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Abstract: Energy deficiency is one of the most challenging
issues of the present world due to its increasing demand in
industrial and technological processes. To address this
issue, energy efficiency improvement is essential. Hybrid
nanofluids have significant applications in the industrial and
engineering sectors because of their higher thermal conduc-
tivity compared to conventional nanofluids. Keeping these
important applications in mind, this work investigates the
two-dimensional magnetohydrodynamic hybrid nanofluid
flow on shrinking/stretching sheets under the impact of the
Cattaneo—Christov model, suction/injection, thermal radia-
tion, and slip effects. The hybrid nanofluid is formed by
mixing nanoparticles of copper and alumina with a base
fluid. The main equations are converted to a dimensionless
form using appropriate variables. The model is evaluated by
using the bvp4c built-in code in MATLAB. As main outcomes
of the work, it is revealed that the increasing magnetic para-
meter enhances the skin friction of hybrid nanofluids; how-
ever, a reverse influence is noticed in the velocity curve. An
upsurge in thermal radiation and Eckert number causes a
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substantial augmentation in the heat transfer rate, and a
similar influence is observed in the temperature profile.
The mass transfer rate shows a decreasing behavior through
growth in chemical reactions and the Schmidt number. This
investigation offers comprehensive insights into optimizing
heat transfer and fluid flow in various engineering and indus-
trial applications, such as thermal management, manufac-
turing processes, chemical reactors, and microfluidic devices.

Keywords: MHD, Cattaneo—Christov model, suction/injec-
tion, stretching/shrinking sheet

Nomenclature

X,y Cartesian coordinates

u,v components of velocity

By strength of the magnetic field

T temperature

Ty temperature of the sheet

Cyw concentration on the wall
concentration

Sc Schmidt number

Pr Prandtl number

Rd radiation factor
chemical reactivity parameter

a velocity slip parameter

S suction/injection factor

Ec Eckert number

y thermal slip parameter
stretching and shrinking surface

A thermal relaxation time of heat diffusion

A concentration relaxation time of mass diffusion

6 Deborah number due to relaxation time of heat
diffusion

B Deborah number due to relaxation time of mass
diffusion

X concentration slip parameter
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Dy coefficient of Brownian diffusivity
JRe Gy coefficient of skin friction

Shy

e Sherwood number

q, radiative heat fluidity
Nuy Nusselt number

magnetic factor
Vo suction velocity
Rey, Reynold number
A spatial slip constant

1 Introduction

Magnetohydrodynamics (MHD) studies the performance of
electrically conducting fluids, like saltwater and plasma,
using magnetic field effects. In this phenomenon, the inter-
action between the motion of fluids and the magnetic field
induces electrical currents, which in turn generates addi-
tional magnetic fields. These interactions can significantly
alter the fluid flow patterns, leading to phenomena
such as magnetic drag reduction, flow stabilization, and
generation of complex flow structures. MHD fluid flow
can significantly influence the analysis of thermal flow in
heat transfer processes [1]. The occurrence of magnetic
fields can modify the thermal conductance and thermal
capability of fluids, causing variations in the thermal dis-
tribution within the system [2]. Additionally, MHD effects
can influence convective heat transfer, affecting the heat
exchange process efficiency in diverse engineering appli-
cations like nuclear reactors, metallurgical processes, and
geophysical phenomena like the Earth’s magnetosphere
[3,4]. Electrically conducted fluid flow is therefore essential
for adjusting heat transfer systems, enhancing their per-
formance, and confirming the protection and reliability of
technological uses. Thermal analysis or MHD dual diffusive
Jeffery fluid flow in holes of discs and ducts was performed
by Khan et al. [5] under effects of various rotations. These
authors have observed that the transverse velocity of fluids
is retarded with the increase in magnetic and Maxwell
factors in all the four scenarios. Mahabaleshwar et al. [6]
inspected the effects of MHD on CNT flow and thermal flow
on a surface under thermally radiative impacts and a
thermal sink/source. MHD fluid flow has diverse applica-
tions across multiple domains. In power generation, MHD
generators harness the interaction between a conducting
fluid and the magnetic field to efficiently convert kinetic
energy into electricity, particularly in conjunction with
nuclear reactors [7]. Space exploration benefits from
MHD thrusters that use plasma and magnetic fields for
propulsion in the vacuum of space [8]. Additionally, MHD
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pumps and compressors find applications in aerospace,
energy production, and chemical processing for precise
fluid transport and compression [9]. In nuclear fusion
research, MHD effects are vital for designing magnetic con-
finement devices like tokamaks, advancing the quest for
clean and sustainable energy sources. These applications
highlight the broad impact and versatility of MHD fluid
flow across scientific, industrial, and technological realms.

The study of fluid flow over stretching and shrinking
sheets describes the behavior of viscous fluids on a surface
that either expands or contracts continuously [10]. This
phenomenon is commonly seen in many engineering appli-
cations like polymer processing, coating, and fiber spin-
ning [11]. On a stretching sheet, the fluid tends to stretch
along the sheet, resulting in a rise in velocity and a thermal
layer on the surface of the sheet [12]. Conversely, on a
shrinking sheet, the fluid normally squeezes, resulting
in decreased velocity and a thicker boundary layer [13].
These flow patterns significantly affect the velocity and
thermal plots near the sheet, influencing the thermal
flow. Fluid flow over a contracting or expanding sheet sig-
nificantly affects heat transfer processes by altering the
boundary layer characteristics and velocity profiles [14].
On a stretching sheet, the fluid adjacent to the surface
experiences increased stretching, leading to a reduction
in the size of the layer at the frontier and an enhancement
in velocity gradients [15]. This intensified velocity pro-
motes heat transfer from the sheet to fluid, resulting
in augmented convective heat transfer rates. Such phe-
nomena find applications in industrial processes like
polymer production, where controlling cooling rates is sig-
nificant for product quality [16]. Conversely, on a shrinking
sheet, the fluid is compressed, leading to an increase
in layer thickness near the edge and a reduction in velo-
city gradients [17]. This decreased velocity hampers con-
vective heat transfer rates, impacting processes such as
film cooling in gas turbines or heat dissipation in electro-
nics. Additionally, the alterations in flow characteristics
on both stretching and shrinking sheets influence the
development of a thermal layer at the boundary and for-
mation of thermal patterns, affecting temperature distri-
butions and thermal gradients along the surface [18].
Kumar et al. [19] studied the thermal transportation and
flow phenomenon for nanofluid flow on an extending and
a shrinking sheet with porous behavior. Khan et al. [20]
scrutinized the fluid movement on a contracting and an
extending sheet with heterogeneous as well as homoge-
neous chemical reactivity effects.

The movement of fluid on a surface with effects of
suction or injection involves the manipulation of fluid
dynamics to alter the surface properties. Suction involves
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the removal of fluid from the surface, which can alter the
layer thickness near the edge and affect drag forces [21].
This can affect the overall flow pattern and velocity distri-
bution near the surface. On the other hand, injection intro-
duces fluid onto the surface, potentially changing surface
conditions and creating additional shear stresses. These
impacts influence various features of the flow, including
adhesion, friction, and heat transmission characteristics.
In practical applications, such as drag reduction in aero-
dynamics or control of cooling processes, controlling the
suction or injection effects is essential for optimizing the
performance and achieving desired outcomes. The mass
transfer phenomenon under Soret and Dufour effects in
viscous Casson nanofluid flow over an extending surface
was discussed by Ilango and Lakshminarayana [22].
Yasmin [23] studied the heat and mass transfer phenomena
of hybrid nanofluids past a stretching surface with impacts
of thermal radiation and gyrotactic microorganisms. Meh-
mood et al. [24] examined the influences of suction as well
as injection on nanofluids flowing on a vertically stretched
surface subject to radiative and bio-convective effects. The
effect of Brownian motion and thermophoresis on MHD
Casson nanofluid flow past a stretching surface was stu-
died by Ilango and Lakshminarayana [25]. Mahesh et al
[26] deliberated on CNTs’ impacts on a radiative Marangoni
MHD fluid flow with injection and suction effects. Song
et al. [27] investigated impacts of suction injection on fluid
flow through the space between two surfaces. Fluid move-
ment on a surface with injection/suction has significant
impacts on the heat transfer process [28]. Nihaal and
Mahabaleshwar [29] considered the Buongiorno model to
investigate the heat and mass transfer of hybrid nanofluid
flow over a cylinder embedded in a porous medium. MS
and Pallavarapu [30] examined Joule heating and slip
effects to discuss the entropy analysis of Casson nanofluid
flow over a stretching surface. Suction modifies the size of
the layer at the boundary near the surface, effectively
decreasing the thermal resistance between the fluid and
the solid. This reduction in the size of the layer at the
boundary enhanced convective heat transfer by signifi-
cantly promoting the turbulent and fluid velocity close to
the surface. As a result, heat is more efficiently transported
away from the surface, leading to improved cooling per-
formance in various engineering applications. Conversely,
the injection of fluid onto the surface alters the thermal
layer boundary, affecting temperature gradients and con-
vective heat transfer coefficients. Depending on the spe-
cific conditions, injection may either enhance or impede
heat transfer. For instance, injecting a cooler fluid can
effectively lower the surface temperature, while injecting
a warmer fluid can elevate it. Moreover, an injection can
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induce localized heating or cooling effects depending on
the fluid’s properties and the injection rate. These changes
in convective heat transfer due to suction or injection have
wide-ranging applications in cooling devices, heat exchan-
gers, and thermal management systems. Gopi Krishna et al.
[31] studied the radiative Jeffery fluid flow on a surface
with impressions of suction and injection. Many such stu-
dies can be observed in the studies of Reddy et al, Bachok
et al, Asibor et al., Aly et al.,, and Asibor et al. [32-36].
The Cattaneo—Christov model represents a significant
advancement in understanding mass and heat flux phe-
nomena, particularly in the flow of fluid. This theory builds
upon classical theories such as Fourier’s [37] heat diffusion
and Fick’s [38] mass diffusion by integrating the influences
of thermal relaxation stresses and convective derivatives.
Mahariq et al. [39] considered the ternary hybrid nanofluid
flow on a flat plate solar collector through the Brinkman
model to examine heat and mass transfer phenomena. The
Cattaneo theory [40] initially introduced modifications to
Fourier’s model, considering the additional thermal relaxa-
tion stresses that arise due to the finite speed of heat pro-
pagation. Christov [41] further extended this model by
changing PDEs with the Oldroyd upper convective deriva-
tive, accounting for non-local effects and improving the
accuracy of predictions. The inclusion of these modifica-
tions enhances the model’s ability to describe heat and
mass transfer phenomena in situations where traditional
theories fall short, such as high-speed flows or systems
with non-negligible relaxation times [42]. The combined
analysis of heat and mass transfer holds significant impor-
tance in various engineering applications, such as energy
generation, nuclear reactor cooling, electronics cooling,
tissue heat conduction, frost protection in agriculture, air
conditioning, desalination, and food processing [43,44]. By
capturing the coupling between thermal and concentration
fields more accurately, the Cattaneo—Christov model gives
an insightful understanding of heat and mass transfer pro-
cedures in various practical applications. For instance, in
fluid flow over surfaces, the model can elucidate how
thermal relaxation affects the temperature gradients and
convective heat transfer rates, influencing heat dissipation
and thermal management in engineering systems. Addition-
ally, it can help optimize processes like cooling in electronic
devices, thermal insulation design, and heat exchanger per-
formance, ultimately leading to more efficient and reliable
engineering designs. Overall, the Cattaneo—Christov model
[45] represents an important tool for advancing the under-
standing of heat and mass transfer phenomena and their
impacts on fluid flow over surfaces, with broad implications
for diverse industrial and scientific fields. Reddy et al. [46]
considered the Cattaneo-Christov model to investigate the
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entropy generation of MHD Williamson nanofluid through a
stretching surface. Ullah et al. [47] investigated on the mass
and heat transfer of Jeffery fluid flow on a sheet with beha-
vior of Cattaneo—Christov heat and mass flux phenomena.
The effect of chemical reaction and heat source on non-New-
tonian hybrid nanofluid over a porous stretching sheet was
studied by Vindokumar Reddy et al. [48].

In a close investigation of the aforementioned studies,
various scientists operated on different flow models to
examine the behavior of thermophysical constraints of
viscous fluid, nanofluid, and hybrid nanofluid assuming
various nanoparticles across a shrinking/stretching
surface. This work discovers the importance of slips and
suction/injection on the flow of hybrid nanofluid comprising
the nanoparticles of alumina and copper across a shrinking/
stretching surface with a fixed magnetic field. The model
considers heat and mass flow phenomena of a hybrid nano-
fluid with the impacts of the Cattaneo—Christov model, Joule
heating, viscous dissipation, velocity, thermal, and concen-
tration slips. The bvp4c code is used in MATLAB software to
obtain the numerical and graphical solutions of the pro-
posed model. Additionally, the results of this work were
compared with previous literature, confirming the accuracy
and validity of our findings.

2 Mathematical structure

Consider the MHD viscous hybrid nanofluid flow over a
sheet that is both stretching and shrinking. The
Cattaneo-Christov model, suction/injection, slips, and
thermal radiation impacts are considered in this study.
The flow is induced with a constant magnetic field in the
direction normal to the flow field. We suppose that
Uw(x) = ax is the velocity of sheet that is either shrinking
or stretching, as shown in Figure 1(a) and (b). Furthermore,
Vo = —,/avr s is the constant mass flux velocity. The convec-
tive constraints at the boundary are considered in the
model. We also assume that T, and C,, are the surface
temperature and concentration, respectively. T.. and C
are the free-stream temperature and concentration,
respectively. The continuity, temperature, and concentra-
tion equations for the flow problem are described in the
studies of Waini et al. and Shehzad et al. [49,50]:
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Figure 1: (a) Flow geometry for the stretching case. (b) Flow geometry for
the shrinking case.
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The radiative heat flux g, is described as follows:

4¢* 9T*
=-——— T4=4T3T - 3T4 5
qI' 3k* ay ( )

The associated constraints at the boundary are defined
as follows:
orT

T=Ty+A—,

ou
u=/1ax+<p05, vV =1y, ay

ac (6)
= + B — =
C=Cy+B 3y aty=20

u—->0, C-Cs, T> T, as y - .

Table 1 demonstrates the thermo-physical relations for
mono and hybrid nanofluids.

Table 2 shows the numerical values of thermophysical
properties of H,0, Al,03, and Cu.

Here, ¢, and ¢, show the Cu and Al,05 nanoparticles’
volume fractions, respectively, n1 shows Cu nanoparti-
cles, and n2 shows Al,0; nanoparticles. The symbol p
shows the density, u the dynamic viscosity, C, the spe-
cific heat capacity, o the electrical conductivity, and k
the thermal conductivity of the fluid. The subscript f
represents the fluid, nf the nanofluid, and hnf the hybrid
nanofluid.

The similarity variables are defined as follows:

0
V= Janf @), u= a—!yp”"f ©
o _C-0C»
R G R SR
r-.. ,_ [a&
0($) = Ty - T f—y\/‘:-

The terms ¢ and v¢ show the stream function and
kinematic viscosity, respectively.
Substituting Eq. (8) in Eqgs. (1)-(4), we have

Table 1: Thermo-physical relations for mono and hybrid nanofluids
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Table 2: Thermophysical properties in the numerical form for H,0,
Al,03, and Cu [51-53]

Physical p (kgm?) C, JK/g K) ¢ (Wm K) k (Wm K)
properties

H,0 997.1 4,179 55x10° 0613

Al,O5 3,970 765 1x1077 40

Cu 8,933 385 596 x 10° 401

Ohnt/Of

Mf’ =0, 8)
Prnt/Ps /

:uhmf/.ufy 2
m +ﬁ~” _f/ _
[phnf/pf

(PCp)s
(PColhnt

Kint
ke

. Ohmt/0f
(PCp)hnf/(PCp)f
Hng /M
(PCo)nnt/(PCp)s
- SPr(ff'0’ + f20”) = 0,
¢” + Scfp’ - BSc(ff'¢” + f*¢") — KrScg = 0.

The associated boundary constraints are
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11)

The embedded factors are defined as
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2.1 Quantities of interest

The skin friction, Nusselt number, and Sherwood number
are defined as

Twx Xqy Xqp

C = ) = T e w Sh = A A w
Ml T KTy - To)’ O Dp(Cy - Gy 2
where
T = % = _k E +
wx = Upns az Z=0’ qy, = ~Knnf 0z |0 4y
(13)
qn =D o
m B aZ Z=0,
Hnnt Nuy Kt
JR& Gy = “Len, = —[ +Rd]9’(0),
i Ug VRey ke (14)
Sh,
== = -¢'(0).

J Rey

2
Here, Re, = avx—f represents the local Reynolds number.

3 Solution method

The bvp4c approach is applied for the solution of problem by
incorporating the associated boundary conditions. The algo-
rithm of this approach is based on the shooting technique.

This technique needs to reduce the higher-order ODEs to the

first-order ODEs with associated boundary conditions. This

approach has many advantages and some disadvantages

over other methods. Some of them are discussed as follows:

I. This approach consists of mesh points for discretiza-

tion which is free from error and not time consuming.

II. This approach has the ability to handle multiple depen-

dent variables, making it adaptable for solving com-
plex coupled problems.

II. This approach employs an adaptive algorithm to refine
mesh points where necessary, particularly in areas with
rapid changes in the solution or boundary layers. This
helps achieve accurate results with fewer mesh points.

This method has some disadvantages, which are dis-
cussed as follows:

I. This approach is primarily designed for solving up to
fourth-order ordinary differential equations (ODEs),
not ideal for higher-order or more complex systems.

II. The accuracy of the solution depends on how well the
mesh is constructed; improper meshing can reduce the
accuracy.

I1I. This approach is designed for ODEs and is not applic-
able to partial differential equations (PDEs) without
transformation.
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The following steps are taken while applying the bvp4c
method:
L. Define the boundary value problem.

II. Define the similarity transformations.

III. Transform the PDEs to ODEs with associated boundary
constraints.

IV. Write the boundary value problems as a first-order
differential equations, so that the bvp4c scheme is
easily applied.

V. Finally compute the required results numerically and
graphically.

To get the computational solution of the problem, the
following assumptions are applied:

f=yQ), [ =y@2), f"=y03), f"=y0),
0 = y(4),

0" =y(6), 0"=y(5), ¢=y(6), ¢ =y,
¢ =y'(.

Using Eq. (15), the above linear system of ODEs can be
written as

(15)

ao = | A2 _ 4 Aq
Y@ = Aly(z)2 Aly(l)y(B) + AlMy(Z),

As
A; + Rd - Sy(1)?

Ay
. E— XL
4 + Rd - sy oy ME 9@

y©)= A ,
I S 2

A +Rd - 6y(1)2Pr Ec Qy(3)

P S

Az + Rd - §y(1)?

Pr y(Dy(5)

(16)
S Pr y(y(2)y(5)

1
- WSCY(D)’U)

1

+ Wﬁ Sc y(Wy)y(Ny.
L
1+ B Sc y(1)?

y) =

Kr Sc y(6)

The transformed boundary conditions are as follows:

VD =s, y,2)=21+ay,3), y2) -0,
ya(4) =1+ Wa(s): yb(4) - 0:
Y,(6) =1+ By, (7), y,(6) - 0.

In the above equation, the subscripts a and b represent
the corresponding constraints at £=0 and & — o,
respectively.

Discretization is the process in which a differential
equation can be approximated by using discrete values.

a”n
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These equations can be solved by using numerical
methods. In this method, the domain of the independent
variable is divided into a grid of discrete points, and
numerical schemes are used to approximate derivatives
at these points. The shooting method is an iterative
approach that transforms a boundary value problem into
an initial value problem and then adjusts the initial guess
to satisfy the boundary conditions. This method contained
some steps, which are defined as follows:
* In this method, the initial guess for unknown is esti-
mated at one boundary such as the starting point.
 This procedure is repeated each time modifying the
initial condition guess and solving the IVP until the
boundary condition is satisfied at the other points for
the suggested accuracy.

4 Code validation

Table 3 is constructed to compare the results of skin fric-
tion for variations in stretching ratio parameter by keeping
Ec=0,Rd=05 M=05, Sc=0, ¢, =0, and Kr = 0 with
already-published results. The accuracy and validity of our
model have been thoroughly verified by comparing our
results with previously published data. This comparison,
presented in Table 3, demonstrates a strong agreement
between our findings and those reported in the literature,
thereby confirming the correctness and reliability of the
proposed model.

5 Discussion of graphical results

This portion discusses the impacts of diverse physical para-
meters on various flow profiles, as shown in Figures 2-14.
The selected ranges for various factors provide stable
and convergent solutions, ensuring the reliability of the

Table 3: Comparison of current results for skin friction for variations in A

f7(0)

Waini et al. [55]

A Bachok et al. [54] Current outcomes

2 -1.88730 -1.887307 -1.88190
1 0 0 0

0.5 0.713295 0.71329 0.71369
0 1.23258 1.23258 1.2360
-0.5 1.495670 1.49567 1.49369
-1 1.328817 1.32881 1.33620
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Figure 2: Effect of M on f'($).

result. These ranges are described as (0.1<M <.8),
(01<y<07), (01<s=<05), 1<6<4), 1<Rd=4),
(01 < a <04), (01 < Ec<07), (01<Scc<07),
(02 <Kr<0.8), (02<B<08), and (0.1 <y <0.8). The
only restriction that bounds us is to fix the Prandtl number
(Pr) at 6.2 (for water as the base fluid). Figures 2 and 3
describe impacts of M on f’(¢) and 6(¢). Here, it is
revealed that the velocity plot decreases with large values
of M; however, an opposite tendency is witnessed in the
temperature plot. The reason due to which the velocity
profiles decrease with variations in M is the Lorentz force
created by a strong magnetic force. This force behaves as a
resistive force perpendicular to the direction of the flow
field, opposing the fluid’s motion. Hence, retardation is
perceived in velocity profiles. Additionally, the higher M

0.9 T T
— Hybrid M =0.2
0.8 ——— Hybrid M = 0.4 1
Hybrid M = 0.6
0.7 — HybridM=10.8 q
= === Nanofluid M = 0.2
06 = === Nanofluid M = 0.4 i
: Nanofluid M = 0.6
~ = =~ Nanofluid M =0.8
~05r 4
<
5
04 1
03 1
0.2 4
0.1 1
0 |
0 1 2 3 4 5

Figure 3: Effect of M on 6(¢).
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Figure 4: Effect of a on f'(¢).

reduces the thermal boundary of fluid particles, which
increases the temperature plot. Figure 4 demonstrates
the performance of a slip factor on f’(§). The profile
f’(¢) decreases with an increase in a. A higher slip factor
leads to reduced diffusion of the fixed surface along
the boundary layer, resulting in a thinner layer at the
boundary. Additionally, as the slip factor increases, the
flow slows down, which causes the skin friction to reduce.
The impact of y on 6(¢) is displayed in Figure 5. A declining
behavior is witnessed in 6(¢) via the thermal slip factor.
The reason for this is that when slip grows, the tempera-
ture gradient between solid and adjacent fluid layers in the
boundary region increases. This leads to an increase in
the heat transfer from the fluid to surface, which lowers the
temperature in a thermal boundary layer. Figures 6 and 7
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Figure 5: Effect of y on 6(&).
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Figure 6: Effect of s on f'(¢).

represent the influence of s on f*(0) and 6(¢). Temperature
and velocity plots reduce with higher values of s. This is
because a larger estimate of s causes a decline in the
momentum and thickness of the thermal layer at the
edge, which leads to the lessening of the velocity and tem-
perature. Figure 8 shows the impression of § on 6(¢). In
this figure, a lessening behavior is noted in 6(¢) for growth
in &. Physically, for greater values of &, the fluid particles
require extra heat to transfer to their adjusting particles,
which causes a lessening of the fluid temperature. The
impact of Rd on 6(¢) is shown in Figure 9. Here, an
improvement in 6(¢) is revealed. Radiation is a process
of transferring heat which needs energy through fluid par-
ticles. Therefore, it creates heat energy in the fluid flow,
which as a result increases the thickness of the boundary

T

Hybrid s = 0.2 |
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Hybrid s = 0.4
Hybrid s = 0.5
Nanofluid s = 0.2
Nanofluid s = 0.3 q
Nanofluid s = 0.4
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Figure 7: Effect of s on 6(¢).
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layer and the temperature of the fluid. Figure 10 specifies
the outcome of Ec on the temperature plot. The higher Ec
heightens the temperature plot, as noticed in this figure. An
increase in Ec augments the dynamic energy of nanopar-
ticles and increases the temperature at the edge. As a
result, 6(¢) escalates. Moreover, thermal conductivity of
water is higher, so the temperature of the water-based
hybrid nanofluid is superior. The effect on ¢(¢) through
Kr is described in Figure 11. It is perceived in this figure
that the augmented values of Kr decline ¢(¢). Actually,
higher chemical reaction thickens the width of the concen-
tration layer at the boundary, which ultimately declines
the concentration at the surface of the sheet. Hence, a
decreasing behavior is perceived in ¢(¢). Figure 12 is con-
sidered to present the effect of the solutal relaxation time
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Figure 9: Effect of Rd on in 6(¢).
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Figure 10: Effect of Ec on 0(¢).

parameter § on @¢(¢). It is perceived here that the concen-
tration and thickness at the boundary decrease with
growth in . Nanoparticles require additional time to dif-
fuse into the neighboring area, which causes an increase in
the concentration relaxation time. Hence, thickness of the
concentration layer at the boundary declines, causing a
reduction in concentration profiles. The sketch in Figure 13
shows the impact of Sc on ¢(¢). It is observed in this figure
that ¢(¢) diminishes with higher Sc. Physically, an increase
in Sc decreases the mass diffusivity, which causes the
decline in ¢(&). Figure 14 is constructed to show the influ-
ence of y on ¢(&). The ¢(&) profiles reduce with higher y. It
is due to this reason that the slip factor decreases the
motion of fluid, which presents a decrease in the net mole-
cular movement, and thus the concentration profile falls

T T
0.9 [ ——— Hybrid Kr=0.2 .
— Hybrid Kr=0.4
0.8 Hybrid Kr = 0.6 J
— Hybrid Kr=0.8
0.7F = = = = Nanofluid Kr = 0.2 i
’ - = - = Nanofluid Kr = 0.4
L Nanofluid Kr = 0.6 |
06 - = - = Nanofluid Kr = 0.8
G ’ 4
3 0.5
0.4 4
031 4
02r 4
0.1 4
0 : L L
0 1 2 3 4 5

Figure 11: Effect of Kr on ¢(&).
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with less molecular movement. The influence of various

Nu, Shy . .
arameters on /Re, Cy, —= and —== is demonstrated in
p X fx JRey JRey

Tables 4-6. From Table 4, the numerical data revealed that
the surface drag force upsurges with growth in M, A, and s;
however, it decreases with escalation in a. Augmentations
in M produce a Lorentz force which disturbs the motion of
fluid. This opposing force increases the friction at the sur-
face as a result of which the drag force increases. Table 5
fluctuates the impression of Rd, Ec, § and y on Nusselt
number. It is perceived from this table that the Nusselt
number augments with an increment in these parameters.
The greater Ec changes the kinetic energy into thermal
energy. This causes an increase in the thermal character-
istic of fluids, and as a result the heat transformation rate
increases. However, an opposite trend is noticed for
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Figure 13: Effect of Sc on ¢(&).
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growth in M in the behavior of Nusselt number. Table 6
Shy
JRey
transfer rate of hybrid nanofluid shows a declining beha-
vior through growth in these parameters. Figure 15 high-

lights the streamlines for f*(§) via M.

portrays the impact of Sc, 5, y, and Kr on . The mass

6 Final remarks

In this study, the Cattaneo—Christov heat and mass flux
phenomenon is considered to examine the electrically con-
ducting flow of hybrid nanofluids across a stretching/
shrinking sheet with slip and suction/injection effects. The
nanoparticles of copper and alumina are homogeneously dis-
persed in water as the host fluid. Incorporating the thermal
radiation effects in the energy equation suggests a strong heat

Table 4: Effect of different factors on /Re, Gy of hybrid nanofluids

M A a s \/R_ex Cp
0.5 0.5323
1 0.5324
1.5 0.5325
0.1 0.0420
0.2 0.1063
03 0.1865
1 0.5358
2 0.3326
3 0.2441
1 0.6532
2 0.7445
3 0.8057
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Table 5: Effect of different factors on Trer of hybrid nanofluids

M 6 y Rd Ec Nuy
TRer

1 0.3221
2 0.3222
3 0.3223
0.1 0.5965
0.2 0.5688
0.3 0.5489

0.1 0.3965

0.2 0.3724

0.3 0.3285

0.6 0.2215

0.7 0.1993

0.8 0.1805
0.1 0.5004

0.3 0.3285

0.5 0.2629

source in the vicinity of a sheet’s surface. The leading equa-
tions in a dimensionless form have been solved through the
bvp4c approach. The incorporation of slip conditions and
suction/injection effects enhances the understanding of rea-
listic flow behavior, particularly in experimental engineering
applications. The incorporation of thermal radiation high-
lights the influence of high heat flux phenomena, making
the study more applicable in cooling systems and heat
exchangers.

The major key points that are concluded from this
investigation are given as follows:
1) The increasing magnetic parameter diminishes the

velocity curve because of the higher Lorentz force.

Table 6: Effect of various parameters on j:—; of hybrid nanofluids

hy
Sc B X Kr an_ex
0.6 0.3666
0.7 0.3436
0.8 0.3223
0.1 0.9561
0.2 0.8727
0.3 0.8026
0.1 0.8727
0.2 0.8661
0.3 0.8596
0.1 0.2016
0.2 0.1857
0.3 0.1693
-0.5004
-0.3285
-0.2629

Numerical examination of MHD flow of hybrid nanofluids

Figure 15: Streamlines via M.

2) The higher velocity slip parameter diminishes the velo-
city plot.

3) It is witnessed that the augmented estimation of the
suction factor declines the velocity curve.

4) An upsurge in the thermal slip factor declines the tem-
perature distribution.

5) The temperature curve increases with a surge in the
Eckert number and magnetic and thermal radiation
parameters.

6) Concentration distribution shows a declining behavior
with higher Schmidt number, chemical reaction, and
solutal relaxation time factors.

7) Itis interesting to note that the surface drag force esca-
lates with large values of magnetic parameter; however,
it reduces with suction in the slip parameter.

8) The heat transfer rate shows an improvement, with an
increase in thermal radiation and Eckert number;
whereas it decreases with a surge in the thermal slip
parameter and thermal relaxation time parameter.

9) Declining performance is perceived in the magnitude
of mass transfer rate through surge in the chemical
reaction, Schmidt number, and concentration slip
parameter.

This study has some limitations such as it focuses on
specified geometry, which may not generalize to complex
geometries such as wedge, cone and curved sheets. This
study contemplates the Cattaneo—Christov model which
accounts for finite speed mass and thermal transport but
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may not be applicable for higher speed of fluid flow and
temperature gradients. This model focuses on two-dimen-
sional steady flow, which limits the study to three-dimen-
sional and transient flow behavior.

This work will play a vital role in industry and real-
world engineering problems such as energy efficiency
increase, manufacturing processes, renewable energy sys-
tems, thermal management, and micro channels.
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