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r thermal applications of heat
exchangers with thermophysical features of hybrid
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Muhammad Naveed Khan,a F. M. Aldosari,b Zhentao Wang,*a Muhammad Yasir, c

Mohammad Afikuzzamand and Ibrahim E. Elseesye

With their notable thermal characteristics, fluids incorporating nanoparticles have significant importance in

industrial processes. Due to the higher proficiency of hybrid nanofluid, this study is organized to observe the

flow phenomenon and thermal characteristics of kerosene-oil-based hybrid ferrofluid in relation to the

modified versions of two imperative Yamada–Ota and Xue models. A performance-based comparison is

conducted for an incompressible hybrid ferrofluid in relation to the upgraded Yamada–Ota and Xue

models. The magnetized flow mechanism in two dimensions is explored over a stretchable, curved

sheet. With the ordinary kerosene oil liquid, the ferroparticles, namely cobalt ferrite and magnetite, are

merged to form (CoFe2O4–Fe3O4/kerosene oil) hybrid ferrofluid. Mass and heat transport mechanisms

are scrutinized with the execution of activation energy, convective constraints, Joule heating,

exponential heat sources, and thermal radiation. Suitable ansatzes are utilized to achieve the

dimensionless pattern of the equations that regulate the problem. To numerically explore the

dimensionless equations, a powerful bvp4c strategy is implemented. On behalf of both considered

models, the characteristics of hybrid ferrofluid relative to pertinent parameters are graphically

investigated and comparatively analyzed. This study ensures that the improved Yamada–Ota model

yields more proficient outcomes in comparison to the Xue model. Moreover, the concentration field

demonstrates an escalating trend with the enhanced activation energy parameter.
1. Introduction

With the greatest accomplishment of nanouids in multifar-
ious disciplines, the focus on the study of nanouids has been
enhanced. Nanouid originated by introducing a nanoparticle
of nanometer size into a regular uid. As an ordinary uid has
a low capability to conduct heat, the addition of nanoparticles
uplis the thermal features of classical uids. Initially, nano-
uid was developed through the concept of Choi.1 To excessively
elevate the base uid's thermal attributes, two nanoparticles are
included in a carrier uid, termed a hybrid nanouid. As
compared to nanouids, the category of hybrid nanouids is
more effective with their excessive abilities to improve the rate
of heat transport in classical uids. Illustrations of such uids
include nanotechnology, heat exchangers, nuclear systems,
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solar energy, manufacturing processes, and biomedical engi-
neering.2 Numerous researchers investigate the thermal
features of classical uids corresponding to the inclusion of
nanoparticles. Sreedevi et al.3 carried out an unsteady investi-
gation of a magnetized hybrid nanouid corresponding to
physical constraints. The immersion of distinct nanoparticles
into the two-dimensional ow phenomenon of a regular liquid
through a stretchable curved medium was deliberated by
Madhukesh et al.4 The radiative magnetized ow mechanism
affected by slip conditions in a non-Newtonian uid with the
participation of a hybrid nanouid was inspected by Qureshi.5

An exploration of the physical impacts on the thermal analysis
of liquid-carrying nanoparticles was carried out by Santhi et al.6

The consequences of various physical characteristics on the
steady ow phenomenon generated by a porous exponential
medium in a hybrid nanouid were investigated by Neethu
et al.7 The thermal characteristics of a magnetized hybrid
nanouid ow phenomenon based on Yamada–Ota and Xue
models were explored by Ishtiaq et al.8 They compared the
various properties of the considered uid corresponding to the
two distinct models. The study of a hybrid nanouid subjected
to a time-dependent three-dimensional ow mechanism
produced by a stretched medium was deliberated by Mohana
and Kumar.9 Nadeem et al.10 discussed the thermal features of
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Geometrical description of the problem.
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a non-Newtonian uid with the contribution of nanoparticles in
a steady ow mechanism.

The movement of electrically conducting uids with the
signicance of the magnetic eld has been widely studied by
numerous researchers. The eld of magnetohydrodynamics
(MHD) has a diverse range of applications, including Teltron
tubes, transformers, metal working procedures, Helmholtz
coils, electric motors, and magnetic levitation. Khader and
Babatin11 conducted an examination of the mechanism of heat
transport and steady ow characteristics in an Eyring–Powell
uid under the inuence of a magnetic eld. A scrutinization of
the magnetized ow properties dependent on a two-phase
model in a Casson nanouid was revealed by Ishtiaq and
Nadeem.12 Seid et al.13 assumed a stretchable medium to
examine the ow phenomenon inuenced by magnetic and
various physical properties in an electrically conductive uid.
With the signicance of the variable magnetic eld, the prop-
erties of the micropolar uid on distinct mediums were
explored by Nadeem et al.14 Through a stretched, slender
medium, the thermal analysis and ow mechanism based on
magnetic properties in a uid containing distinct nanoparticles
were addressed by Elsebaee et al.15 Recent studies on the
magnetized ow of hybrid nanouids can be found in ref.
16–24.

In industrial procedures, the purpose of chemical reactions
is to obtain material of good quality from low-quality material.
The minimum requirement of energy to start the reactions is
characterized by activation energy, rst addressed by researcher
S. Arrhenius. The study of activation energy has grabbed the
attention of researchers with its effective utilization in engi-
neering and industrial elds. The signicance of the activation
energy in the time-independent ow properties of Casson uid
subject to physical constraints was shown by Salahuddin et al.25

The thermal mechanism with the contribution of activation
energy in a non-Newtonian uid and a two-dimensional ow
process was demonstrated by Bilal and Urva.26 The ow aspects
with the consequence of activation energy and physical thermal
conditions in a Williamson uid were exhibited by Asjad et al.27

Jayaprakash et al.28 performed a numerical evaluation to analyze
the diverse ow features of a hybrid nanouid in relation to
activation energy. The consequence of the activation energy on
the ow phenomenon of a hybrid nanouid with the applica-
tion of partial slips was deliberated by Algehyne et al.29 Further,
the related studies are in ref. 30–36.

Aer analyzing the aforementioned investigations, it is
noticed that hybrid nanouids ow with different physical
properties subject to stretched surfaces have been explored, but
the magnetized ow phenomenon of kerosene oil-based hybrid
nanouids with the extended version of Yamada–Ota and Xue
models over a curved stretching sheet has not been observed
until now. The novelty of the current study comprises the
execution of updated Yamada–Ota and Xue models on the two-
dimensional magnetized ow of a hybrid nanouid relative to
a stretchable curved surface. The mechanisms of mass and heat
transport are addressed through the utilization of exponential
heat sources, activation energy, Joule heating, and thermal
radiation effects. The dimensionless equations in relation to the
© 2024 The Author(s). Published by the Royal Society of Chemistry
Xue model and Yamada–Ota model are numerically handled
through the bvp4c methodology. For both models under
consideration, a graphical comparison of the ow characteris-
tics relative to numerous parameters is elucidated. Moreover,
a numerical scrutinization of the heat and mass transport rates
along with the surface drag force in relation to relevant
parameters is demonstrated.
2. Problem's mathematical
description

Let us take a stretchable sheet of curved shape to analyze the
movement of an incompressible hybrid ferrouid in two
dimensions. The considered sheet is assumed to form a circular
shape with radiusR. For the preparation of the desirable hybrid
ferrouid, two different nanoparticles, namely magnetite Fe3O4

and cobalt ferrite CoFe2O4, merge with regular kerosene oil
liquid. With the velocity Ũsh = 3s*, the considered curved
surface is extended towards the s*-direction. In the framework
of a magnetized ow mechanism, in the r*-direction,
a magnetic eld of ß0 strength is deployed. Moreover, the
thermal analysis experiences the impacts of an exponential heat
source, convective constraint, Joule heating, and radiation,
while the consequences of activation energy are incorporated
into mass transfer. The physical visualization of the ongoing
problem is portrayed in Fig. 1.

By taking the above suppositions, the appropriate equations
are dened in the curvilinear coordinates (r*, s*) as follows:37,38

R
v ~U

vs*
¼ �

v
�
~VðRþ r*Þ

�
vr*

; (1)

�
~U
2
.�

Rþ r*
��� 1

~rhnf

�
vP

vr*

�
¼ 0; (2)

1

~rhnf

�
vP

vs*

�
R

1

Rþ r*
þ ~U

1

Rþ r*
R

v ~U

vs*
þ v ~U

vr*
~V

þ 1

Rþ r*
~V ~U þ �~shnf

�
~rhnf
�
ß0

2 ~U

��~mhnf

�
~rhnf
� v ~U

vr*

1

Rþ r*
þ v2 ~U

vr*2
� ~U

1

ðRþ r*Þ2
!

¼ 0; (3)
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~UR
1

Rþ r*

v ~T

vs*
� 1�

~r ~CP

�
hnf

16 ~TN
3
s

3k

 
v ~T

vr*

1

Rþ r*
þ v2 ~T

vr*2

!

�
�
~shnf

	�
~r ~CP

�
hnf

�
~U
2
ß0

2 �
~khnf�

~r ~CP

�
hnf

 
v ~T

vr*

1

Rþ r*
þ v2 ~T

vr*2

!

� 1�
~r ~CP

�
hnf

�
~T � ~TN

�
~Q e

�
�r*

�
wf

3

��0:5�
¼ 0;

(4)

 
~T
~TN

!m*�
~C � ~CN

�
~K r

2
exp

0@�
 

~Tk1

Ea

!�11A

þv ~C

vr*
~V � ~D

 
v ~C

vr*

1

Rþ r*
þ v2 ~C

vr*2

!
þ v ~C

vs*
~U

1

Rþ r*
R ¼ 0; (5)

The relevant set of conditions at the boundary is illustrated
in the following way:37

at r* ¼ 0; ~V ¼ 0;
�
~T sh � ~T

�
ħ ¼ � ~khnf

 
v ~T

vr*

!
; ~U ¼ ~U sh

¼ 3s*; ~C

¼ ~Csh; as r*/N; ~C/ ~CN; ~U/0; ~T/ ~TN;
v ~U

vr*
/0:

(6)

Now, let us familiarize ourselves with the following similar
ansatz:36,37

~C ¼ fðxÞ
�
~Csh � ~CN

�
þ ~CN; x ¼ r*

�
s*wf

~U sh

��1=2
;

~V ¼ �FðxÞ�wf3
�1=2 1

Rþ r*
R; P ¼ P*ðxÞs*2~rf32;

~T ¼ qðxÞ
�
~T sh � ~TN

�
þ ~TN; ~U ¼ 3

dF

dx
s*: (7)

The above eqn (7) satisfy eqn (1) and transform eqn (2)–(5)
into the following form:

ð1=ðAþ xÞÞ
�
dF

dx

�2

S1 � dP*

dx
¼ 0; (8)

ð1=ðAþ xÞÞA
 

1

Aþ x
FðxÞdF

dx
þ FðxÞd

2F

dx2
�
�
dF

dx

�2
!

� 2

S1

P*ðxÞ 1

Aþ x
A� S3

S1

dF

dx
M

þ 1

S2S1

 
� 1

ðAþ xÞ2
dF

dx
þ d3F

dx3
þ d2F

dx2
1

Aþ x

!
¼ 0; (9)
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d2
q

dx2
þ Br

S3

Rdþ S4

�
dF

dx

�2

M þ dq

dx

1

Aþ x
þQ*Pr

1

Rdþ S4

eð�xÞ qðxÞ

þPr
1

Aþ x
A

S5

Rdþ S4

dq

dx
FðxÞ ¼ 0; (10)

d2
f

dx2
� dSc e

�
�

E*

lqðxÞ þ 1

�
ðlqðxÞ þ 1Þm*

fðxÞ þ df

dx

1

Aþ x

þ 1

Aþ x
ScA

df

dx
FðxÞ ¼ 0; (11)

The elimination of the pressure term from eqn. (8) and (9)
yields the following equation:

d4F

dx4
� 2

1

ðAþ xÞ2S2S1A

�
dF

dx

�2

þ dF

dx

1

ðAþ xÞ3 �MS3S2

d2F

dx2

� A
dF

dx
FðxÞS2S1

1

ðAþ xÞ3 2
d3F

dx3
1

Aþ x
� 1

Aþ x
MS3S2

dF

dx

þ FðxÞ 1

ðAþ xÞ2S2S1A
d2F

dx2
� S2S1

dF

dx

1

Aþ x

d2F

dx2

� 1

ðAþ xÞ2
d2F

dx2
þ d3F

dx3
AS2S1FðxÞ 1

Aþ x

þ d2F

dx2
1

ðAþ xÞ2 AS2S1FðxÞ

¼ 0;

(12)

In view of eqn (6) and (7) has the following expressions:

as x/N fðxÞ/0;
dF

dx
/0; fðxÞ/0;

d2F

dx2
/0; at x

¼ 0; ð1� qðxÞÞBiþ S4

dq

dx
¼ 0; FðxÞ ¼ 0; fðxÞ ¼ 1;

dF

dx
¼ 1;

(13)

The parameters involved in the above equations are
expressed as follows:

Bi ¼
�

3

wf

��1=2�
ħ
.
~kf

�
; M ¼ ß0

2~sf

3~rf
; Br

¼
32
�
~T sh � ~TN

��1
s*2~mf

~kf

; A ¼
�
wf

3

��1=2
R;

Pr ¼ wf

~af

; Sc ¼
 

~D

wf

!�1

; d ¼ ~K r

2
.
3; Q* ¼

0B@
�
~r ~CP

�
f
3

~Q

1CA
�1

;

l ¼
�
~T sh � ~TN

��
~TN

��1
; Rd ¼ 16 ~TN

3
s

3k ~kf

; E* ¼
 

~TNk1

Ea

!�1

:

(14)
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Table 1 Base fluid and nanoparticle thermophysical attributes.38,39

Thermophysical features
Cobalt ferrite
(CoFe2O4) Kerosene oil Magnetite Fe3O4

(m S−1)−1~s 1.1 × 107 21 × 10−6 0.74 × 106

(K−1 J kg−1)~CP 700 2090 670
(K−1 W m−1)~k 3.7 0.145 9.7
(1/kg m−3)−1~r 4907 783 5180
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The thermophysical characteristics involved in the dimen-
sionless equations are36
S1 ¼ B2

�
~rs2
�
~rf
�þ ��~rs1�~rf�B1 �B1 þ 1

�ð�B2 þ 1Þ;
S2 ¼ ð1�B2Þ5=2ð1�B1Þ5=2;

S3 ¼
�
~ss2 � 2~sfB2~sbf þ 2~sf~sbf þ 2~ss2B2

~ss2 þ ~sfB2~sbf þ 2~sf~sbf � ~ss2B2

�
;

�
~ss1 � 2~sfB1 þ 2~sf þ 2~ss1B1

~ss1 þ ~sfB1 þ 2~sf � ~ss1B1

�
¼ ~sbf ;

S4 ¼
 
~ks2 � 2 ~kfB2

~kbf þ 2 ~kf
~kbf þ 2 ~ks2B2

~ks2 þ ~kfB2
~kbf þ 2 ~kf

~kbf � ~ks2B2

!
;

 
~ks1 � 2 ~kfB1 þ 2 ~kf þ 2 ~ks1B1

~ks1 þ ~kfB1 þ 2 ~kf � ~ks1B1

!
¼ ~kbf ;

S5 ¼ B2

��
~r ~CP

�
s2

	�
~r ~CP

�
f

�
þ
���

~r ~CP

�
s1

	�
~r ~CP

�
f

�
B1 �B1 þ 1

�
ð�B2 þ 1Þ: (15)
The two nanoparticles considered in this problem have
numerical thermophysical characteristics, which are disclosed
in the following Table 1.

3. Model-dependent approach to
hybrid ferrofluid

The two familiar models, namely Yamada–Ota40 and Xue,41 for the
ow mechanism of nanouid have been studied. However, these
~khnf

~kbf

¼

~kbf

~ks2

LB2

1
5R�1 þ 1þ 2 ln

 
~kbf þ ~ks2

2 ~ks2

!
B2

~ks2

�
~ks2 � ~kbf

��1
þ LB2

 
~ks2 � ~kbf

~ks2

!
B2

1
5R�1

2

 
~kbf

~ks2 � ~kbf

!
B2 ln

 
~kbf þ ~ks2

2 ~kbf

!
þ 1�B2

;

~khnf

~kbf

¼

~kf

~ks1

LB1

1
5R�1 þ 1þ 2 ln

 
~kf þ ~ks1

2 ~ks1

!
B1

~ks1

�
~ks1 � ~kf

��1
þ LB1

 
~ks1 � ~kf

~ks1

!
B1

1
5R�1

2

 
~kf

~ks1 � ~kf

!
B1 ln

 
~kf þ ~ks1

2 ~kf

!
þ 1�B1

: (17)
two substantial models are now upgraded for hybrid nanouid
with their vigorous expressions. In the ongoing study, we observe
these modied models on the ow and thermal characteristics of
a kerosene oil-based hybrid nanouid with cobalt ferrite and
magnetite nanoparticles. The Xue model, with its modied
version of hybrid nanouid, has the following pattern:8
© 2024 The Author(s). Published by the Royal Society of Chemistry
~khnf

~kbf

¼
2 ln

 
~kbf þ ~ks2

2 ~kbf

!
B2

~ks2

�
~ks2 � ~kbf

��1
þ 1�B2

2 ln

 
~kbf þ ~ks2

2 ~kbf

!
B2

~kbf

�
~ks2 � ~kbf

��1
þ 1�B2

;

~kbf

~kf

¼
2 ln

 
~kf þ ~ks1

2 ~kf

!
B1

~ks1

�
~ks1 � ~kf

��1
þ 1�B1

2 ln

 
~kf þ ~ks1

2 ~kf

!
B1

~kf

�
~ks1 � ~kf

��1
þ 1�B1

: (16)
The following expressions are from the Yamada–Ota model
with its upgraded form:8
4. Physical quantities

The interesting quantities of the Sherwood number, coefficient
of skin friction, and Nusselt number are incorporated in the
current analysis. Mathematically, these quantities are illus-
trated in the following way:37
Nanoscale Adv., 2024, 6, 136–145 | 139
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fShs* ¼
�
~Csh � ~CN

��1
~jws*

~D
; fCf s* ¼ ~sr*s*

~U sh

2
~rf
;

gNus* ¼
�
~T sh � ~TN

��1
~qws*

~kf

: (18)

Here,

~jw ¼ �
 
v ~C

vr*

!
~D







r*¼0

; ~sr*s* ¼ ~mhnf

 
v ~U

vr*
� 1

Rþ r*
~U

!





r*¼0

; ~qw

¼ �~khnf

v ~T

vr*

 
~kf

~khnf

16 ~TN
3
s

3k ~kf

þ 1

!





r*¼0

:

(19)

With the assistance of eqn (7), (18) and (19) has the following
expressions:

fShs*

1

ðRes*Þ0:5
¼ �dfð0Þ

dx
; fCf s* 1

ðRes*Þ�0:5

¼
�
d2Fð0Þ
dx2

� dFð0Þ
dx

1

A

�
1

S2

; gNus*

1

ðRes*Þ0:5

¼ �dqð0Þ
dx

 
~kf

~khnf

Rdþ 1

!
~khnf

~kf

; Res* ¼
�
s*23
.
wf

�
:

(20)
Fig. 2 Curve of f(x) in relation to Sc.

Table 2 Comparison of the current results with a previous study
corresponding to distinct magnetic field values

M

�fCf s* 1

ðRes*Þ�0:5

Present values Mabood and Das42

1 1.4080 1.4142
5 2.4306 2.4495
10 3.2982 3.3166
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5. Outcomes and discussion

In relation to the improved version of the Xue and Yamada–Ota
models, an incompressible two-dimensional ow of Al2O3–Cu/
kerosene oil hybrid nanouid with various physical effects is
explored. An efficient technique called bvp4c is employed to
numerically tackle the setup of dimensionless equations. A
comparison between the current outcomes and the previously
reported study is given in Table 2. Table 2 demonstrates that
a strong bonding of numerical values is found between previous
and current results. This ensures the affirmation and validity of
the ongoing analysis. This section is arranged to analyze the
signicance of the relevant parameters corresponding to both
Fig. 4 Curve of f(x) in relation to d.

Fig. 3 Curve of f(x) in relation to E*.
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Fig. 5 Curve of q(x) in relation to Rd.

Fig. 6 Curve of q(x) in relation to Q*.

Fig. 7 Curve of q(x) in relation to Pr.

Fig. 8 Curve of q(x) in relation to Bi.
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models of Xue and Yamada–Ota on the concentration, velocity,
and temperature distributions through graphics. A reduction is
observed in the concentration distribution corresponding to
both considered models and the higher magnitude of the
Schmidt number, as depicted in Fig. 2. Physically, the mass
diffusivity deteriorates with the acceleration of the Schmidt
number. Consequently, there is a decrement in the concentra-
tion boundary layer thickness, and the concentration eld
yields the declining behavior. This diminishing phenomenon is
more noticeable in the Yamada–Ota model. Fig. 3 is sketched to
examine the eld of concentration in relation to both consid-
ered models and the higher parameter of activation energy. The
greater activation energy parameter yields an augmentation in
the concentration distribution, particularly in correspondence
to the Yamada–Ota model. This phenomenon occurs because
the energy is excessively enhanced in the system due to the
Fig. 9 Curve of F′(x) in relation to A.
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Fig. 10 Curve of F′(x) in relation to M.
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improved parameter of activation energy. Further, the rate of
the chemical reaction increases, which consequently heightens
the concentration. The declining nature of the concentration
curve with consideration of both models and the higher rate of
the chemical reaction are demonstrated in Fig. 4. An enhance-
ment in the considered parameter upgrades the chemical
reaction's destructive rate. Accordingly, the uid particles are
discarded, and their concentration reveals deteriorating
behavior. This visual phenomenon holds greater signicance
when considering the Yamada–Ota model. In relation to both
models under consideration, Fig. 5 is organized to explore the
signicance of the radiation parameter on the curve of the
temperature. There is a rise in the temperature prole with the
escalation of the radiation parameter. The uid particle's
kinetic energy amplies with the accelerating radiation
parameter. Thus, an augmentation in the temperature distri-
bution is detected. An escalation of the temperature prole
subject to the improved heat generation parameter and
consideredmodels is portrayed in Fig. 6. The uid particles gain
more heat with the augmentation of heat generation, and
Table 3 Comparative values of physical quantities in relation to the Xue

A M B2

Yamada–Ota Model

Sherwood Skin

0.3 0.5 0.02 1.3532 −6.7464
0.5 1.1385 −4.1421
0.7 1.0067 −3.0692

0.6 1.3554 −6.7492
0.7 1.3556 −6.7464
0.8 1.3557 −6.7391

0.02 1.3532 −6.7464
0.04 1.2314 −6.4047
0.06 1.2200 −6.0785

142 | Nanoscale Adv., 2024, 6, 136–145
consequently, the rate of heat transfer increases. The model of
Yamada–Ota provides more notable results for temperature
distribution. Fig. 7 exhibits the nature of the temperature curve
affected by the intensifying Prandtl number. The improved
Prandtl number leads to a reduction in the temperature eld.
Physically, an inverse connection is found between thermal
diffusivity and the Prandtl number. The increment of the
Prandtl number minimizes the heat diffusivity within the
system. As a result, the rate of heat transfer becomes lower.
Variation of the Biot number develops an intensication in the
curve of the temperature corresponding to both models, as
elucidated in Fig. 8. The rate of thermal transport through
a convection process is incredibly upgraded with the improved
Biot number. Accordingly, the temperature prole yields an
augmented behavior in relation to both models under consid-
eration. However, this graphical phenomenon in the case of the
Yamada–Ota model yields a vital effect. Fig. 9 has the objective
of presenting the optimized velocity behavior related to the
considered models and improved curvature parameters. Physi-
cally, the radius of the surface becomes elongated due to the
amplication of the curvature parameter. As a result, the
velocity eld yields an upgraded result. The purpose of the
improved magnetic eld is to decrease the velocity eld, as
disclosed in Fig. 10. In the movement of uid, an oppositional
Lorentz force is generated with the escalation of the magnetic
eld. The uid motion diminishes as it encounters resistance
from this force. As a result, the velocity distribution experiences
a decrease. A comparative analysis of physical parameters cor-
responding to both considered models is given in Table 3. The
physical quantities and their numerical values relative to the
specic pertinent parameters are exhibited. It is noticed that the
curvature parameter yields an enhancement in the surface drag
force but lowers the transport rates of heat and mass. These
effects are more noticeable in the context of the Yamada–Ota
model. Both the heat and mass transport rates are progressively
inuenced by the rising magnetic eld values. There is an
escalation in the surface drag force with the higher volume
fraction of magnetite nanoparticles. On the other hand, the rate
of mass transport and the rate of heat transport yield results
opposite to the surface drag force.
model and Yamada–Ota model

Xue Model

Nusselt Sherwood Skin Nusselt

0.7178 1.2706 −6.7408 0.7020
0.1222 1.1213 −4.1341 0.1019
0.1028 1.0057 −3.0599 0.0054
0.7151 1.3528 −6.7436 0.7013
0.7159 1.3529 −6.7408 0.7020
0.7298 1.3541 −6.7380 0.7028
0.7178 1.2706 −6.7408 0.7020
0.5359 1.2107 −6.3964 0.5274
0.1633 1.1518 −6.0705 0.1531

© 2024 The Author(s). Published by the Royal Society of Chemistry
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6. Concluding remarks

The application of the improved Xue model and Yamada–Ota
model to the magnetized 2D ow mechanism developed by
a stretched curved sheet in a hybrid ferrouid is discussed in
the article. Various physical impacts are incorporated into the
mechanisms of mass and heat transport. A numerical scruti-
nization of the ow problem is conducted through the execu-
tion of the bpv4c approach. The current study yields the
following crucial outcomes:

� The improved Prandtl number in the context of both
considered models develops a deterioration in the thermal
eld.

� A growing trend in the temperature curve is identied,
corresponding to a greater magnitude of the Biot number,
radiation, and heat source parameters.

� With the execution of both models and the augmentation
of the curvature parameter, the velocity prole exhibits an
accelerating mechanism.

� Both the elds of concentration and velocity yield reducing
behavior in the context of the amplication of the Schmidt
number and magnetic eld, respectively.

� The purpose of the improved activation energy corre-
sponding to both models is to upgrade the concentration
distribution.

� A stronger rate of chemical reaction produces an opposi-
tion in the eld of concentration.

� In comparison to the Xue model, the graphical outcomes
are more favorable with respect to the Yamada–Ota model.

Nomenclature
3

© 2024 The Auth
Stretching constant

ß0
 Magnetic eld strength

Ea
 Activation energy

~Q
 Heat sink/source coefficient

M
 Magnetic parameter

ħ
 Coefficient of convective heat transport

q(x)
 Temperature eld

B1
 Volume fraction of cobalt ferrite

A
 Curvature parameter

~V , Ũ
 Elements of velocity

~CP
 Specic heat capacity

E*
 Activation energy parameter

~jw
 Mass ux

~TN
 Free stream temperature

~s
 Electrical conductivity

Bi
 Biot number

P
 Pressure

Rd
 Radiation parameter

w
 Kinematic viscosity

F(x)
 Velocity eld

~qw
 Heat ux

R
 Radius of curved surface

~r
 Fluid density

(r*, s*)
 Curvilinear coordinates

~T
 Temperature
or(s). Published by the Royal Society of Chemistry
~m
 Dynamic viscosity

Sc
 Schmidt number

Q*
 Heat sink/source parameter

~C
 Concentration

Br
 Brinkman number

�k
 Mean absorption coefficient

�s
 Stefan–Boltzmann coefficient

l
 Temperature difference

~s
 Shear stress

~K r

2
 Rate of reaction

f(x)
 Concentration eld

B2
 Volume fraction of magnetite

~k
 Thermal conductivity

P*
 Dimensionless pressure

Pr
 Prandtl number

d
 Parameter of chemical reaction rate

~D
 Mass diffusion
Subscripts
s1
 Cobalt ferrite nanoparticle

bf
 Base uid

f
 Fluid

s2
 Magnetite nanoparticle

N
 Free stream condition

hnf
 Hybrid nanouid
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