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Abstract
Hybrid nanofluids exhibit superior electrical conductivity, high heat transfer rates, ther-
mal conductivity, and low price, which are undoubtedly unique features that attract global
researchers’ attention. By confining this advantage in mind, the recent attempt is focused
on investigating viscous dissipation features in hydromagnetic hybrid nanofluid through
the curved surface. Copper and Ferrous nano components, including water, constitute the
base medium as resource material. The fusion of suction/injection is exploited intrinsi-
cally. Dimensionless governing equations and numerical solutions are captured through the
Runge–Kutta-Fehlberg method using appropriate transformations. By using varied param-
eters, the graphical behavior of velocity and temperature are represented. The significant
physical capacity like the coefficient of heat transport, wall shear stress is evaluated in contrast
to governing constants. The outcomes are depicted in the tables also presented realistically.
Conclusions reveal that the system’s thermal efficiency is enhanced by viscous dissipation
in the magnetic field’s existence. Compared to conventional nanofluid, the heat transfer rate
is 6.55% enhanced in a hybrid nanofluid. Applications of this research would update the
domains of material science and engineering.

Keywords Hybrid nanofluid · Curved surface · Suction/injection · Magnetohydrodynamics

Introduction

The study of heat transfer fascinates the researchers to emphasize several engineering
domains, especially in fluid flow. For example, better plastic and polymer want a higher
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rate of heat transfer. They are using nanofluids as an advanced method for developing heat
transfer. These fluids are engineered colloidal suspensions of nanoparticles in a base fluid. In
the novel, nanofluids are formed by different kinds of nanoparticles. The representation of
nano liquids regarding heat transport improvement over reduced particles of nanometer was
conveyed through Choi [1]. Hsiao [2] studied the MHD stagnation-point flow of nano liquid
through slip boundary conditions on the stretched sheet. Unsteady boundary layer movement
of Maxell nanofluid flow in heat source or sink act reported in Ahmed et al. [3]. This study
exposed that heat source and radiation enhances the temperature field. Acharya [4] imple-
ment a model this studies the result of Brownian movement, thermophoresis, and convective
flow of nanofluids. More studies are in [5–18].

Nowadays, nanofluids are notorious for quickly engineer fluids accomplished with reg-
ular fluid and nanomaterials (1–100 nm). This type of fluids has more excellent thermal
conductivity and heat transfer coefficients than a single chapter associated with conventional
fluids. An innovative kind of nanofluid made by mixing two different types of nanomaterials
called composite or hybrid particles in the regular fluid is known as hybrid or compos-
ite nanofluid. Hybrid nanofluid combines the physical and chemical properties of changed
nanofluids instantaneously and offers similar stage properties. These fluids are realistically
a new nanofluid class with several potential applications in entirely heat transport fields,
i.e., acoustics, manufacturing, defense, microfluidics, transportation, naval structures, etc.
Enhancement of hybrid-nanofluid with relative stability and thermal conductivity increased.
It is noteworthy and guides sustainability and minimization/maximization of energy, increas-
ing efficiency (Das [19]). Sarkar et al. [20] and Sidik et al. [21] have summarized the previous
and present study and enrichment related to the preparation of hybrid nanofluids, the effects of
thermophysical of hybrid liquids, recent applications of hybrid-nanofluid.With the impacts of
viscous dissipation and Joule heat, Khan et al. [22] revealed thermal properties of (ethylene
glycol-based) SiO2 − MoS2 hybrid nanofluid. Influence of water-based hybrid nanofluid
through mixing nanoparticles (MoS2 and SiO2) with thermal radiation was estimated by
Khan et al. [23]. Nadeem et al. [24] conducted a numerical treatment of the hybrid nanofluid
over a curved surface with suction/injection. Hanif et al. [25] accomplished a test on ther-
mal performance and heat transfer in magnetic impact on hybrid nanofluid flow in a porous
cone. This experiment’s duration detected an augmentation in thermal efficiency and the heat
transfer rate of hybrid nanofluid via growing the radiation impact. The related literature can
be found in [26–47].

Magnetohydrodynamics (MHD) allows describing the fluid flow and electro-magnetism
characteristics. Precisely this is a proper technique to appropriating fluid flow significances
which electrically conducted by the magnetic field. Flow and heat transport procedure for a
viscous fluid in the occurrence of the magnetic field takes massive proposal in various engi-
neering and high-tech domains likeMHDpower generators, petroleum industries, noteworthy
responses in nuclear reactors cooling, the area of plasma, extractions of energy in the geother-
mal area, acclimatization the structure of boundary layer. Several artificial techniques have
been established and affirmed to control the layout of the boundary layer structure. Yet, out of
that, the applicable code of MHD is an effective method for flow transfer in the required path
by changing the boundary layer’s shape. In light of the flow entity and heat transfer process,
MHD flow’s characteristic features attracted several scientists and more general engineers in
the last few decades. Kotha et al. [48] studied the impact of bioconvection onMHD nanofluid
flow with gyrotactic microorganisms. The studies related to the flow features in a magnetic
field could be seen in [49–52].

Literature review approves the study of fluid flow on the curved surface have been hardly
evaluated.Models of 2D fluid working on the curved surface are the fluid boundary, similar to
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aerosol droplets, foambubbles, ormolecular films. Similarly, a real-life situation fluid flowon
the bent surface is the soap films are widely applied to inspect traditional two-dimensional
hydro-dynamic augmentation. Additional scientific application of coiled body discovered
over the bent jawof stretchy accumulating apparatus in industries.Amicrobiological example
is found over the fluid motion done lipid bilayer films over a prominent cell member. Lipid
bilayers disclose hydromagnetic features dispersion and viscosity, and random examinations
affirm such outcomes—viscous fluid flow overstretched bent sheet studied by Sajid et al.
[53]. The problem of MHD on heat transfer over a bent surface was examined by Abbas
et al. [54]. Entropy analysis for copper—alumina hybrid nanofluid over curved texture was
carried out by Afridi et al. [55].

Original fluids, including two dense ingredients distributed in a convectional fluid, were
developed and intensely have been widely used in recent years. These fluids are called
hybrid nanofluids, tend to increase thermal conductivity and lead to heat transport augmen-
tation in heat exchangers. Therefore, the present work aims to analyze the magnetic field on
Cu − Fe3O4/water hybrid nanofluid over a curved surface, but it has not been reported yet.
Furthermore, heat transfer is discussed in the existence of viscous dissipation. Curvilinear
coordinates are chosen for the mathematical formulation, and parallel study is working to
facilitate the governing equations. Computational evaluation executed on a summarized sys-
temutilizing the fourth-fifth order R-K-Fmethod in softwareMATLAB.We, too, emphasized
the effects of injection/suction parameters, Curvilinear parameter, magnetic parameter, and
Eckert number on the hybrid nanofluid over tables and graphs. Expressions of the friction and
Nusselt numbers were demonstrated to interpret the properties of the flow. The new outputs
of present scrutiny might be significant in enlightening exploration and plastic, ceramic, and
polymer industries.

Mathematical Formulation

A curved surface is predicted, which is overflown by a viscous, incompressible, steady hybrid
nanofluid. The surface radius R1, curvilinear composition r1 and s1. Which is supposed to
be in a curved manner within the spiral configuration. The curved texture stretching speed
is uw � as1 in s1—direction; so, the stream formulates boundary layer over r1—direction.
Here, R1 shows radius of stretched surface, furthermore, expresses the surface profile; i.e.,
raised values of R1 the surface changed to flat. The geometrical representation of our recent
study is disclosed in Fig. 1. Now, hybrid nanofluid is a small configuration of copper (Cu)
and Ferrous (Fe3O4) including water. Uniform magnetic field (B0) generally working to the
surface.

We depended on certain suppositions all over the investigation, like the nonappearance
of Joule heating and heat radiation. Additionally, the slip mechanism and nanoparticles
chemical reactions are overlooked. Nanofluids are in the equilibrium position. In light of the
above concept, the necessary driving conditions of an appropriate framework are organized
as follows ((Abbas et al. [54] and Nadeem et al. [24]):

∂

∂r1
{(r1 + R1)v} + R1

∂u1
∂s1

� 0, (1)

u21
r1 + R1

� 1

ρhn f

∂p

∂r1
, (2)

v1
∂u1
∂r1

+
R1

r1 + R1

(
u1

∂u1
∂s1

)
+

1

r1 + R1
(u1v1)
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Fig. 1 Physical model and
coordinate system
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Relevant boundary conditions are

u1 � as1, v � −vw, T1 � Tw, at r1 � 0, (5)

u1 → 0,
∂u1
∂r1

→ 0, T1 → T∞, as r1 → ∞, (6)

where u1 and v1 represents Velocities in the direction of s1, and r1. p designates nanofluid
pressure, vw > 0 and vw < 0 represents suction and injection velocity, respectively.

In this present problem, we continued jointly for hybrid nanofluid and usual nanofluid.
namely Cu and Fe3O4.Cu for usual nanofluid and Fe3O4 f or hybrid nanofluid. Table 1
shows the hydrothermal relations perfectly. We have gathered the principal equations using

Table 1 Thermal and mechanical
properties of water and
nanoparticles (Hanif et al. [32])

Properties Water ( f ) Cu(p1) Fe3O4(p2)

ρ
(
kgm−3

)
997.1 8933 5200

Cp(Jkg−1K−1) 4179 385 670

k
(
Wm−1K−1

)
0.613 401 6

σ
(
Sm−1

)
0.05 5.96 × 107 2.5 × 104
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the thermo-physical model hybrid nanofluid discovered through Takabi et al. [31]. It’s far
essential to cope with that introducing φ2 � 0.01l eads to the nanofluid model conveyed by,
Oztop and Abu-Nada [17] and Maxwell [18]. These equations are as follows

μhn f � μ f

(1 − ϕ1)
2.5(1 − ϕ2)

2.5
,

ρhn f � (1 − ϕ2)
[
(1 − ϕ1)ρ f + ϕ1ρs1

]
+ ϕ2ρs2,

σhn f

σn f
� σs2 + 2σn f − 2ϕ2

(
σn f − σs2

)
σs2 + 2σn f + ϕ2

(
σn f − σs2

) ,

where
σn f

σ f
� σs1 + 2σ f − 2ϕ1

(
σ f − σs1

)
σs1 + 2σ f + ϕ1

(
σ f − σs1

) ,

κhn f

κn f
� κs2 + (n − 1)κn f − (n − 1)ϕ2

(
κn f − κs2

)
κs2 + (n − 1)κn f + ϕ2

(
κn f − κs2

)

where
κn f

κ f
� κs1 + (n − 1)κ f − (n − 1)ϕ1

(
κ f − κs1

)
κs1 + (n − 1)κ f + ϕ1

(
κ f − κs1

) ,

(
ρCp

)
hn f � (1 − ϕ2)

(
ρCp

)
n f + ϕ2

(
ρCp

)
s2,

where
(
ρCp

)
n f � (1 − ϕ1)

(
ρCp

)
f + ϕ1

(
ρCp

)
s1. (7)

By using transformations, the governing momentum and energy equations changed into
the coupled nonlinear equations (Sajid et al. [53], Acharya [4]):

η �
√

a

ν f
r1, u1 � as1 f̃

′(η), v � − R1

r1 + R1

√
aν f f̃ (η),

θ̃ (η) � T1 − T∞
Tw − T∞

, p � ρ f (as1)
2 P̃(η), (8)

Here η directs as similarity variable.
Using the change in (8), governing Eqs. (1)–(4) along the boundary conditions in (5)-(6)

are converted into the form as follows.

P̃ ′ � f̃ ′2

η + K
, (9)

2K

η + K
P̃ � A1

A2

[
˜f ′′′ + f̃ ′′

η + K
− f̃ ′

(η + K )2

]
− K

η + K
f̃ ′2

+
K

η + K
f̃ ′ f̃ ′′ + K

(η + K )2
f̃ f̃ ′ − A3

A2
M f̃ ′, (10)

1

Pr

A4

A5

(
θ̃ ′′ + 1

η + K
θ̃ ′

)
+

K

η + K
f̃ θ̃ ′ + A1 Pr Ec

(
f̃ ′′ − f̃ ′

η + K

)2

� 0. (11)

Prime reflects the differentiation w. r. t. η and

A1 � μhn f

μ f
, A2 � ρhn f

ρ f
, A3 � σhn f

σ f
, A4 � κhn f

κ f
, A5 �

(
ρCp

)
hn f(

ρCp
)
f

.

Corresponding boundary conditions are transformed as:

f (0) � S, f ′(0) � 1, θ (0) � 1, at η � 0, (12)
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f ′ → 0, f ′′ → 0, θ → 0, as η → ∞, (13)

where � −vw
√
aν f , S > 0 indicates suction and S < 0 injections, M � σ f B2

0
ρ f a

is the

magnetic parameter, Pr � μ f Cp
κ f

is the Prandtl number and Ec � u2w
Cp(Tw−T∞) is the Eckert

number.
Eliminating the pressure term form (9) and (10), we have

f iv +
2

η + K
˜f ′′′ − 1

(η + K )2
f̃ ′′ + 1

(η + K )3
f̃ ′

+
A2

A1

⎡
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K

η + K

(
f̃ ˜f ′′′ − f̃ ′ f̃ ′′

)
− K

(η + K )2

(
f̃ ′2 − f̃ f̃ ′′

)

− K

(η + K )3
f̃ f̃ ′ − A3

A2
M

(
f̃ ′′ + f̃ ′

η + K

)
⎤
⎥⎥⎥⎦ � 0, (14)

The physical quantities of interest are the frictional coefficient, and Nusselt number are
defined as:

C f � τw

ρhn f (as1)2
, Nu � s1qw

κ f (Tw − T∞)
, (15)

Here τw � μhn f

(
∂u1
∂r1

− u1
r1+R1

)
r1�0

, and qw � −κhn f

(
∂T1
∂r1

)
r1�0

.

Introducing the dimensionless variables as in (8), we obtain the reduced frictional coeffi-
cient and Nusselt number as follows:

C fr1 � √
Res1C f � A1

(
f̃ ′′(0) − 1

K
f̃ ′(0)

)
,

Nur1 � Nu√
Res1

� −κhn f

κ f
θ̃ ′(0), (16)

where Res1 � as21
ν f

is the local Reynold number.

Computational Procedure

The nonlinear coupled compact system of Eqs. (14)–(11) go together with boundary condi-
tions (12)–(13) is distributed using the steady and recognized process of shooting technique
rooted with R-K-F method. Initially, the higher-order differential equations were reduced
into first-order differential equations by presenting the following variables:

⎛
⎜⎜⎜⎜⎜⎜⎜⎝

f
f ′
f ′′
f ′′′
θ

θ ′

⎞
⎟⎟⎟⎟⎟⎟⎟⎠

�

⎛
⎜⎜⎜⎜⎜⎜⎜⎝

�1

� ′
1 � �2

� ′
2 � �3

� ′
3 � �4

�5

� ′
5 � �6

⎞
⎟⎟⎟⎟⎟⎟⎟⎠

, (17)
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Fig. 2 a Effect of K on velocity for suction. b Effect of K on velocity for injection

BVP is changed into IVP by familiarizing initial conditions in terms of unknown named
as shooting parameters:

⎛
⎜⎜⎜⎜⎜⎜⎜⎝
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�3(0)
�4(0)
�5(0)
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. (18)
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Table 2 The comparative numerical values of skin friction coefficient (C f ) for regular fluids with our present

results when M � 0

K Mehmood et al. [14] Abbas et al. [54] Present outcomes

5 − 1.15763 − 1.15763 − 1.157631

10 − 1.07349 − 1.07349 − 1.073489

20 − 1.03561 − 1.03561 − 1.035610

30 − 1.02353 − 1.02353 − 1.023531

40 − 1.01759 − 1.01759 − 1.017587

50 − 1.01405 − 1.01405 − 1.014049

100 − 1.00704 − 1.00704 − 1.007039

200 − 1.00356 − 1.00356 − 1.003564

1000 − 1.00079 − 1.00079 − 1.000800

Infinity − 1.00000 − 1.00000 − 1.000000

first-order differential equation expressed in the reduced form as:

⎛
⎜⎜⎜⎜⎜⎜⎜⎝

� ′
1

� ′
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3
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⎞
⎟⎟⎟⎟⎟⎟⎟⎠

�

⎛
⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎝
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�4

− 2
η+K �4 + 1

(η+K )2
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(η+K )3
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⎡
⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

K

η + K
(�1�4 − �2�3)

+
K

(η + K )2

(
�1�3 − �2

2

)

− K

(η + K )3
�1�2

− A3

A2
M

(
�3 +

�2

η + K

)

⎤
⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

�6

−Pr A5
A4

[(
K

η+K

)
�1�6 + A1Ec

(
�3 − �2

η+K

)2] − 1
η+K �6

⎞
⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎠
(19)

Shooting parameters C1,C2 and C3 are calculated by employing the Newton technique
until boundary conditions, i.e., f ′(η) → 0, f ′′(η) → 0, θ (η) → 0, as η → ∞ are reached
against each group of parameters up to the sixth decimal place. A computational study is
accomplished in MATLAB.

Code of Authentication

Prevent the accuracy of our current study, and we have calculated the values of skin friction
coefficient (C f r ) for several values of curvature factor K and suction/injection in usual fluids.
Employed values in Table 2 and associated those values with Mehmood et al. [14] and Abbas
et al. [54]. It approves our desired accuracy. Thus, the code of authentication is acceptable.
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Fig. 3 a Effect of M on velocity for suction. b Effect of M on velocity for injection

Results and Discussion

A numerical analysis has been performed in this work to investigate the impact of dynamic
parameters on both hybrid nanofluid and usual nanofluid hydrothermal behavior. Needful
graphs and tables are disclosing the same. Frictional factor, heat transfer numerical results
are computed and studied. An elaborated comparative study between usual nanofluid and
hybrid nanofluid focuses on investigating the above fluids’ hydrothermal variations. K �
5.0, M � 2.0, Ec � 0.1,Pr � 6.2, φ1 � φ2 � 0.1 are few parametric values that are used in
the problem. To study the variations of engineering quantities more realistically, many have
applied the regression slope method(Sl p). According to Koriko et al. [15], Afridi et al. [33],
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and Acharya [4], this method is used to determine the discrimination between the impact of
various parameters.

The parametric analysis about the transference of fluid mixture (a mixture of biofluid,
Cu and Fe3O4) is investigated, and outputs are exhibited in Figs. 2, 3, 4, 5, 6, 7, 8 and
9. Biofluid copper mixture is eventually known as nanofluid, whereas a combination of
Cu, Fe3O4, and biofluid is called hybrid nanofluid. The curvature parameter’s impact on
the velocity of nanofluid and hybrid nanofluid is shown in Fig. 2. Figure 2a. These show the
suction values, and Fig. 2b shows the injection values for different parameters. Solid and
dashed curves define the velocity profile of nanofluid and hybrid nanofluid. For higher values
of K, both convection and hybrid nanofluid flow velocity are enhanced, and the velocity of
hybrid nanofluid is higher than the usual nanofluid. Physically, the dimensionless definition
of K � R

√
a
ν f

permit us to predict that hardly any kinematic viscosity will be experienced

for increased curvature factor due towhich the fluid flowswithoutmuch effort. (The deviation
of the curves in each curve of injection is much less when noticed.

Figure 3a represents the magnetic effect on the hydrothermal variation of condensed
nanofluid and hybrid nanofluid for suction. Figure 3b shows the same for injection. In the
presence of a magnetic field, the fluid velocity is noted to be declined in both cases. This
phenomenon is due to Lorentz pressure, which emerges from the collaboration of electric and
magnetic fields during a fluid flow, which is conducted electrically. The produced Lorentz
force controls the fluid’smotion in the boundary layer and reduces themomentum’s thickness
in the boundary layer. Hence, the rise in M diminishes the velocity of nanofluid and hybrid
nanofluids. Figure 4 shows the impact of different values of nanoparticles, volume fraction
φ2 on hybrid nanofluid velocity profiles. In both, we noticed that suction and injection hybrid
nanofluid velocity is enhanced for greater values of nanosized solid particles. Physically, the
nanoparticle volume fractions were added to reduce the viscosity of a convectional regular
fluid (water in the present investigation). Hence, the boundary layer velocity is enhanced.

The non-dimensional curvature radius K on the pressure P is seen in Fig. 5a in nanofluid
and hybrid nanofluids for suction and Fig. 5b for injection. Previous studies of [Sajid et al.
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Fig. 5 a Effect of K on pressure for suction. b Effect of K on pressure for injection

[39], Ahmed and Khan [16]] got the same effect. This figure shows a decrease in K causes an
increase in the pressure magnitude inside the boundary layer for convectional nanofluid and
hybrid nanofluids. The pressure profile becomes zero when the curved surface in this figure is
decreased to the planner surface for greater values of K , we conclude that the smaller values
of K , the more curves of the surface. The curvature of the surface causes secondary flow due
to the fluid flow’s curvilinear nature under the act of centrifugal force as the fluid particles
cross the curved track along the sheet’s surface. The secondary flow is hence superimposed
on the primary flow due to the increase in the velocity field. Though the pressure variation is
remarkably noticed inside the boundary layer, changes in pressure cannot be neglected in a
curved surface as frequently done for the flat stretching sheet. Figure 6 shows a decreasing
behavior in the magnitude of pressure profile inside the boundary and associated boundary
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Fig. 6 a Effect of M on pressure for suction. b Effect of M on pressure for injection

layer for the higher values of themagnetic parameter for suction and injection cases. A similar
effect was observed by Abbas et al. [40]. Furthermore, the magnitude in pressure for hybrid
nanofluid rises more than in convectional nanofluid.

Figure 7a demonstrates the curvature impact on the temperature in both usual nanofluid
and hybrid nanofluid for suction; Fig. 7b gives similar outputs for the case of injection.
Solid curves represent the temperature profiles of usual nanofluid, and temperature profiles
of hybrid nanofluid are illustrated in dashed curves. For amplifying the curvature factor, the
temperature is minimized. Hybrid nanofluid shows high thermal behavior. Double metallic
nanoparticles within the host fluid are absorbed by hybrid nanofluid as expected. Figure 7b
shows that more liquid entry inside the boundary layer shows more different temperature
outlines than suction. Thus, thermal performance becomes more noticeable.
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Fig. 7 a Effect of K on temperature for suction. b Effect of K on temperature for injection

Figure 8a, 8 b shows the temperature in linear associationwithM . Interruption in viscosity
caused due to M produces friction between fluid molecules and the surface, converting
frictional energy into thermal energy. Impact of Fe3O4 volumetric fractionφ2 on temperature,
diffusion is found in Fig. 9 for both suction and injection. This figure represents the presence
of φ2 has a substantial role in heat transfer within the fluid, increasing fluid temperature.
The changes in temperature profile for different values of the Eckert number Ec is given in
Fig. 10. It is noticed that the temperature distribution and thermal boundary layer thickness
are augmented by enhancing the values of Ec in both cases of suction and injection, it may
be since the temperature at the surface is higher (Tw > T∞) when compared to that of fluid
temperature.
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Fig. 8 a Effect of M on temperature for suction. b Effect of M on temperature for injection

The dynamics of wall shear stress against curvature and magnetic properties are studied
by conducting different numerical experiments, and the observations are displayed in Table
3. It is noticed that a significant rise in wall shear stress of nanofluid is increased when the
magnetic parameter is increased and vice versa with an increase in values of curvature factor
for hybrid nanofluid. High wall shear stress is found in hybrid nanofluid, and the strength
of the slender body is also found to increase while using hybrid nanofluid than nanofluid.
On observation from the slope analysis, the rate of increase in skin friction dominates for
suction. From the linear regression slope obtained in Table 3, it is evident that the increment
for injection in the hybrid nanofluid case is at the rate 0.446801, while it is 0.445751 in a
nanofluid. Subsequently, the slope rates for suction and injection are 0.612459 and 0.610378
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in the case of hybrid nanofluid. The slope analysis decreases at the rate of 0.001485 for
suction and 0.001702 for injection for usual nanofluids in the curvature factor. In contrast,
for hybrid nanofluid, the regression slope is 0.00198 and 0.00225 for suction and injection,
respectively. We notice a change in the texture of the curved surface as furthermore dragged
for suction.

In Table 4, several numerical methods are used to calculate the wall heat transfer rate.
With the increase in values of K , the wall heat transfer rate for nanofluid and hybrid nanofluid
is noticeably increased, and the opposite results were found for rising values of M and Ec.
It is observed that the wall heat transfer rate in hybrid nanofluid is greater than that of the
nanofluid. Suction consumes higher thermal significances in comparison to injection. Table
4 illustrates an increase at the rate 0.000361 for suction, while 0.000253 has been valued
by the slope method for injection in Cu/water nanofluid. Hence, for suction, efficient heat
transfer is possible. In the case of Cu − Fe3O4/water hybrid nanofluid, the slope rate is
0.000312 for suction and 0.000212 for injection. -ve values of slope in Table 4 conformed
diminishing in heat transfer. The rate of exhaustion seems to be more significant for injection
than suction. With an increment in M and Ec, the reduction rate is 0.175521, 4.109375 for
suction and 0.197243, 3.153297 for injection in case of Cu/water nanofluid. In the case of
Cu − Fe3O4/water hybrid nanofluid, the slope rate is 0.20034, 3.97506 for suction, and
0.22855, 3.13484 for injection.

Finally, Table 5 presents that the skin friction coefficient increases with the rise in
φ1 and φ2 at the linear regression slope values are 0.069275, 0.054585 for suction, and
0.058161, 0.049023 for injection. The rate of heat transfer decreased with φ1. Declining
suction is 0.00661, and it is 0.00341 for injection; positive values of linear regression slope
affirm that heat transfer is an increasing function of φ2 in Table 5. Injection exhibits 0.015286
rates of increment and 0.013493 for suction.
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Fig. 10 a Effect of Ec on temperature for suction. b Effect of Ec on temperature for injection

Conclusion

The present work investigates the hydrothermal variations of magnetized hybrid nanofluid
transport over a permeable curved surface. Copper and Ferrous nano components, including
water, constitute the base medium as host fluid. Magnetic field and viscosity have been
fused in this study. Moreover, the presence of suction/injection is also hypothesized in the
processes. Shooting based RKF-45 scheme was applied to disclose the hydrothermal results.
During numerical experiments, the following novel observations are noted.
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Table 3 Variation in skin friction coefficients

K M −C f r

Suction Injection

Nanofluid Hybrid nanofluid Nanofluid Hybrid nanofluid

5 0.2 2.008265 2.519123 1.761309 2.227377

10 1.899536 2.373803 1.637148 2.062776

20 1.849672 2.307415 1.579921 1.987176

50 1.821080 2.269444 1.547045 1.943847

100 1.811760 2.257081 1.536319 1.929728

Sl p − 0.001485 − 0.00198 − 0.001702 − 0.00225

0.4 2.108410 2.657560 1.861414 2.365555

0.6 2.200241 2.783616 1.953053 2.491206

0.8 2.285803 2.900485 2.038343 2.607600

1.0 2.366370 3.010119 2.118596 2.716732

Sl p 0.446801 0.612459 0.445751 0.610378

Table 4 Variation in Nusselt numbers

K M Ec Nur

Suction Injection

Nanofluid Hybrid nanofluid Nanofluid Hybrid nanofluid

5 0.2 0.1 2.187713 2.333110 1.055492 1.211067

10 2.216997 2.359603 1.078033 1.231442

20 2.228847 2.369717 1.086163 1.238058

50 2.235109 2.374828 1.090063 1.240906

100 2.237060 2.376378 1.091205 1.241673

Sl p 0.000361 0.000312 0.000253 0.000212

0.4 2.147954 2.287298 1.011207 1.159314

0.6 2.111814 2.245977 0.970683 1.112283

0.8 2.078351 2.207936 0.932940 1.068705

1.0 2.046993 2.172449 0.897382 1.027817

Sl p − 0.175521 − 0.20034 − 0.197243 − 0.22855

0.2 1.776776 1.935604 0.740162 0.897583

0.3 1.365838 1.538099 0.424832 0.584099

0.4 0.954901 1.140593 0.109503 0.270615

0.5 0.543963 0.743088 − 0.205827 − 0.042869

Sl p − 4.109375 − 3.97506 − 3.153297 − 3.13484
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Table 5 Variation in skin friction coefficients and Nusselt numbers in a hybrid nanofluid

φ1 φ2 Suction Injection

−C f r Nur −C f r Nur

1% 1% 1.481271 2.288961 1.330522 1.122710

5% 1.727820 2.242469 1.532235 1.093435

10% 2.054292 2.201229 1.802767 1.070158

15% 2.408898 2.175435 2.101873 1.058772

20% 2.800957 2.162346 2.439160 1.057041

Sl p 0.069275 − 0.00661 0.058161 − 0.00341

5% 1.666104 2.332179 1.492566 1.174803

10% 1.918504 2.394275 1.716820 1.246593

15% 2.200837 2.465311 1.971494 1.325978

20% 2.521369 2.545433 2.264987 1.413319

Sl p 0.0545853 0.013493 0.0490231 0.015286

1. Progressive curvature parameter values are registered for nanofluid and hybrid nanofluids,
while regressive values are recorded for the magnetic parameter. The high-velocity pro-
files of injection and suction very incredible. Similarly, Cu-Fe3O4/water hybrid nanofluid
gains a high-velocity profile over Cu/water nanofluid.

2. Skin friction increases for themagnetic parameter, though themaximum impact is brought
by injection. Hybrid nanofluid conveys high skin friction as compared to conventional
nanofluid.

3. Curvature parameter temperature is recorded to be inversely proportional to the magnetic
parameter and Eckert number. Acute thermal outcomes are noticed in injection, unlike
in suction. Maximum temperature occurs in Cu-Fe3O4/water hybrid nanofluid compared
to Cu/water nanofluid

4. Magnetic parameters and Eckert number show augmentation in heat transfer. The cur-
vature parameter is contrary to this. Hybrid nanofluid gets a high heat transfer rate as
compared to usual nanofluid

5. The conclusions are authenticated by referring to the published results. There is a good
correlation between the published and the present work.

The current research focuses on steady-state flow. Further research can be conducted on
time-dependent flows in porous media and will be communicated imminently. The updated
results of the present study may be valuable in enriching the research and in the ceramic,
plastic, and polymer industry.
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