce
costs, and advanced medical treatments that save lives.

Many researchers and academics are interested in study-
ing nanofluids in order to take advantage of their high heat
transfer rate. While fluids are in general less proficient in
transferring heat than solids, nevertheless, Xuan and Li [2]
found, experimentally using the hot-wire approach, that
ultrafine particle inclusion improves nanofluid thermal
conductivity. Buongiorno [3] developed an organized pro-
cedure that increased the thermal energy transport mech-
anism through thermophoresis diffusion and Brownian
motion.

Nanoscale heat and mass transport analysis requires
understanding nanoparticle behaviour in nanofluids.
Nanofluids are base fluids with nanoscale particles that
have unique thermal and fluidic characteristics. These
fluids’ heat and mass transmission properties depend on
their temperature, speed, and nanoparticle concentra-
tion. Nanofluids’ heat transmission efficiency depends on
nanoparticle clustering or dispersion and their interactions
with the base fluid. To better understand nanofluid dynam-
ics and optimize their use in heat management systems,
researchers is needed evaluate these qualities, concentrat-
ing on particle behaviour at the Nanoscale. By utilizing
the numerical simulations, Koopaee et al. [4] explored the
steady-state convection that occurs naturally of a water-
Al203 nanoliquid inside a cavity with a square shape sub-
ject to electric fields of varying slope angles. In their study,
Reddy et al. [5] employed the finite element method to
simulate the influence of a magnetohydrodynamic surface
layer flow and exchange of heat of nanoliquid across a flexi-
ble shrinking sheet equipped with a heat sink or source and
partition mass vacuum.

Jelodari and Nikseresht [6] studied the Lorentz force’s
three-dimensional effects on electromagnetic nanofluid
heat exchange in a cubic chamber and the impact of a mag-
netic induced current. Kilic and Ali [7] conducted a numer-
ical study employing nanofluids with three affecting jets to
explore the amplification of thermal and the movement of
fluid away from a heated region. Shah et al. [8] established
the hybrid nanoparticle that includes an exchange of heat
process and flow design as a result of the force field. They
noticed that the appearance of Lorentz forces boosts con-
duction efficiency. Using the Optimal Homotopy Analysis
method, Three-dimensional second-class nanofluid flow
via an elongated surface has been analyzed by Ahmad et al.
[9], including thermophoresis & Brownian motion. They
found that when the value of the second-order parameter
rises, temperature and nanoparticle concentration both
diminish.

Acharya et al. [10] examined the flow and heat trans-
fer behavior of nanofluids flow when exposed to radiative
solar radiation. Entropy production and Condensation
of an AL, O;-water nano liquid inside a crown space has
been examined by Dogonchi et al. [11] considering the
influences of infrared radiation, permeable materials, the
shape of the curvy wall, and the location of the chamber.
The hydro-magnetic movement of mixed nanoliquids via a
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flexible curved surface has been examined through Waqas
et al. [12]. Thermal radiation, as well as heat sinks and
sources, are considered in the thermal integrity study of
the flow. Using suction/injection and a source of heat, Abo-
Dahab et al. [13] demonstrated the MHD Casson nanoliq-
uid transport mechanism through a porous medium that
is affected by a chemical process on a rapidly heated expo-
nential surface. 3 D movement of an ethylene glycol-based
titanijum nanoliquid has been analyzed by Swain and
Mahanthesh [14] to determine the impact of nanoparticle
dispersion. Ho et al. [15] evaluated the heat-shielding capa-
bility of alumina/water flow of a nanofluid in a constant-
heat-flux metal pipe. Ahmed et al. [16] studied electrolytic
convective formations in a thin magnetized nanofluid layer
under fields of electricity and magnets. Selim et al. [17]
analyzed the impacts of outer magnetic fields on electro-
magnetic nanofluids. In order to improve the transfer of
heat in the manufacturing industry, Ullah et al. [18] looked
into how to accurately anticipate the thermodynamic char-
acteristics of nanofluids using computational fluid dynam-
ics (CFD) and machine learning.

A scientific investigation of the behavior of a fluid that
conducts electricity in the presence of an electrical field
is known as magnetohydrodynamics (MHD). Alfven [19]
suggested the idea of MHD in 1942. The study of MHD
has significant implications in the medical, industrial and
other sciences. Gundagani [20] analyzed the impact of
radiant heat on turbulent magnetohydrodynamic move-
ment in the vicinity of a vertical porous plate subject to
varying suction. The impact of mass and heat exchange
on the radiation-driven motion of a vertically permeable
sliding sheet has been examined by Reddy et al. [21]. The
research conducted by Sivaiah et al. [22] on the unstable
MHD mixed convective motion across a vertically oriented
porous surface in the context of radiation. Gundagani et al.
[23] investigated the influence of energy on the motion of
a semi-infinite vertically permeable sheet immersed in a
medium that is porous with liquid dissipation in an unsta-
ble MHD convective movement.

Due to the temperature dependent viscosity of heating
radiation, Deepa and Murali [24] explored the impact of
greater-order chemical responses and thermophoresis on
the transfer of energy and mass of an unsteady MHD free
convective circulation via infinitely inclined porous plate.
Considering a magnetohydrodynamic boundary layer in
three dimensions, Gupta et al. [25] studied the convective
motion and thermal transmission of water-driven metal
and nanoparticles of alumina. Umar et al. [26] evaluated
the movement of an Eyring-Powell fluid in three dimen-
sions along an extending sheet, including the impacts of
action energy and velocity slip. The flow of MHD Jeffrey
nanofluids in porous materials under the impact of nonlin-
ear heat emission and production or consumption of heat
has been investigated by Abdullah Mohamedet al. [27].

The impact of electromagnetic flux, thermopho-
resis velocity, chemical processes and heat generation/

absorption along a surface that is porous on the motion
of an MHD boundary layer liquid with an exponentially
expanding sheet has been examined by Jabeen et al. [28].
With convection boundary conditions and an exponentially
expanding inclined surface, Anantha Kumar et al. [29] ana-
lyzed the dynamics and energy transportation coefficient
of a Casson liquid under the influence of an electric field.
The idea of triple diffusive circulation influenced by a mag-
netic field and moving in a direction of a power law gov-
erned expanding sheet is scrutinized by Goyal et al. [30].
A Two-dimensional boundary layer Williamson nanofluid
in MHD flow past a stretching sheet that is not linear has
been explored by Ahmed et al. [31]. Micro-rotational flow
of MHD Williamson fluid via non-Darcy permeable mate-
rials has been scrutinized by Mishra et al. [32].

The investigation of non-Newtonian fluids has numer-
ous real-world uses in technology and other fields of study.
Non-Newtonian fluid mechanics has many interesting and
important uses in the fields of manufacturing, healthcare
and the applied disciplines. Casson [33] developed the first
version of the Casson liquid model in 1959 to represent
the color oil interlude flow. Murali et al. [34] considered
changing suction in their investigation of the influence of
a chemical response on the movement of a non-Newtonian
liquid across a vast vertical surface in an unstable magne-
tohydrodynamic scenario. Bilal et al. [35] inspected the
consequences of heat fusion and creation on movement of
a non-Newtonian liquid past a three-dimensional surface
employing the RKF numeric scheme.

Babu et al. [36] explored the effects of heat exchange,
transverse electrical field, hall electricity, and turbulent dis-
sipation on the unstable MHD organic convective Couette
movement of a sticky, electronically conducting, inflexible,
Casson liquid through an infinite vertically prone sur-
face inserted into a porous structure. Ganesh Kumar [37]
analyzed the behavior of Casson nanofluids in 3D radia-
tive non-linear flow over an exponential surface using
the Roseland approximation. Using a spectrum relaxation
approach, Ibrahim and Anbessa [38] examined the Hall
effect as well as the ion effect in conjunction with slip cir-
cumstances in 3D flow of non-Newtonian nanofluids along
an exponential surface. The roles of thermo-diffusion and
chemical process has been reviewed by Rao et al. [39] in the
context of MHD movement of non-Newtonian nanoliquid
enhanced by extending surfaces. Khan et al. [40] exam-
ined electromagnetic Casson nanofluids thermal energy
distributions across a stretching sheet. MHD movement of
Casson liquid via elongated surfaces has been studied by
Venkata Ramudu et al. [41] considering advective condi-
tions, with the impacts of Soret & Dufour fluxes and gradi-
ents accounted for.

The term “free stream, or upstream velocity” refers to the
speed at which a fluid is moving prior to coming into con-
tact with an impediment or approaching an enclosed space.
In many areas of engineering, obtaining a concept of outer
velocity is vital. For example, in the field of aerodynamics, it
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assists in the process of determining the forces that act on a
spacecraft or aircraft moving through the air. It is absolutely
necessary for the study of the behavior of fluids in rivers,
tubes, or channels in the field of hydrodynamics. Due to the
influence of convection and conduction of heat energy on
the free stream velocity, the upstream velocity also serves a
vital part in the analysis of exchange of the heat from or to
a surface.

The consequence of slip flow along with the free stream
velocity over an extending cylinder in a presence of a hydro-
magnetic nanofluid has been discussed by Vinita and Poply
[42]. Renu et al. [43] evaluated the consequences of applied
magnetic-induction and an oblique outer velocity via a
stretching surface in a Casson fluid heated from within.
Wang and Zhao [44] studied the oscillating free stream
velocities that occur in digital simulations of a rotor airfoil’s
unsteady aerodynamic properties. Nanoliquid flow over an
elongated sheet with exponential radiation, and including
both stable and dynamic fluid properties were studied by
Irfan et al. [45]. The magneto hydrodynamic (MHD) move-
ment of a viscous non-compressible outer velocity fluid
through a stretched cylinder has been explored by Poply et
al. [46].

The velocity of stretching, external electric fields,
and material properties all affect product quality. Product
strength and homogeneity depend on stretching velocity
during fabrication. Furthermore, external electric fields
can affect particle or molecule orientation in materials,
affecting mechanical qualities and performance. Wires,
tetra packs, glass fibers, polymers, and plastics provide dif-
ferent physical qualities that affect the product. Wire tensile
strength, flexibility, conductivity, and glass fiber clarity and
durability impact the final result. In order to achieve the
necessary quality and performance in textiles, packaging,
or other industrial applications, it is crucial to have a thor-
ough grasp of these factors and to control them precisely.

The present research has the novelty that it is a new
version in the field of permeable extending surfaces where
the numerical solutions are achieved by the Runge-Kutta
Fehlberg 45 procedure together with shooting approach
towards the MHD non-Newtonian fluid’s flow with the
involvement of free stream velocity. The effects of thermo-
phoresis and Brownian motion are also explored. Many sci-
entists took an interest in this model because of its features
and potential uses. This model has various uses, including
in power plants, refrigeration systems, medical science, the
automotive sector, and more. To yet, no study has been con-
ducted on this subject. Flow velocity, fluid temperature, and
nanoparticle concentration all exhibit different behaviors as
a consequence of a wide range of critical, important physical
parameters, and this study provides a considerable analysis
and discussions drawn from appropriate graphs and from
numerical information presented in tables. The following
section present the mathematical model and its expla-
nations. The recommended numerical approach is then
described, Generated results are then discussed including

graphical representations and their physical interpretation,
and finally the paper’s conclusions are presented highlight-
ing the most significant results obtained.

MATHEMATICAL FORMULATION

In modern study, three dimensional flows of non-New-
tonian nanofluid with outer velocity in existence of magne-
tohydrodynamic flow encouraged by permeable expanding
surface has been investigated. The flow diagram of the
given problem is shown in Figure 1. In this case, the sheet
is elongated across the xy- direction and fluid is arranged
in the z direction. A fixed magnetic flux B, acts as usual in
the direction of motion along the sheet. This study involves
Brownian motion and thermophoresis impacts by employ-
ing Buongiorno’s model. We suppose that u = U,, = ax and v
=V,, = by denote the sheet velocity in the x & y-axis appro-
priately, and the constants a and b are used. The governing
equations of the model are shown as [3, 47, 48]

Equation of Continuity

Ju Jv oJow _

— 4+ — = 1
ax+ay+6z 0, W

Equation of Momentum in x and y direction

N N ou (1+1)62u JB§+V(1+1)
Ua Ua—y W&—V EF T k_1 E u

i 2)
oB§ au,
YU, —2 4 U, =2,
p 0z
6v+ 6v+ v (1+1)62v JB§+V(1+1)
Yoax TV oy ez TV T B2 T T T\ TR
oB? U, 3)
U, —+ U, =2,
p dz
Equation of Energy

6T+ 6T+ or
Uz vay w

koot (0G), DT<6T)2

7 (oG, 02 (oGy), |- 0z

D aT ac
+Dpo—=—t, (4)

Equation of Concentration

ac ac
u—+v

aC DpO*T  9%C
— W= —
0x ay 0z T, 0z>

hsr —Kr(C=C), (9)

The various elements of velocity across the x, y, and z
axes are indicated through u, v, and w in preceding equa-
tion. C denotes the fluid concentration, p stand for fluid
density, T denotes the fluid temperature, v stands for kine-
matic viscosity, k; denotes the permeability, Kr denotes the
chemical reaction parameter, Dy designates the Brownian
motion, Dy designates the coefficient of thermophoresis
diffusion and c, represents the specific heat capacity.

along with the boundary conditions:
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Base Fluid

— e ° & °
/ / / / / Nanoparticles
U, =ax

Figure 1. Physical diagram.

u=U,=ax, v=V,=by at w=0,
T=T, C=C¢(C, at
u—>0, v->0, T-T,,

z=10
C—-Cyo as z—> oo (6)

where T,, denotes the ambient temperature, T, is the
temperature at the surface, C_, stand for ambient concen-
tration and C,, is the nanoparticle concentration at the sur-
face, appropriately, where wall temperature is greater than
ambient temperature.

Using Similarity variables [47]

_Ja H_T—Too C-Cp "o
= 0= o v, v
v =>byg'(n) and w=—av[f(n) +cg@m],

The radiative flux of heat g, is calculated employing the
Rosseland approximation, which is indicated by [49]

(7)

r_ 4ot ort
T =% 22’ (8)

The abbreviation k* signifies the coefficient of mean
absorption, while ¢* stands for the Stefan-Boltzmann con-
stant. T* can be explained as a temperature-dependent lin-
ear function. Taylor series expansion of T* over T, ignoring
higher terms. The subsequent results are approximated as

T* = 4T3 — 3T2 9)
By using equations (8) and (9), we obtain the following
form:

dqy _  160°TS 0%T

- az2 "’

0z 3k* (10)

The incompressibility condition holds, hence egs. (2)-
(6) are transformed into egs. (11) - (15)

(L43) " =7+ G e — K (1+3)f =MGF =D+ 22 =0, (11)

(145)9" —ca” +(F+egrg — K (1+5)g -M@ =D+ =0, (12)

0"+ Pr|(f +cg)0'+ NbO'® + Nt0?|, (13

®" + LePr(f + cg)® + (%) 0" —Le PrCré =0, (14)

Reduced boundary conditions are:

f=1 g=1 00)=1 &) =1,

f'=A g -0 6-0 &0, (15)
Where fluid parameters are defined as follows:
mM=2B b Ky T
pa a a VT, (16)
Nb =%(C:’/7_Q"J,Le=g—3,z>r=wkc", 1(=a—k1

Cfe Cf,» Nu, and Sh, are all physical quantities estab-
lished in terms of their non-dimensional counterparts.

c _‘L'xZC Ty Nu. = —x <6T)
= pu b= pu T Ty G e

Shy = ﬁ (?3_(;) | z=0 (17)

Utilising the similarity variables (6) allows for the deter-
mination of the reduced Cf,, Cf,, Nu, and Sh,.

CfoRey = (14+3) 'O, Cfy Rel* = (1+2)g'(0),
1 (18)
Nuy Re;"* = —0'(0), Shy Re_? =—d'(0),

Here Re, is local Reynolds number.

Numerical Scheme

As a consequence of the substantially non-linear char-
acter of the differential equations (11)-(14), as well as the
boundary equation (12), it is not possible to solve them
analytically. The shooting algorithm shown in Figure 2
has been developed in MATLAB using the Runge-Kutta
Fehlberg method and the ODE45 solver. When compared
to other computational procedures, the shooting meth-
od’s fifth-order truncation error is a substantial benefit.
Moreover, the solution computing procedure is simplified
in comparison to other numerical methods. MATLAB pro-
gramming is used both to calculate graphical and tabular
representations of the results. First, Equations (11)-(14) are
modified into first-order differential equations. In order to
accomplish this, transformed ODEs are re-organized into
the following arrangement:

gl s smr-a-1]. )

g" = (1 1 1). [Cg'z —(f+cg)g" +ky <1 + %,)g’ +M(g' -1 _’12]' (20)

B
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0" = —Pr[(f + cg)@ + NbO'®' + Nto”],  (21)

Q" =— [LePr(f +c9)?' + (%) 0" - LePrCrd)], (22)

Now, a new set of components is defined to convert the
previously mentioned egs. into first-order (ordinary differ-
ential equations) ODEs.

f=¢u =6 f"=g¢, " =¢3
9=¢» 9'=6 9'=6%  9"=C6
0 =g, 0'=¢, 0" =g

D = ¢, @' = ¢4, " = ¢

The system of differential equations acquired by sub-
stituting Equation (19) into Equations (15) to (18) is as
follows:

§1 =62 (24)
§2 =63 (25)
1 1
63 = m [sz — (61 + )53 + Ky (1 + E> ¢2
B (26)

M=) - 2],

Boundary Value
Problem
First orderinitial value problem

v

Assign missing initial approximation

Solve [VP
with Runge-

G4 =G5 (27)
S5 =G (28)

1o 1 2 _ l

=D [ccs (61 +€6a)gs + iy (1 + ﬁ) $s
(29)
+M(gs — 1) — 22,

§7 =g (30)
s = —Pr[(s; + c64)sg + Nbggsyo + Ntggl,  (31)
9 = S10 (32)

10 = —LePr [(§1 +€64)610 — (%) Sg + LePrCrgg], (33)

The following are the final boundary conditions:

62(0)=1, ¢5(0)=1, ¢,(0)=1, ¢4(0)=1, (34)
62(M—4, ¢s(m)—0, ¢;(m)—0, ¢g(m)—> 0 asn— o

We have used the shooting approach to obtain approx-
imations of the aforementioned initial unknowns and
utilised them in the solution, based on the previously

Kutta
ehlberg

If boundary
residualis less
than toleranc

Calculate boundaryresiduals

Final solution

Figure 2. Schematic depiction of the shooting process.

residual is more
thantolerance

If boundary

Initial guesses are
modified by
Newton’s Method
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mentioned assumption. Linear interpolation is employed
to determine the unknown value by incorporating an ini-
tial grid with unequal spaces into the boundary condition.
Space lengths are relatively short when closest to the surface
and gradually increase in size as one moves away from it.
The convergence criteria tolerance (F; = 1,2,3) is equal to
|F| = 10, with

Fy = y,(00,4;) — f'(0), F, = y3(0,4,) — g' (),
F; = y5(00,43) — 0(c0), Fy = y,(c0,4,) — d(e0). (35)

RESULTS AND DISCUSSION

This section’s objective is to conduct an investigation
into the impact that a variety of physical parameters have

on physical quantities like temperature, dimensionless
velocities, and nanoparticle concentration. The Runge-
Kutta Fehlberg method, implemented here with MATLAB
code and the ODE45 solver, has been used to resolve a
structure of (differential equations) DEs. Results are con-
trasted with the works of Abolbashari et al. [50], Reddy
Gorla and Sidawi [51] and Wang [52] as shown in Table
1 which lists the residual errors over a range of Pr values
using fixed values of k; = 0.1, M = 1.5, Nb = 0.1, Le = 2, Nt
=0.5, Pr=0.73, Cr = 0.5, Tables 2-4 display the character of
(f"(0) and g"(0)), (-©'(0)), (—@'(0)) in a serial manner for
modification in several fluid parameters.

In Figure 3, the effect of the velocity distribution on the
permeability parameter k,, free stream velocity parameter A,
Casson fluid parameter 8 and the magnetic parameter M is
illustrated. The changes in the velocity distribution caused

Table 1. Discussion for —©'(0) with variation in Pr: a comparison

Pr Abolbashari Residual Reddy Gorla Residual Error  Wang [52]  Residual Present Result
et al. [50] Error and Sidawi [51] Error

0.7 0.5349 -0.00055 0.4539 -0.00055 0.4539 -0.00055 0.45445
0.9114 -0.00055 0.9114 -0.00055 09114 -0.00055 0.91135
1.8905 0.00000 1.8954 -0.00490 1.8954 -0.00490 1.89540

20 - - 3.3539 0.00000 3.3539 0.00000 3.35390

70 - - 6.4622 0.00001 6.4622 0.00001 6.46219

Table 2. The values k;, A, $ and M together with the skin friction coefficients (f"(0) and (g"(0)

k; A B M (#"(0) (g"(0)

0.1 0.1 0.1 1.5 -0.594010981603266 -0.645430358456673
0.2 - - - -0.674332887514870 -0.719025632569359
0.3 - - - -0.745560602428051 -0.785740332795323
0.4 - - - -0.810288155742902 -0.847172447339569
0.5 - - - -0.870072169835853 -0.904403135899120
0.1 0.1 - - -0.594010981603266 -0.645430358456673
- 0.2 - - -0.559830094235799 -0.616807056011384
- 0.3 - - -0.522276043468497 -0.585620324816160
- 0.4 - - -0.481446249367520 -0.551974622659931
- 0.5 - . -0.437440336545568 -0.515964307344557
- 0.1 0.1 - -0.594010981603266 -0.645430358456673
- - 0.3 - -0.860081087972717 -0.947343170552575
- - 0.5 - -1.011278626988158 -1.117734122793747
- - 0.7 - -1.113055895190225 -1.232193638403197
- - 0.9 - -1.187235866743442 -1.315531212594792
- - 0.1 1 -0.562905153860447 -0.617733332665949
- - - 2 -0.623673507669170 -0.672298883035866
- - - 3 -0.679346322464002 -0.723618878950130
- - - 4 -0.730988027187760 -0.771976510832896
- - - 5 -0.779340147975374 -0.817724934548010
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by the permeability parameter k; are shown in Figure 3(a),
(b).This graph demonstrates that the distribution of veloc-
ities is increasing due to the presence of a greater quan-
tity of nanofluid further away from the boundary, which
in turn decreases the width of boundary region. Figure
3(c),(d) demonstrates the effects of the free stream velocity
parameter A on the distribution of velocity. The distribution
of velocity and A were shown to be directly proportional
to one another. Therefore, a boost in the velocity of free
stream will lead to enhance in the distribution of velocity.
Figure 3(e) shows the effects of the Casson fluid parameter,
which is a non-Newtonian parameter on the distribution of
velocity. The velocity profile is shown to decrease with high
values of the Casson parameter. This trend occurs because
decreasing the yield stress, which is achieved by improv-
ing the fluid viscosity, is a result of raising the values of the
Casson parameter. Hence, the thickness of the momen-
tum boundary layer decreases. The influence of the mag-
netic parameter M on the velocity distribution as seen in
Figure 3(f). Fluid velocity is reduced by Lorentz forces (The
Lorentz force, a fundamental concept in electromagnetism,
refers to the force encountered by a particle that is charged

1
-\ (a) K1=0.1
: K1=0.2
— 0.6+ KT1=03.
bl K1 =04
“— 04r K1=05"
02}
o0 5 10
g
1 .
C
0.8f © 1
A=0.1,0.2, 0.3,04,0.5
o 0.6} | 1
“ 0.4}
4__——-—-‘
0.2 —

as it traverses an electromagnetic field.) as M increases,
resulting in a decreasing velocity. The width of the surface
layer and magnitude of the velocity distribution decrease in
these directions.

As shown in Figure 4(a)-(d), the effect of the tempera-
ture distribution on fluid parameters like Brownian motion
parameter Nb, thermophoresis parameter Nt, Lewis num-
ber Le and the Prandtl number Pr are all demonstrated.
Figure 4(a) represents the effects of the Brownian motion
parameter Nb on the temperature profiles. The collision
between atoms or molecules of the fluid particles will gen-
erate a random movement known as Brownian motion
of suspended particles, hence increasing the breadth of
the boundary layer. An increase in the Brownian motion
parameter Nb causes the fluid temperature to rise. The
influence of the thermophoresis parameter Nt on the tem-
perature profiles as seen in Figure 4(b). With an increase
in Nt, the flow temperature rises. And the reason behind
this is because the surface moves very quickly due to the
force created by the temperature variation, which in turn
causes the temperature to rise. Figure 4(c) reflects vari-
ation of temperature distribution against Lewis number

1
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K1 =0.3
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Figure 3. Velocity distribution (f'(£)) and g'(§)) for values of (a and b) k; (0.1 < k; < 0.5) and (c and d) A (0.1< 1 £0.5),
Velocity distribution f'(§) for values of (e) 5 (0.1< < 0.9) and (f) M (1< M <5).
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Figure 4. Temperature distribution (©(¢)) for various values of (a) Nb (2.0 < Nb <10.0), (b) Nt (1.0 < Nt <5.0), (¢) Le (1 <

Le<9),(d) Pr(0.1<Pr<0.5),(e) M(1<M<5).

Le. This figure clearly indicates that the dimensionless
temperature falls slightly as Le moves upward and rises
slightly as Le moves downward. In the boundary layer
system, the proportion of the thermal dissipation rate to
the species dissipation rate is conveyed by the coefficient
Le. The boost in the Le values will conclude to a drop in
the width of the thermal surface region, which will be fol-
lowed by a drop in temperature. Figure 4(d) examines the
changes in temperature over various Prandtl number Pr
values. Improving the Pr results in a decline in tempera-
ture. A fluid’s thermal diffusivity has a significant impact
on its Prandtl number. With a higher Prandtl number,

thermal diffusivity is reduced. A decrease in tempera-
ture is caused by this reduced thermal diffusivity. As the
magnetic parameter rises, the temperature profiles grow,
as seen in Figure 4(e). The temperature in the boundary
layer would rise because the size of the velocity patterns
would decrease as the magnetic parameter increased.

The impact of the concentration profile on various
fluid parameters, including the Brownian motion param-
eter Nb, thermophoresis parameter Nt, Lewis number Le,
chemical reaction parameter Cr, is illustrated in Figure
5(a)-(d). The effect of the Brownian motion parameter Nb
on the Concentration profile is seen in Figure 5(a). As the



1474 J Ther Eng, Vol. 10, No. 6, pp. 1465-1479, November, 2024

Table 3. The values Nb, Nt, Le and Pr together with the local Nusselt number (-©'(0))

Nb Nt Le Pr -0'(0)
0.5 2 0.73 0.323062481691837
- - - 0.100659229536828
- - - 0.028742985820990
- - - 0.007779602053068
10 - - - 0.002036206019164
0.1 1 - - 0.750742118652069
2 - - 0.576209359951660
3 - - 0.451851001121734
- 4 - - 0.362326329506975
5
0

- - 0.296937252455790
1 - 0.886330182247955
3 - 0.852391891594155
5 - 0.841615791907446
- - 7 - 0.836070394332742
9 - 0.832622368163601
2 0.1 0.300315338986676
- - - 0.2 0.458042124653497
- - - 0.3 0.573770611175197
- - - 0.4 0.664268285465217
- - - 0.5 0.737691424763612

Table 4.The values Nb, Nt, Le and Cr together with the local Sherwood number (-®'(0))

Nb Nt Le Cr -@'(0)

0.01 0.5 0.1 0.5 -14.343169560156705

0.02 - - - -6.216977365044295

0.03 - - - -3.508488203892950

0.04 - - - -2.154424457447120

0.05 - - - -1.342130555309154

0.1 1 - - -0.423517834966708
2 - - -0.420329708948165
3 - - 0.534443857313025

- 4 - - 1.799048327053634
5
0

- - 3.067283473043958
1 - -0.791825773681388
3 - 0.972853775985054
5 - 1.936461680609818
- - 7 - 2.645897198200492
9 - 3.225253820113944
0.1 1.0 0.718975498071542
- - - 1.5 1.087279910633945
- - - 2.0 1.404400008890760
- - - 2.5 1.682584373790211
- - - 3.0 1.930407901990225
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Figure 5. Concentration distribution (®(£)) for various values of (a) Nb (0.01 < Nb < 0.05), (b) Nt (1.0 < Nt <5.0), (c) Le

(1.0<Le<9.0),(d) Cr(1.0< Cr<3.0), (e) M(1 < M <5).

Brownian motion factor Nb grows, the molecules of the
fluid move at random, leading to a fall in concentration and
arise in the rate of fluid conversion. Figure 5(b) depicts the
relationship between nanoparticle concentration and the
thermophoresis parameter. The concentration of nanopar-
ticles grows as the thermophoresis parameter rises, as seen
in the graph. In the occurrence of thermophoresis, the force
exerted by one particle on other causes the other particles
to shift from a hotter to a colder zone, which in turn causes
the fluid to move from a hotter to a colder region, increas-
ing the concentration of nanoparticles.

Figure 5(c) manifests the impact of Lewis number Le on
nanoparticle concentration. As can be seen in Figure 5(c), as

Le increases, concentration values decrease, effectively slow-
ing the diffusion of nanoparticle species. Over a boost in the
Lewis number, will occur a significantly bigger reduction in
width of the concentration surface region than there will be
in width of the warmth surface region. Figure 5(d) reflects the
variation for nanoparticle concentration against the chemical
reaction parameter Cr. As the chemical reaction parameter
goes up, the distribution of concentration drops as is shown
by 5(d). Figure 5(e) shows that the fluid’s concentration pro-
file, which is affected by the temperature gradient intrinsic in
its viscosity, grows significantly as the magnetic parameter
rises. Through contour plots, Figure 6(a)-(d) illustrates the
effect of the skin friction coefficient on Cr & Nt, Le & Nt,
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2
Nb

Figure 6. Skin friction coefficient against (a) Cr & Nt, (b) Le & Nt, (c) M & Nt and (d) Nb & Nt.

M & Nt and Nb & Nt, respectively. It can be shown from the
contour plot in Figure 6(a) that skin friction increases when
both the chemical reaction parameter Cr(1 < Cr < 2) and
the thermophoresis parameter Nt (1 < Nt < 2) increase. Like
Figure 6(a), Figure 6(b), Figure 6(c), and Figure 6(d) display
the identical effect. The contour plots of skin friction reveal
that, as shown in Figure 6(b), Figure 6(c) and Figure 6(d),
skin friction grows with increasing Le (1 < Le <2) & Nt (1 <
Nt<2),M(1<M<4) &Nt (1<c<2)and Nb (1 <Nb<3)
& Nt (1 < Nt < 2.6), respectively.

CONCLUSION

The current investigation looks at how MHD non-New-
tonian nanofluids flowing through a porous material are
affected by the presence of free stream flow. Our final
results, which were calculated using the ODE45 solver
in MATLAB, are contrasted with the results obtained by
Abolbashari et al. [50] and Reddy Gorla and Sidawi [51] for
to highlight the study’s limitations. The results were con-
cluded by comparing them to previous efforts and finding

remarkable agreement. In addition to MHD, the pres-
ent research highlights the importance of the exponential
extending component and outer velocity on distribution
of dimensionless temperature, velocity and nanoparticles
concentration of flow, exchange of heat and mass of elastic
fluid. The most important conclusions from this investiga-
tion are:

o As k;, and S improves, the distribution of velocity
reduces. In addition, the Lorentz drag force created by
the presence of magnetism drops velocity when M is
raised.

o A modification in the Nb and Nt improves the distribu-
tion of temperature. However, the temperature declines
when the Prandtl number rises.

o The nanoparticle concentration goes down when Cr
and Le increase, but it goes up when Nt is raised.

o In nanotechnology, the superior thermal conductivity
of nanofluids makes them more valuable. Nanofluids
are a type of fluid utilised in the field of nanotechnol-
ogy as a coolant. The present findings may find greater
application in nanotechnology.
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o Since current research is more applicable to engineer-
ing systems, this article will be more relevant in the
future.

The current study’s findings have many real-world
applications, including the insulation of wires, the produc-
tion of tetra packs and fibres of glass, the refining of poly-
mers and the creation of plastics as well as rubber sheets,
and so on. The velocity of stretching, an external electric
field, and the physical characteristics of the material all play
a role in the final product’s quality.

NOMENCLATURE

X 0%z Cartesian coordinates

a,b Positive constants

u,v,w  Components of velocity in the X, y, and z axes
T Fluid temperature, K

T, Surface temperature

T, Ambient temperature, K

M Magnetic field parameter

Cr Dimensionless chemical reaction parameter
C Concentration of fluid, Kgm

U, V, Velocities of the stretching sheet, m?* s’

C, Surface concentration, Kgm

Nb Brownian motion parameter, m? s

C. Ambient concentration, Kgm

(PO, Effective heat capacity of a nanoparticle

Dy Brownian diffusion coefficient

Pr Prandtl number

B, Constant magnetic field

Nt Thermophoresis parameter

o Skin friction coefficient in x—direction

Dy Thermophoresis diffusion coefficient, m?* s
(pC)f Heat capacity of the fluid 7 :(pC)p/ (pC)f

Dimensionless stream functions
ny Skin friction coefficient in y—direction

Nu, Local nusselt number

Sh, Local sherwood number

k, permeability parameter

Re, Local reynolds number

Kr chemical reaction parameter
Greek symbols

v Kinematic viscosity of the fluid, m?* s
C) Non-dimensional concentration
o Electrical conductivity

n Similarity variable

B Casson fluid parameter

p Density of fluid, Kgm

(0] Non-dimensional temperature
Subscripts

f Fluid

oo Ambient condition
w Wall
p Particle

Subscripts
' Prime indicates a derivative with respect to 7
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