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ARTICLE INFO ABSTRACT

Keywords: Hybrid nanofluids, which are made by suspending non-identical nanoparticles, have been a prominent research

Hybrid Nanofluid ) area because of their high efficiency in heat transfer. The analysis of the magnetohydrodynamics flow of Ag-TiOy

xa(ginetohydrodynamlcs hybrid nanofluid over a permeable wedge with heat radiation and viscous dissipation is mathematically
edge

examined in this paper. Ordinary differential equations are deduced by applying the corresponding similarity
transformations to the mathematical modelling of the governing partial differential equations. The dimensionless
governing equations are solved using the built-in bvp4c function in the MATLAB package to compute the dual
solutions and the stability analysis. A respectable degree of agreement has been obtained after comparing the
current results with the earlier study. Prandtl number, magnetic parameter, radiation parameter, Eckert number,
and other governing factors have all been studied, along with their physical impacts on fluid flow. The graphical
results have been demonstrated and described in relation to the profiles of temperature and velocity distribution,
skin friction as well as the Nusselt number. It has been established that the higher volume percentage of titania
nanoparticles has the potential to improve thermal conductivity, and the first solution has been found to be stable

Thermal Radiation
Viscous Dissipation
Stability Analysis

in this flow.

1. Introduction

Scientists and researchers are constantly striving to increase the
thermal conductivity of materials in order to get the greatest possible
outcome in boosting the heat transfer rate. Formerly, conventional base
fluid was utilized as the heat transfer fluid. However, due to the low
thermal conductivity, the process is inefficient. Therefore, solid particles
had been dispersed into the conventional fluid to boost the thermal
conductivity. Maxwell [1] pioneered this notion by determining the
possibility of increasing the heat transfer rate of fluids containing a large
volume fraction of solid particles. Nevertheless, the outsized particles
produce sedimentation and inhibit heat transfer reactivity. As a result,
nanoparticles of a smaller scale have been developed to improve both
suspension stability and thermal conductivity, which is known as
nanofluid. Choi and Eastman [2] began the investigation to overcome
the problem of low thermal conductivity and reinvent the heat transfer
rate of fluids that can be coordinated by floating metallic nanoparticles.
Therefore, the nanofluid has gained enormous attraction and has been
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explored with different aspects like thermal physical properties, vis-
cosity, magnetic, chemical reaction and stability. The reviews from the
researchers mostly agreed that the nanofluid tremendously improves the
performance of thermal conductivity in conventional fluids [3-5]. The
study was then expanded by dispersing two different types of nanoscale-
sized particles simultaneously, leading to the coining of the phrase
“hybrid nanofluid”.

The uniqueness of hybrid nanofluid is attributed to the composition
of two dissimilar metallic nanoparticles that dissolve in the based fluid.
By selecting the two ideal nanoparticles, thermal conductivity will be
improved and produce a better rate of heat transfer [6]. The combina-
tion’s goal is to either strengthen each component’s ability to function
alone or to compensate for any weaknesses to generate an optimum heat
transfer rate. As a result, many scientists are curious to find out how
hybrid nanofluids can increase thermal conductivity. They used a wide
range of different aspects in their research to determine the efficacy of
enhancing heat transmission, including magnetic field, porous media,
diverse plate surface properties, thermal radiation, viscosity, chemical
reaction, and others. A spectacular thermal network and rheological
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Nomenclature
Roman letters
a positive strength constant
Ag argentum/silver nanoparticles
b stretching/shrinking constant
B magnetic field
Ec Eckert number
f(n),F(n) velocity function
H,O water
k thermal conductivity
k* mean absorption coefficient
m the power-law parameter of Falkner-Skan
M magnetic parameter
Nu, local Nusselt number
Pr Prandtl number
qw surface heat flux
qr radiative heat flux
Rd thermal radiation parameter
Rey local Reynolds number
S suction parameter
T temperature
TiO4 titania/titanium dioxide nanoparticles
u, v velocity components along the x and y directions,
respectively
U, external fluid flow
Uy, surface velocity
Vi mass flux velocity
X,y Cartesian coordinates

Greek symbols

a thermal diffusivity

B Hartree pressure gradient

Q total wedge angle

W stream function

71 smallest eigenvalue

o* Stefan-Boltzman constant

u dynamic viscosity

p density

o electrical conductivity

y eigenvalue

n similarity variable

[ dimensionless temperature

A Argentum nanoparticles volume fraction
¢ Titania nanoparticles volume fraction
p) stretching/shrinking parameter
v kinematic viscosity

Subscripts

w condition at the surface

© condition at the ambient

nf nanofluid

f base fluid

hnf hybrid nanofluid

Superscript

! differentiation with respect to 5

features that were influenced by the synergistic interaction of dispersion
composite nanoparticles were also documented in numerous reviews of
hybrid nanofluids. The anomalous rise in the heat transfer rate of hybrid
nanofluid will be a major feature in thermal physical roles where it can
function as a cooler or warmer, making it advantageous and effective in
the heat exchanger and solar energy system applications [7,8]. Bhatti
et al. [9] analysed the behaviours of diamond and Silica nanoparticles in
water-based hybrid nanofluid through the solar collector application
and noticed that the vigorous doping for both nanoparticles accom-
plished a preferable thermal elevation, especially close to the wall.
Additionally, the fluid flows through wedge-shaped surfaces with a
variety of effects also drawn extensive attention in the past few decades.
The problem on wedge-shaped surfaces had been considered and pio-
neered by Falkner and Skan [10], who proposed the solutions of
boundary layer equations for streaming flows over static wedges with
arbitrary angles. They developed a similarity transformation by which
the differential boundary layer equations can be reduced to a nonlinear
normal differential equation of third order, and subsequently described
it arithmetically. Almost any situation involving general fluid flow, such
as in factories, research facilities, or even in the building of prototypes
for future aerospace or defence technologies, will involve boundary
layer flow past a wedge. Flows past a wedge are used in a wide variety of
fields, including nuclear power plants, the flow of molten metals over
ramped surfaces, polymer processing, the development of flaps on
aircraft wings to improve lift, manoeuvrability and drag, the launching
of chilled air through AC panels, crude oil extraction, the modelling of
warships and submarines, liquid metal flows in heat exchangers, and
many more. Transonic flows over airfoils and wings, are also one of the
primary topics of research involving wedge angle [11]. Gorla et al. [12]
studied the impact of Brownian motion and thermophoresis parameter
on the mixed convection of nanofluid past a vertical wedge. Khan et al.
[13] explored the influence of heat generation/absorption on Falkner-
Skan flow of Carreau nanofluid over a wedge and found that the

temperature gradient increased as the wedge angle parameter increased.
A year later, Awaludin et al. [14] noticed that increasing the angle of the
wedge improved the range of solutions. In subsequent years, several
researchers did studies on Falkner-Skan flow using combinations of
other physical characteristics to ascertain the impacts of the flow
[15-17].

Furthermore, hybrid nanofluids subjected to magnetic field have a
big potential for applications in industrial sectors such as geothermal
energy extractors, liquid—metal cooling of nuclear reactors, electro-
magnetic casting, generators and flow meters as well as medical sectors
like cancer therapy, asthma treatment and drug release. The study of
electrically conducting fluids under the influence of magnetic fields is
known as magnetohydrodynamics (MHD). A moving conductive fluid
can experience currents from magnetic fields, which polarises the fluid
and changes the magnetic field in a reciprocal manner. Researchers
consider MHD in their model since it is believed to be one of the decisive
variables to increase thermal conductivity in the fluid flow [18]. The
formation of electrically conducting fluid is due to the coupling between
the magnetic field and velocity field, inducing the currents into such a
hybrid nanofluid flow and releasing forces acting on the fluid and
remoulding the magnetic field itself. The presence of magnetic field with
Lorentz force interacts with the buoyancy force in the governing flow
and temperature fields, hence, the phenomenon of MHD is described
completely through the momentum and energy differential equations
which comprise Navier-Stokes equations and Maxwell’s equations. As
mentioned by Wakif et al. [19], the increasing resistive Lorentz forces
along with higher suction parameter tend to slow down the fluid ve-
locity. Nowadays, numerous researchers worked on the stimulation of
MHD and heat transfer of hybrid nanofluid flow to determine the
viability and practicality of the effects of MHD on hybrid nanofluids
[20-22]. Pordanjani et al. [23] examined the effect of magnetic field on
the convective heat transfer of hybrid nanofluid in a square diagonal
cavity. They claimed that the entropy generation hardly changes when
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Fig. 20. Impact of TiO, nanoparticles concentration on the Nusselt number.
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Fig. 21. Smallest eigenvalue y; on A for dual solutions.

The temperature distribution profile as well as heat transfer rate
enhances when the thermal radiation parameter grows in number.
An increase in the suction parameter upsurges the velocity gradient
and shear stresses but reduces the temperature distribution profile.
Higher volume fraction of argentum nanoparticles increases the skin
friction coefficient but reduces the local Nusselt number.

Titania nanoparticle’s higher concentration causes the diminution of
the skin friction coefficients and enhances the thermal conductivity
of the hybrid nanofluid.

The first solution for this study is feasible and stable while the second
solution is unstable according to the computed smallest eigenvalue.

Declaration of Competing Interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence

10

Journal of Magnetism and Magnetic Materials 565 (2023) 170284

the work reported in this paper.
Data availability

No data was used for the research described in the article.
Acknowledgement

The authors would like to extend their appreciation to Universiti
Malaysia Pahang for contributing research funds (RDU213201 and
RDU223202) to support the completion of this project.

References

[1] J.C. Maxwell, A treatise on electricity and magnetism, Clarendon Press, Oxford,
1873, pp. 360-366.

S.U.S. Choi, J.A. Eastman, Enhancing thermal conductivity of fluids with
nanoparticles, in: The Proceedings of the 1995 ASME International Mechanical
Engineering Congress and Exposition, San Francisco, USA, 1995: pp. 99-105.
10.1115/1.1532008.

S. Chakraborty, P.K. Panigrahi, Stability of nanofluid : A review, Appl. Therm. Eng.
174 (2020), 115259.

G. Huminic, A. Huminic, Entropy generation of nanofluid and hybrid nanofluid
flow in thermal systems: A review, J. Mol. Liq. 302 (2020), https://doi.org/
10.1016/j.molliq.2020.112533.

N.A. Zainal, R. Nazar, K. Naganthran, I. Pop, Flow and heat transfer over a
permeable moving wedge in a hybrid nanofluid with activation energy and binary
chemical reaction, Int. J. Numer. Methods Heat Fluid Flow. 32 (5) (2022)
1686-1705.

E.H. Aly, 1. Pop, MHD flow and heat transfer near stagnation point over a
stretching/shrinking surface with partial slip and viscous dissipation: Hybrid
nanofluid versus nanofluid, Powder Technol. 367 (2020) 192-205, https://doi.
org/10.1016/j.powtec.2020.03.030.

M. Muneeshwaran, G. Srinivasan, P. Muthukumar, C.C. Wang, Role of hybrid-
nanofluid in heat transfer enhancement — A review, Int. Commun. Heat Mass
Transfer. 125 (2021), https://doi.org/10.1016/j.icheatmasstransfer.2021.105341.
S. Salman, A.R.A. Talib, S. Saadon, M.T.H. Sultan, Hybrid nanofluid flow and heat
transfer over backward and forward steps: A review, Powder Technol. 363 (2020)
448-472, https://doi.org/10.1016/j.powtec.2019.12.038.

M.M. Bhatti, H.F. Oztop, R. Ellahi, L.E. Sarris, M.H. Doranehgard, Insight into the
investigation of diamond (C) and Silica (SiO2) nanoparticles suspended in water-
based hybrid nanofluid with application in solar collector, J. Mol. Liq. 357 (2022)
1-14.

V.M., Falkner, S.W. Skan, Some Approximate Solutions of the Boundary Layer
Equations, Philosophical Magazine. 12 (1931) 865-896. 10.1080/
14786443109461870.

S. Sarkar, M.F. Endalew, Effects of melting process on the hydromagnetic wedge
flow of a Casson nanofluid in a porous medium, Boundary Value Problems. 2019
(2019), https://doi.org/10.1186/s13661-019-1157-5.

R.S.R. Gorla, Ali Jawad Chamkha, Ahmed Mohamed Rashad, Mixed convective
boundary layer flow over a vertical wedge embedded in a porous medium
saturated with a nanofluid: Natural Convection Dominated Regime, Nanoscale Res
Lett. 6 (2011). http://www.nanoscalereslett.com/content/6,/1/207.

M. Khan, M. Azam, A.S. Alshomrani, Effects of melting and heat generation /
absorption on unsteady Falkner-Skan flow of Carreau nanofluid over a wedge, Int.
J. Heat Mass Transf. 110 (2017) 437-446.

1.S. Awaludin, A. Ishak, I. Pop, On the Stability of MHD Boundary Layer Flow over
a Stretching/Shrinking Wedge, Sci. Rep. 8 (2018) 1-8, https://doi.org/10.1038/
s41598-018-31777-9.

1. Waini, A. Ishak, I. Pop, MHD flow and heat transfer of a hybrid nanofluid past a
permeable stretching/shrinking wedge, Appl. Math. Mech. (English Edition). 41
(2020) 507-520, https://doi.org/10.1007/s10483-020-2584-7.

B. Mahanthesh, S.A. Shehzad, T. Ambreen, S.U. Khan, Significance of Joule heating
and viscous heating on heat transport of MoS2-Ag hybrid nanofluid past an
isothermal wedge, J. Therm. Anal. Calorim. 143 (2021) 1221-1229, https://doi.
org/10.1007/s10973-020-09578-y.

M. Izady, S. Dinarvand, 1. Pop, A.J. Chamkha, Flow of aqueous Fe203-CuO hybrid
nanofluid over a permeable stretching/shrinking wedge: A development on
Falkner-Skan problem, Chinese J. Phys. 74 (2021) 406-420, https://doi.org/
10.1016/j.cjph.2021.10.018.

M.S. Astanina, M.A. Sheremet, H.F. Oztop, N. Abu-Hamdeh, MHD natural
convection and entropy generation of ferrofluid in an open trapezoidal cavity
partially filled with a porous medium, Int J Mech Sci. 136 (2018) 493-502,
https://doi.org/10.1016/j.ijmecsci.2018.01.001.

A. Wakif, A. Chamkha, I.L. Animasaun, M. Zaydan, H. Waqas, R. Sehaqui, Novel
Physical Insights into the Thermodynamic Irreversibilities Within Dissipative
EMHD Fluid Flows Past over a Moving Horizontal Riga Plate in the Coexistence of
Wall Suction and Joule Heating Effects: A Comprehensive Numerical Investigation,
Arab. J. Sci. Eng. 45 (2020) 9423-9438, https://doi.org/10.1007/513369-020-
04757-3.

M. Nadeem, 1. Siddique, J. Awrejcewicz, M. Bilal, Numerical analysis of a second-
grade fuzzy hybrid nanofluid flow and heat transfer over a permeable stretching/

[2]

[3

=

[4]

[5]

[6

[}

[71

[8]

[91]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]



Y. Bing Kho et al.

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

shrinking sheet, Sci. Rep. 12 (2022) 1-17, https://doi.org/10.1038/s41598-022-
05393-7.

M. Shoaib, M.A.Z. Raja, M.T. Sabir, M. Awais, S. Islam, Z. Shah, P. Kumam,
Numerical analysis of 3-D MHD hybrid nanofluid over a rotational disk in presence
of thermal radiation with Joule heating and viscous dissipation effects using
Lobatto IIIA technique, Alex. Eng. J. 60 (2021) 3605-3619, https://doi.org/
10.1016/j.2€j.2021.02.015.

N.S. Khashi’ie, N.M. Arifin, I. Pop, Magnetohydrodynamics (MHD) boundary layer
flow of hybrid nanofluid over a moving plate with Joule heating, Alex. Eng. J. 61
(3) (2022) 1938-1945.

A.H. Pordanjani, S.M. Vahedi, S. Aghakhani, M. Afrand, H.F. Oztop, N. Abu-
Hamdeh, Effect of magnetic field on mixed convection and entropy generation of
hybrid nanofluid in an inclined enclosure: Sensitivity analysis and optimization,
Eur. Phys. J. Plus. 134 (2019), https://doi.org/10.1140/epjp/i2019-12763-2.

A. Jamaludin, K. Naganthran, R. Nazar, I. Pop, MHD mixed convection stagnation-
point flow of Cu-Al203/water hybrid nanofluid over a permeable stretching/
shrinking surface with heat source/sink, Eur. J. Mech. B Fluids. 84 (2020) 71-80.
Adnan Asghar, Teh Yuan Ying, Khairy Zaimi, Asghar 2022 MHD Mixed Convection
Hybrid Nanofluid Thermal Radiation Joule Heating Velocity and Thermal Slip
Conditions, J. Adv. Res. Fluid Mech. Therm. Sci. 95 (2022) 159-179.

A. Aziz, W. Jamshed, T. Aziz, H.M.S. Bahaidarah, K. Ur Rehman, Entropy analysis
of Powell-Eyring hybrid nanofluid including effect of linear thermal radiation and
viscous dissipation, J. Therm. Anal. Calorim. 143 (2021) 1331-1343, https://doi.
org/10.1007/s10973-020-10210-2.

A. Ali, A. Noreen, S. Saleem, A.F. Aljohani, M. Awais, Heat transfer analysis of
Cu-Al203 hybrid nanofluid with heat flux and viscous dissipation, J. Therm. Anal.
Calorim. 143 (2021) 2367-2377, https://doi.org/10.1007/510973-020-09910-6.
B.J. Gireesha, G. Sowmya, M.I. Khan, H.F. Oztop, Flow of hybrid nanofluid across a
permeable longitudinal moving fin along with thermal radiation and natural
convection, Comput. Methods Programs Biomed. 185 (2020) 1-8, https://doi.org/
10.1016/j.cmpb.2019.105166.

P. Sreedevi, P. Sudarsana Reddy, Heat and mass transfer analysis of unsteady
hybrid nanofluid flow over a stretching sheet with thermal radiation, SN Appl. Sci.
2 (2020) 1222, https://doi.org/10.1007/s42452-020-3011-x.

A.J. Chamkha, A.S. Dogonchi, D.D. Ganji, Magneto-hydrodynamic flow and heat
transfer of a hybrid nanofluid in a rotating system among two surfaces in the
presence of thermal radiation and Joule heating, AIP Adv. 9 (2019), https://doi.
org/10.1063/1.5086247.

A.J. Chamkha, Non-Darcy hydromagnetic free convection from a cone and a wedge
in porous media, Int. Commun. Heat Mass Transfer. 23 (6) (1996) 875-887.

H.S. Takhar, A.J. Chamkha, G. Nath, MHD flow over a moving plate in a rotating
fluid with magnetic field, Hall currents and free stream velocity, Int. J. Eng. Sci. 40
(2002) 1511-1527. www.elsevier.com/locate/ijengsci.

M. Veera Krishna, N. Ameer Ahamad, A.J. Chamkha, Hall and ion slip effects on
unsteady MHD free convection rotating flow through a saturated porous medium

11

[34]

[35]

[36]

[371

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

Journal of Magnetism and Magnetic Materials 565 (2023) 170284

over an exponential accelerated plate, Alexandria Engineering Journal. 59 (2020)
565-577.

M. Veera Krishna, N. Ameer Ahamad, A.J. Chamkha, Hall and ion slip impacts on
unsteady MHD convective rotating flow of heat generating/absorbing second grade
fluid, Alex. Eng. J. 60 (2021) 845-858, https://doi.org/10.1016/j.
aej.2020.10.013.

M.V. Krishna, A.J. Chamkha, Hall and ion slip effects on MHD rotating flow of
elastico-viscous fluid through porous medium, Int. Commun. Heat Mass Transfer.
113 (2020), https://doi.org/10.1016/j.icheatmasstransfer.2020.104494.

B. Takabi, S. Salehi, Augmentation of the heat transfer performance of a sinusoidal
corrugated enclosure by employing hybrid nanofluid, Adv. Mech. Eng. 2014
(2014) 1-16, https://doi.org/10.1155/2014/147059.

S. Hussain, S.E. Ahmed, T. Akbar, Entropy generation analysis in MHD mixed
convection of hybrid nanofluid in an open cavity with a horizontal channel
containing an adiabatic obstacle, Int. J. Heat Mass Transf. 114 (2017) 1054-1066,
https://doi.org/10.1016/j.ijheatmasstransfer.2017.06.135.

G. Aaiza, I. Khan, S. Shafie, Energy Transfer in Mixed Convection MHD Flow of
Nanofluid Containing Different Shapes of Nanoparticles in a Channel Filled with
Saturated Porous Medium, Nanoscale Res Lett. 10 (2015) 1-14, https://doi.org/
10.1186/511671-015-1144-4.

S. Das, R.N. Jana, Natural convective magneto-nanofluid flow and radiative heat
transfer past a moving vertical plate, Alex. Eng. J. 54 (2015) 55-64, https://doi.
0rg/10.1016/j.a¢j.2015.01.001.

J.H. Merkin, On dual solutions occurring in mixed convection in a porous medium,
J. Eng. Math. 20 (1986) 171-179, https://doi.org/10.1007/BF00042775.

P.D. Weidman, D.G. Kubitschek, A.M.J. Davis, The effect of transpiration on self-
similar boundary layer flow over moving surfaces, Int. J. Eng. Sci. 44 (2006)
730-737, https://doi.org/10.1016/j.ijjengsci.2006.04.005.

S.D. Harris, D.B. Ingham, 1. Pop, Mixed convection boundary-layer flow near the
stagnation point on a vertical surface in a porous medium: Brinkman model with
slip, Transp Porous Media. 77 (2009) 267-285, https://doi.org/10.1007/s11242-
008-9309-6.

AK. Pandey, M. Kumar, Chemical reaction and thermal radiation effects on
boundary layer flow of nanofluid over a wedge with viscous and Ohmic dissipation,
St, Petersburg Polytechnical University Journal: Physics and Mathematics. 3
(2017) 322-332, https://doi.org/10.1016/j.spjpm.2017.10.008.

P. Gumber, M. Yaseen, S.K. Rawat, M. Kumar, Heat transfer in micropolar hybrid
nanofluid flow past a vertical plate in the presence of thermal radiation and
suction/injection effects, Partial Differential Equations in Applied Mathematics. 5
(2022) 100240.

A. Wakif, A. Chamkha, T. Thumma, I.L. Animasaun, R. Sehaqui, Thermal radiation
and surface roughness effects on the thermo-magneto-hydrodynamic stability of
alumina-copper oxide hybrid nanofluids utilizing the generalized Buongiorno’s
nanofluid model, J. Therm. Anal. Calorim. 143 (2021) 1201-1220, https://doi.
org/10.1007/s10973-020-09488-z.





