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ABSTRACT: The present study investigates the dynamic behavior of a ternary-hybrid nanofluid within a tapered
asymmetric channel, focusing on the impact of unsteady oscillatory flow under the influence of a magnetic field.
This study addresses temperature-sensitive water transport mechanisms relevant to industrial applications such as
thermal management and energy-efficient fluid transport. By suspending nanoparticles of diverse shapes-platelets,
blades, and spheres in a hybrid base fluid comprising cobalt ferrite, magnesium oxide, and graphene oxide, the study
examines the influence of both small and large volume fraction values. The governing equations are converted into a
dimensionless form. With suitable assumptions, the partial differential equations (PDEs) are simplified into ordinary
differential equations (ODEs), which are then solved using an analytical method. The proposed solution is verified using
a numerical approach with the BVP4C solver. The analysis yields detailed graphs that depict the behavior of key fluid
flow parameters, such as velocity, temperature, concentration, skin friction, Nusselt number, and Sherwood number,
within the tapered asymmetric channel.
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1 Introduction

Researchers and engineers have explored the interesting domain of nanofluids to improve energy-
efficient heat transfer mechanisms and augment the efficacy of cooling systems. Nanofluids, consisting of
colloidal suspensions of nanoparticles in a base fluid, represent a potential approach for enhancing heat
transfer properties in many applications. Thermal management in intricate fluid dynamics settings is notably
difficult; nevertheless, investigating temperature-sensitive ternary nanofluids presents a feasible remedy.
Energy efficiency and sustainability have gained paramount significance in this age of rapid technological
progress. The increased demand for heat transport media that can adapt to varying temperature and fluid
conditions has driven research into novel heat transfer technologies. The flow of nanofluids in tapered
asymmetric channels creates a distinctive setting for investigating their thermal behaviour due to the
interplay of MHD and porous media. These topologies are found in many technical and environmental
systems, such as geothermal reservoirs, oil recovery methods, and electronic cooling systems.
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Xiu et al. [1] investigated influence of water-based nanofluids with the forced convective flow.
The behaviour of dual-stretched ternary-hybrid nanofluids on wedge surfaces is analysed under various
parameters, including the nanoparticles volume, shape, and density. It is noted that the friction between
layers of ternary-hybrid nanofluid and the wall of the wedge decreases depending on the shape factor. Barman
et al. [2] analysed coupled convective magnetized nanofluid flow properties and entropy generation. The
authors examined the nanofluid flow, which primarily focused on the constant properties of water. Arif
et al. [3] mentioned that using ternary hybrid nanofluids can enhance engine temperature and machinery
longevity. Rajakumar et al. [4] investigated the axisymmetric mixed convection flow of water across a
sphere with variable viscosity, Prandtl number, and magnetic field parameter. Eswara and Nath [5] studied
how temperature variations affect incompressible, unsteady, laminar and boundary-layer flow over both 2-
dimensional and axisymmetric structures. The results reveal that Skin friction and heat transfer rate respond
strongly to unstable free stream velocity distributions. The action of unsteadiness and injection causes the
zero-skin friction point to move upstream, whereas the influence of varied fluid characteristics causes it
to move downstream. Barman et al. [6] investigated entropy formation in a bi-convective magnetized and
radiative hybrid nanofluid flow with thermal sink/source effect. The result of the work has the potential
to advance fluid flow and heat transfer rate in the various base fluids, including biological ones. The study
also emphasizes the significance of developing nanoparticles and base fluid thermo-physical properties into
account when constructing and analysing hybrid nanofluid flows. Shah et al. [7] examined the rate of thermal
transmission and thermodynamic behaviour of second grad ternary nanofluid which flows past an oscillatory
vertical plate using the Atangana-Baleanu time fractional integral. They presented the friction factor and
heat transfer rate in tabular form and illustrated boundary layer profiles for velocity and temperature
through graphical representations. Latha et al. [8] studied the MHD coupled non-Newtonian Hiemenz plane
stagnation flow and heat transmission in a ternary nanofluid coating subjected to a transverse static magnetic
field. The base fluid (polymeric) in engine oil is treated with various nanoparticles. It is noted that the
tri-hybrid GO-Au-Co304 nanofluid produces minimal velocity, induced magnetic field, and temperature
magnitudes, while the mono-graphene nanofluid achieves the highest volumes.

Sasikumar et al. [9] investigated the complex dynamics of MHD oscillatory flow in a porous medium
within a rotating wavy channel, considering the presence of a heat source. The importance of this study
resides in the ability to comprehend asymmetric fluid flow behaviour which can be applied to engineering
systems. Choi and Eastman’s [10] investigation helped to bring nanofluids to the forefront of thermal
engineering research. Enhancing thermal conductivity through nanoparticle dispersion opened up new
possibilities for improving heat transfer rate in various fields, with potentially transformative impacts on
technology and industry. Tlili et al. [11] studied the effect of nanoparticles on the MHD Oldroyd-B ferrofluid’s
unstable liquid film flow behaviour. The research advances the fundamental understanding of complex fluid
behaviour and has potential applications in magnetic fields and ferrofluids systems. Sasikumar et al. [12]
investigated the diffusion of chemically reactive species in the MHD oscillatory flow, considering the
additional factors of thermal radiation, constant suction, and injection. The paper addresses the asymmetric
wavy channel model as it raises the research gaps and opportunities for exploration. The behaviour of
heterogeneous materials made up of two unique components with various thermal conductivities was
discussed by Hamilton and Crosser [13]. Understanding the heat transfer properties of composite materials,
which are frequently used in engineering applications, is essential. The publication paved the way for later
studies on heat transmission and composite materials. It sparked additional research into the thermal
behaviour of more intricate heterogeneous systems and inspired the creation of more precise predictive
models. Sasikumar and Senthamarai [14] explored the dynamics of blood flow in a tapered asymmetric
channel under several factors, including chemical reactions and viscous dissipation. Narayanan et al. [15]
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investigate the MHD oscillatory flow in an asymmetric wavy channel, incorporating mass and thermak
transmission, chemical processes, and thermal sources.

Aaizar et al. [16] analyzed the energy transfer dynamics in mixed convection unsteady MHD flow of an
incompressible nanofluid within a channel filled with a saturated porous medium. To enhance the thermal
properties of conventional base fluids, four distinct shapes of nanoparticles with equal volume fractions are
introduced into ethylene glycol (EG) and water (H,O). Ngiangia and Akaezue [17] focussed on the theoretical
investigation of several kinds of copper nanoparticles distributed in a water-based fluid. The theoretical
investigation of water-based fluids containing copper nanoparticles of different shapes is explored by Selvi
and Muthuraj [18]. It is discovered that only an increase in the nanoparticle volume fraction enhances the
velocity profile of the copper nanofluid. Jaismitha and Sasikumar [19] investigated the intricacies of MHD
radiative periodic nanofluid flow through a porous media within an asymmetric wavy channel. Numerous
pertinent research on this subject are available in references [20-26].

Vaidehi and Sasikumar [27] examined the development of velocity slip and the impact of heat transport
in the MHD oscillatory flow of a Casson fluid. This flow transpires in a sinuous channel embedded inside a
permeable material and is influenced by heat radiation. A comparative analysis characterises the behaviour
of Newtonian and non-Newtonian fluids, highlighting differences in velocity profiles for low and high plastic
dynamic viscosity values by linear slope regression analysis. A hybrid nanofluid containing magnesium
oxide and silver nanoparticles in water contained within a permeable and hollow ampoule was studied by
Jamshed [28] under the influence of a magnetic field. An efficient thermos-physical model, as well as the
Darcy-Forchheimer model, is employed in the study for the inertia of the penetrable layer. Based on the
influence of radiation and Hall current, VeeraKrishna et al. [29] studied MHD unsteady free convective
flow in a vertical channel filled with a porous medium. In this study, the authors examined the impact
of various parameters on several critical aspects of the flow, including the velocity profiles, skin friction,
temperature field, and heat transfer rate. Timofeeva et al. [30] examined the thermal conductivity and
viscosity of alumina nanoparticles of various geometries suspended in a fluid mixture of equal proportions of
ethylene glycol and water. Their investigation focused on the influence of nanoparticles and tiny agglomerates
with elevated aspect ratios on the viscosity of the solution, resulting in a significant rise. The study by Alnahdi
etal. [31] described the rheological aspects of blood circulation when metal and non-metal nanomaterials are
dispersed in a squeezing channel. The research is motivated by its potential applications in areas like blood
filtration systems, nano-pharmacology, hemodynamic in cases of obstruction, nano-hemodynamic, the
management of hemodynamic diseases, and various other fields. The impact of nonlinear thermal radiation
on the dynamics of these nanofluids in the context of MHD flow over a stretching sheet was investigated
by Nasir et al. [32]. The nanoparticles chosen for this ternary hybrid nanofluid are SiO,, TiO,, and AL, O3,
suspended in the base fluid H,O. Vaidehi and Sasikumar [33] examined the complex dynamics of oscillatory
flow of viscoelastic fluid in an asymmetric wavy channel with the influence of thermo-diffusion, chemical
processes, and a magnetic field. Sohail et al. [34] investigated finite element analysis of ternary hybrid
nanoparticles in pseudo-plastic fluids flowing over porous stretching sheets revealed significant thermal
enhancement, highlighting the effectiveness of nanoparticle combinations in improving heat transfer in
complex fluid systems. Mohammadfam and Heris [35] This study compares Fe;04, MWCNT-Fe;04, and
Fe;04-MWCNT nanofluids, focusing on thermophysical properties and laminar convective heat transfer
to identify the most efficient nanoparticle configuration experimentally. Zeinali Heris et al. [36] study
explores MWCNT - SiO,/EG nanofluids in plate heat exchangers, aiming to enhance thermal performance
by leveraging hybrid nanoparticle synergy, improved dispersion, and superior thermophysical characteristics
under laminar flow.

The choice of nanoparticle shapes-platelet, blade, and spherical-derives from their distinct geometric
properties, which markedly affect thermal conductivity, heat transport, and fluid dynamics in nanofluids.
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Each form interacts uniquely with the base fluid and magnetic field, influencing factors such as surface
area, drag force, and thermal transfer efficiency. Each form interacts with the base fluid and magnetic field
uniquely, affecting parameters such as surface area, drag force, and heat transfer efficiency. The selection
of cobalt ferrite, magnesium oxide, and graphene oxide for the nanoparticles is motivated by their distinct
thermal, magnetic, and chemical properties, consistent with the objectives of the study. Cobalt ferrite was
selected for its robust magnetic response, enabling a thorough investigation of the MHD effect. Magnesium
oxide was chosen for its superior thermal conductivity and chemical stability, essential for enhancing heat
transfer in temperature-sensitive applications. Graphene oxide, characterised by its layered architecture
and significant surface area, was included for its capacity to improve heat conductivity and fluid stability.
The amalgamation of these materials allows an exhaustive examination of many scenarios in nanofluid
applications, providing significant insights into the interaction between material characteristics, geometric
influence, and thermal dynamics.

The use of ternary nanofluids has gained considerable interest in recent years due to their ability
to combine the unique properties of three distinct nanoparticles within a single base fluid. While single
nanofluids such as graphene oxide (GO) offer excellent thermal conductivity, they may not meet all the
multifunctional requirements of advanced thermal systems. Ternary combinations-such as those involving
GO, magnesium oxide (MgO), and cobalt ferrite (CoFe,O4)-allow the enhancement of not just heat transfer
but also magnetic susceptibility, chemical stability, and controllable mass diffusivity. This is particularly
relevant for MHD oscillatory flow in porous asymmetric geometries, where simultaneous optimization of
thermal, chemical, and magnetic responses is essential. By adjusting the relative concentrations of each
component, a more balanced and adaptable thermal fluid system can be achieved. The ternary mixture
enables synergistic interactions that may not be observable with a single nanoparticle system, especially
under temperature-sensitive and oscillatory flow conditions.

The literature review underscores significant research gaps in the study of ternary nanofluids within
tapered asymmetric channels, especially concerning the influence of nanoparticle shape on fluid dynamics
and temperature sensitivity. It reveals a need for further exploration into how various nanoparticle shapes
(spherical, platelet, blade) impact fluid flow, mass and heat trasmission. Additionally, the review highlights
a lack of comprehensive studies on how temperature variations (ranging from 10°C to 50°C) affect these
properties. Unlike existing works that analyze nanoparticle shape or volume fraction in isolation, our study
presents a comprehensive mathematical model that integrates time-dependent MHD flow, porous media
resistance, and temperature-sensitive fluid properties in a diverging asymmetric channel. Additionally, the
ternary hybrid nanofluid model simultaneously accounts for various nanoparticle shapes, enabling a more
realistic and engineering-relevant analysis.

The principal investigation topics for focussing the exploration of transport phenomena are as follows:

1.  How do different shapes of nanoparticles (spherical, platelet, blade) impact the fluid flow, heat transfer,
and mass transfer characteristics within a tapered asymmetric channel?

2. How do the temperature-sensitive characteristics of nanoparticles concerning shape and volume behave
in terms of fluid flow, velocity profile and temperature distribution?

3. In the context of dual cases A and B (small and large volumes of nanoparticles), how does the skin
friction coefficient change with respect to different nanoparticle volume fractions in ternary nanofluids
at 10°C, and what are the implications observed?

4. What are the underlying factors that contribute to the shape-induced variation in heat transfer rates
of nanoparticle shapes (spherical, platelet, blade) in ternary nanofluids, and how do these findings
contribute to understanding nanofluid dynamics?
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5. What is the relationship between the temperature of a ternary nanofluid and its velocity, considering
the reduction in fluid viscosity at elevated temperatures and its effect on fluid flow?

This study introduces several novel aspects to the field of nanofluid and MHD. It investigates the influ-
ence of various nanoparticle shapes-platelets, blades, and spheres-on fluid dynamics and heat transfer within
tapered asymmetric channels, an area not extensively explored before. Furthermore, it combines temperature
sensitivity with ternary nanofluids, revealing how temperature fluctuations affect flow characteristics and
thermal performance. The research also explores the combined effect of magnetic fields and porous media
on nanofluid behavior, providing a detailed analysis of these interactions in complex fluid systems. These
contributions advance the understanding of nanofluid dynamics and support the development of improved
heat transfer technologies.

2 Mathematical Formulation

This study examines nanofluid flow through a porous medium in a time-dependent model. To enhance
the heat transfer rate cobalt ferrite, magnesium oxide, and graphene oxide are considered as ternary hybrid
nanoparticles, with shapes like platelets, blades, and spheres in two cases (Case A: small volume fraction
and Case B: large volume fraction) nanoparticle volume fractions (concentrations) are considered to assess
their impact on fluid flow and heat transfer. Although the present study adopts a single-phase model, the
use of a ternary nanofluid-comprising CoFe, 04, MgO and GO is motivated by the desire to evaluate the
combined influence of magnetic, thermal, and dispersive characteristics. Each nanoparticle contributes
distinct thermophysical advantages, and the resulting effective properties are calculated using weighted
averages. While the synergistic interaction at the microscale is not explicitly modeled, the bulk performance,
as reflected in velocity, temperature, and mass profiles, captures the impact of varying shapes and volume
fractions across different ternary combinations.

The study examines a viscous, incompressible, electrically conducting fluid that demonstrates chemical
radiation in an optically thin medium situated within an asymmetric wavy channel as given in Fig. 1.
The flow is affected by a thermal source and radiative heat transport. The fluid’s electrical conductivity
and the resultant electromagnetic force are considered trivial relative to the externally imposed magnetic
field, which is orthogonal to the channel walls. The physical arrangement is delineated using a coordinate
system in which the x-axis traverses the channel’s centre, while the y-axis signifies the channel’s breadth.
The wall temperatures are sustained at Ty and T, respectively. Buoyancy, produced by the temperature
disparity between the channel walls and the surrounding medium, is the principal driving factor for the flow.
The magnetic Reynolds number is deemed minimal, permitting the disregard of the generated magnetic
field. Furthermore, an oscillating pressure gradient at the termini of the channel induces an unstable
oscillatory flow.

G
J
Ternary Nanofluid W ‘
@CoFe:04+0MgO+8GO

Figure 1: Physical configuration of the problem
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Channel Wall Equations as follows [15]:
2 2
H, :—d—mx—alsin[%x+1//],H2 :d+mx+azsin[7n], @

where the non-uniform parameter m represents the taperedness of the channel, 1 is the wavelength and vy is
the phase angle of the wavy channel. The parameters a,, a,, d, and y of the channel geometry are subject to
the constraint a2 + a,2 + 2ayazcos (v) < (2(dy + dy)) .

The governing equations are formulated to include temperature-dependent viscosity and thermal
conductivity, reflecting realistic behavior under oscillatory thermal loads. The ternary nanofluid is modeled
as a single-phase fluid with effective properties determined by the shape factor and concentration of each
constituent nanoparticle. The influence of porosity, unsteady magnetic field, and asymmetric channel geom-
etry is integrated into the momentum and energy equations, enhancing the originality of the formulation.
The equations has been derived from the Navier-Stokes equations (Raisinghania [37] and Welty et al. [38]),
with terms such as convective inertia neglected due to low Reynolds number (Sharpio et al. [39]), while key
physical effects like magnetic field interaction, buoyancy forces, heat generation and molecular diffusion have
been retained to accurately model the oscillatory nanofluid flow and its thermal and concentration gradients
in the asymmetric channel.

ou u J o*u Un
Pnf( - ) = -% tlnf S5 (ffnfBo2 + k—lf) u+(pPr), 8 (T —To) + (pPc), 8 (C-Co),

o oy dy
(2)
T T PT 9q
— —vo— | = ks + = T-T, 3
(pCP)nf( at " ay) 137 oy +Qu(T=To) )
oC aC *C
— — K (C-Co). (4)

=~ yy— =D,
ot "oy 3y’

ou
P

port, where pys is the nanoﬂ{lid density, u is the axial velocity, ¢ is time, and v, is the characteristic velocity
scale. The magnetic term a,,¢ Bju involves gy, the electrical conductivity of the nanofluid, and By, the applied
magnetic field strength. The porous medium term p¢/k; includes ¢, the dynamic viscosity of the nanofluid,
and kj, the permeability of the porous matrix. The buoyancy terms (pSr1)nrg(T — Tp) and (pfc)ntg
(C - Cy) account for thermal and solutal convection, where 1 and 5 denote the thermal and concentration
expansion coefficients, respectively; Ty and Cy are the reference temperature and concentration. In the
energy equation, knr 0>T/dy* models thermal conduction with ks as the nanofluid thermal conductivity,

The term py¢ (% + v ) represents the inertial forces due to fluid acceleration and convective trans-

and Qg (T - Tp) denotes internal heat generation. Similarly, in the concentration equation, D,, 9*C/dy>
represents mass diffusion where D,, is the mass diffusivity, and —K;' (C — Cy) models the effect of chemical
reaction with K as the reaction rate. All such variables and coeflicients are now introduced contextually
at their first appearance to enhance clarity and ensure consistency. These revisions have been carefully
implemented throughout the manuscript.

The study assumes a uniform baseline distribution of nanoparticles, consistent with the single-phase
nanofluid model. However, due to the presence of external oscillatory forces, temperature gradients, and
suction/injection at the channel boundaries, macroscopic concentration variations are introduced. The
concentration equation captures this effective solutal transport under dynamic flow conditions and does
not represent actual demixing or particle agglomeration. The imposed boundary conditions describe
dimensionless concentration deviations about a mean concentration level, allowing for the simulation of
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mass transport phenomena within the single-phase approximation. C represents the concentration of a solute
species involved in chemical reactions, and is distinct from the volume fraction of nanoparticles, which is
assumed to be constant and uniformly distributed in the base fluid in accordance with the single-phase
nanofluid model. Dm?;TE models the diffusion of nanoparticles within the fluid, driven by concentration
gradients and —K* (C — C) represents the effect of chemical reactions or consumption of nanoparticles on
concentration [12,14,15]. Where the boundary conditions given below are

u=0, T=T,, C =C,, on y-=h, 5)
u=0, T:T()-i‘(Tl—T())eiwt, C=C0+(C1—C0)€iwt, on )/:hz.

Cogley etal. [20] state that for an optically thin fluid with low density, the radiative heat flow is expressed
as
o
A - 40P (T-Ty), (©)
oy

where a? = [ ;o Ky a;? dA, K, is the absorption coefficient, e,) plank’s function. Because of its strong
temperature dependency, the convective heat transfer coefficient outperforms the radiative heat transfer
coefficient. The temperature differential, typically the first power, influences the energy exchange between
two sites in the case of conduction and convection. Heat radiation energy transport between two objects
is contingent upon the difference in absolute temperatures increased to the fourth power. Consequently,
considering thermal radiation becomes advantageous in practical scenarios involving both convection and
radiation.

oT oT *T
(Pcp)nf(g“’oa_y} knfa—yz+ 40’ (T - To) + Qu (T - To) . )

The Evaluation of Ternary Hybrid Nanofluid Properties

In this section, we present the mathematical expressions governing the thermophysical properties of
ternary nanofluids Maxwell [40], Brinkman [41], Pak and Cho [42], Maiga et al. [43], Palm et al. [44],
Eastman et al. [45] and Das et al. [46]). The effective density, thermal expansion coefficient and solutes
expansion coefficient of a ternary nanofluid, denoted as p;,, 7, is expressed as follows (Choi [10]). The effective
volumetric heat capacity of the ternary nanofluid, denoted as (p.p )¢ is given by ( [42-46] ):

Pinf = (1= Q1= 92— 93) pos + P1psp1 + P2Psp2 + P3Psp3>

(pcp)mf =(1=91-92-93) (Pcp)bf " 9"1(”CP>SP1 " ‘P2(”Cp)sp2 " %(PCP)sps’

(Pﬁr)mf =(1-¢g1-92-93) (Pﬁr)bf + (Pl(p/';T)spl + ‘Pz(Pﬁr)spz + €03(P/3T)5p3)

(PBC) s = (= 01— 92 93) (pBc), , + 01(PBc ) + 92(PBC),y + 93(PBC)

Onf  Ospr+ 2055 — 29, (Ubf - Uspl) (8)
of - Osp1 + 205 + @1 (abf - aspl) ’
Opnf  Ospa + 20, =2¢,(0nf — Osp2
Onf  Opr+ 20,5+ 92 (0uf — 0ipo)
Otnf _ Osp3 +20huf =295 ((’hnf ~ Osp3

Ohnf  Osp3 +20pnf + @3 (Uhnf - Usps)
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The electrical conductivity of the ternary nanofluid is calculated in stages, starting with the base
nanofluid, where o/ is the base fluid’s conductivity and o5, is the first nanoparticle’s conductivity. Next, the
hybrid nanofluid’s conductivity is determined, where 0y, r and o, represent the conductivities of the hybrid
nanofluid and second nanoparticle, respectively. Finally, the ternary nanofluid’s conductivity is calculated,
with 0y, and o0;,3 denoting the conductivities of the ternary nanofluid and third nanoparticle type.

The thermo-physical characteristics of thermal conductivity, and dynamical viscosity of the ternary
hybrid nanofluid are affected not only by particle volumetric concentration but also by the shape of the
nanoparticles. In this study, the temperature-sensitive base fluid with spherical, blade, and platelet-shaped
nanoparticles are used as shown in Fig. 2. In this study, the impact of the volumetric concentration and shape
of nanoparticles is theoretically investigated. The Hamilton and crosser model [13] can be used to calculate
the thermal conductivity of the ternary nanofluid [16].

Platelet

Sphere
Blade

Figure 2: Particles shapes: sphere, blade and platelet

kng _ kit (n = Dkys + (n = 1o (ki — koy) _3 . .
= hei-Dk—(h-ky) " represents the shape factor n = ; and ¥ represents sphericity

from Tables 1-3.

Unf

—= =1+a¢ + bg?,
HUof
_Hnf1®r + UnfrP2 T Pnf3Ps
xu["f - >
Punf 9)
knpio1 + kup292 + kupzps
ktnf = s
Pinf

Pinf = Q1 + @92 + Q3.

Table 1: Thermophysical properties of Nanoparticles

Nanoparticle p (kg/m*) ¢, (1/kgK) k(W/(m-K)) B (10°K™") o (s/m)

COFe,0, 4907 700 3.7 1.85 0.84 x 10°
MgO 3970 879 30 3.36 0.8 x107*
GO 1800 717 5000 28.4 1.1x10°
H,0 9971 4179 0.613 21 55x107°

Table 2 : Water properties for various temperatures [6]

T (°C) p (g/cm?®) ¢ (107 J/kg-K) K (10°W/cm-s-K) u(1/(g10>°cm-s)) Pr
10 0.9997 4.1921 0.5800 1.3070 9.45
20 0.99821 4.1818 0.5984 1.0060 7.03
30 0.99565 4.1784 0.6154 0.7977 512

(Continued)
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Table 2 (continued)

T (°C) p (g/cm?) ¢ (107 J/kg-K) K (10°W/cm-s-K) u(1/(g10°cm-s)) Pr
40 0.99222 4.1785 0.6305 0.6532 4.32
50 0.98803 4.1806 0.6435 0.5479 3.55

Table 3: Constants a and b empirical shape factors and sphericity for different shapes of nanoparticles [16]

Model Platelet Brick Sphere

a 371 1.9 2.5
b 612.6 4714 6.2
b4 0.52 0.81 1

The subsequent dimensionless quantities are defined to non-dimensionalize the governing equations,
and are given by [15]:

X y u tUu d b1 dz a)
>(.:—, *:—, >(.:_, t*:_) *:_) b:_’ d:_’ =7
Ty UV Ta Y Tu a Pt a )
k., Bjd?
w*:d_w’ Aus = ! Re:U_d, M2 = T4 leﬁ, szﬁ, k:ﬁ,
U kf Vf ‘Llf d1 dl d?
1
dK* ud (pc,) 5 ,  4d*a? T-T, ., C-GC 10)
r= , Pe=——, N!=—"— 0=——, C*= ,
U kf kf Tl— To Cl—Co
Q- Qud> 1 Dy Cr o (gBr)sd* (T - Tp) oo (gBc)s (C-Cy)d?
ke © Scud’ vU ’ vU '

The non-dimensional governing equations of momentum, energy and concentration, along with the
relevant boundary conditions (disregarding * symbols), can be expressed as follows:

Ju _odu op ’u Yinf
meRe(E—Sa) :_$+”f”fa_yz_(0me+ . )u+(pﬁT)mfGr8+(pﬁc)tnchC, (11)
Pe (060 060 0%0 N? Q
s )== 0, 12
(Pcp)mf)tmf(at ay) 9y? +(Amf+amf) (12)
2
oC SB_C = ia_C — KrC. (13)

o 9 y  Scoy?
The relevant boundary conditions in nondimensional form are as follows:

u=0, 6=0, C=0 on y=h,
u=0, 0=¢“", C=¢'“’ on y=h,, (14)

where hy=-1-mx—bsin[2nx +y] and hy =1+ mx —asin[2nx] are the dimensionless channel
wall equations.

In Eq. (11), p4, r is the density of the ternary nanofluid, Re is the Reynolds number, u is the dimensionless
axial velocity, ¢ is the dimensionless time, S is the suction/injection parameter, p is the pressure, y;,s
is the dynamic viscosity of the ternary nanofluid, oy, is its electrical conductivity, M is the magnetic
parameter, and k is the permeability of the porous medium. The terms (pB1) s and (pBc)ns represent the
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thermal and solutal buoyancy contributions of the ternary nanofluid, respectively, while Gr and Gc are the

thermal and solutal Grashof numbers. In the energy equation, ( pcp) is the heat capacity of the ternary

tn

nanofluid, Pe is the Peclet number, A, 7 is the thermal diffusivity ratio,fQ is the dimensionless temperature,
N is the radiation parameter, and Q is the heat source parameter. In the concentration Eq. (13), C is the
dimensionless concentration, Sc is the Schmidt number, and Kr is the chemical reaction parameter. The
boundary conditions in Eq. (14) apply at the channel walls y = h; and y = h,, where u = 0 denotes the no-slip
condition, 6 and C are specified temperature and concentration oscillations modeled as e'“’, with w being
the dimensionless oscillation frequency. All these parameters are now introduced in order of appearance and

consistently defined to improve clarity and reader comprehension.

The model includes both radiation and heat source terms, each addressing different aspects of thermal
behavior. The heat source term Qg (T — Ty) represents an externally imposed internal heat generation-
such as resistive or volumetric heating intended to simulate additional energy input into the system, rather
than spontaneous generation by the nanofluid itself. Radiation, on the other hand, accounts for energy
exchange due to thermal emission. Incorporating both effects provides a more complete analysis of the
thermal processes governing nanofluid flow in engineering applications.

The current study, while providing a detailed analysis of ternary nanofluids in tapered asymmetric
channels, does have several limitations and assumptions. Firstly, the study assumes a uniform distribution of
nanoparticles throughout the base fluid, which may not fully represent real-world scenarios where particle
agglomeration or sedimentation can occur. Additionally, the channel geometry used in the model is idealized,
potentially oversimplifying the complexities of actual channel designs. The study also assumes constant
thermophysical properties of the nanofluids, such as viscosity and heat conductivity, which can vary with
temperature and concentration in practical situations. Furthermore, some complicated flow phenomena,
like turbulence and non-Newtonian, are excluded, potentially impacting the accuracy of results under
more sophisticated flow circumstances. Ultimately, the models for radiation and heat source effect rely on
simplifying assumptions, necessitating a more comprehensive research to accurately assess their influence.
These limitations should be taken into account when interpreting the findings and suggest areas for future
research to refine the model and address these assumptions. The inclusion of the chemical reaction term
accounts for nanoparticle consumption over time, leading to spatial concentration gradients. Hence, the
variation seen in the concentration profiles reflects the dynamic evolution of the system rather than a
contradiction of the initial distribution assumption.

3 Method of Solution

The governing partial differential equations representing momentum, energy, and mass trans-
port Eqs. (2)-(4) are first nondimensionalized using suitable non-similarity transformations. Assuming
a purely oscillatory flow, the variables pressure gradient, velocity, temperature, and concentration-are
expressed using harmonic functions of the form f(y,t) = fo(y)e’®’. Substituting these forms into the
governing equations transforms them into a set of coupled ordinary differential equations in the spatial
variable y. These ODEs Eqs. (16)-(18) are solved subject to the boundary conditions provided in Eq. (22),
which are consistent with the physical scenario of no-slip, isothermal, and concentration-specified conditions
at the walls. The geometry of the channel, including wall positions and tapering, is incorporated in the
variable limits of y = h; and y = h,, and the resulting equations are solved analytically using the method of
separation of variables.

By considering a purely oscillatory flow and assuming the pressure gradient, velocity, temperature, and
concentration, the system of PDEs (11)-(13) can be simplified into a system of ODEs in dimensionless form.
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9 ) 4 : 4
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Substituting Eq. (15) in Eqs. (11)-(13).

ou eiwt ou eiwt P} aZu eiwt " i
meRe( O(ayt) =S O(ay; ):—a—iJmef—oa(;}z) —(UmeJf%)uo (y)e'
+ (pB1) 1y Gr 00 () €™ + (pBc),,sGe Co (1) €', (16)
Pe (030y(y)e' 90y (y)e '\ 09%*00(y)e'! N? Q ot
S = 0 ot 17
( Cp)mf)tmf( ot dy IR W v AU 7)
9Co (y) e 9Co(y)e' 1 *Co(y)e’™! ot
-S = — - KrC . 18
ot oy Sc 0y? rCo(y)e 1s)
Egs. (19)-(21) are obtained:
615l/l0” + 61614(), +azuy — 611360 - 6114C0 =0, (19)
0/ + Sby’ 6} + b36, = 0, (20)
Cll +Seo>C)) — e3Cy = 0. (21)

Where the subjected boundary conditions given below are:

Up= O, 902 0, C(): 0, on }/Zhl,
Up= 0, 602 1, C()Z 1, on }/th. (22)

Eqs. (23)-(25) are obtained by applying the method of separation of variables to the simplified system
of dimensionless ordinary differential equations Eqs. (16)-(18). Given that the equations contain constant
coefficients and represent linear behavior, they are amenable to analytical solutions in exponential form.
The temperature and concentration equations are first solved independently to obtain explicit expressions,
which are subsequently substituted into the momentum equation to determine the velocity profile. The
corresponding boundary conditions are then imposed to evaluate the integration constants and yield
complete, closed-form solutions for the physical quantities of interest.

The solutions of the flow profile are obtained as:

u(y,t) = (Are™” + Bye™ + Joe™ + 1™ + J,e™ + Jze™ + ;) e, (23)
0 (u,t) = (Age™” + Bye™?) ', (24)
C(u,t) = (Ae™ + Be™”)e'". (25)

The mathematical form of skin friction ‘7, Nusselt number Nu’ and Sherwood number ‘Sh’ are as
follows:

~(5)
CO

7= (Aymse™” + Bymge™ + Jompe™ + Jimye™ + Jymse™ + Jymye™) e (26)
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Nu = - (%)
dy y=h,hy

Nu = - (Agmie™” + Bymae™) &' (27)
oC

o {2
Y ) yehiy

Sh = — (A1m3em3y + Blm4em4y) eiwt (28)

4 Result and Discussion

This section focuses on the discussion of the numerical and computational results obtained for the
problem of an incompressible, electrically conducting, chemically reacting nanofluid flow with a magnetic
field intensity through a tapered asymmetric wavy channel with heat source in a porous medium when
A=1,N=1,M=1,Re=1,Q=1,Kr=1, Gr=1,Gec=1,t=01, w= ’Z’, k = 1. The numerical evaluations
of the analytical results are conducted, and several significant findings are presented graphically for velocity,
temperature, concentration, skin friction coefficient, heat transfer rate and mass transfer rate are given in
this section. The Bvp4c program is utilized to obtain numerical results and validate the study.

In Fig. 3, the velocity profile for various suction parameters has been analysed for platelet-shaped
ternary hybrid nanofluid at 30°C. Over the left wall of the channel, the velocity decreases with increasing
suction values, whereas over the right wall, velocity increases gradually with increasing suction values.
The suction parameter represents the rate of fluid withdrawal through the channel walls, simulating wall
transpiration in a porous medium. Increased suction reduces boundary layer thickness near the left wall,
decreasing velocity, while enhancing flow near the right wall due to channel asymmetry. Increasing suction
pulls fluid away from the wall on the left side, slowing down the flow there. On the right side, the flow
speeds up because the channel shape causes uneven effect. The velocity profile for various magnetic field
parameter values is shown in Fig. 4 for blade shaped ternary hybrid nanofluid at 20°C. As the magnetic
field parameter rises, the Lorentz force causes the fluid’s velocity to decrease. An increased magnetic field
induces a stronger Lorentz force opposing fluid motion, which suppresses velocity. This electromagnetic
damping effect is a classic MHD flow characteristic. The velocity profile for various temperatures (10°C,
20°C, 30°C, 40°C and 50°C) has been analysed over spherical-shaped ternary nanofluid in Fig. 5. The
reduction in fluid viscosity is the leading cause of the decrease in fluid velocity as temperature rises. At greater
temperatures, molecules move faster, lowering the barrier to flow measured by viscosity. The fluid becomes
thinner and flows more readily as its viscosity lowers. Velocity increases with temperature because fluid
viscosity decreases as temperature rises. Lower viscosity reduces flow resistance, allowing fluid particles to
move faster. Velocity profile for blade, sphere and platelet shaped at 10°C and 40°Cobalt ferrite, magnesium
oxide, and graphene oxide ternary nanofluid has been analysed in Fig. 6. The magnitude of velocity is highest
for sphere shaped nanofluid followed by blade and platelet shaped ternary nanofluid for both 40°C and
10°C. When the temperature increases from 10°C to 40°C the velocity also increases for all the three shapes.
Spherical nanoparticles lead to the highest velocity due to lower drag compared to platelet and blade shapes.
Increased temperature further enhances velocity by reducing viscosity. In Fig. 7, the temperature profile
various values of heat source parameter for platelet shaped ternary hybrid nanofluid at 50°C is analysed. It is
been noticed that the temperature decreases when Q is increased. The temperature profile for various values
of thermal radiation parameters in sphere shaped ternary nanofluid at 40°Chas been analysed in Fig. 8. When
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thermal radiation values increase, the fluid’s temperature also increases. Higher thermal radiation increases
fluid temperature by adding radiative heat energy, enhancing the thermal boundary layer thickness.
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Figure 4: Velocity profile for various values of M over Blade-shaped ternary hybrid nanofluid
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Figure 5: Velocity profile at different temperatures over sphere-shaped ternary hybrid nanofluid
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Figure 8: Temperature profile for various values of N over sphere-shaped ternary hybrid nanofluid7

Temperature profile for blade, sphere and platelet shaped at 10°C and 40°C cobalt ferrite, magnesium
oxide, and graphene oxide ternary nanofluid has been analysed in Fig. 9. The magnitude of temperature
is lowest for sphere shaped nanofluid followed by blade and platelet shaped ternary nanofluid for both
40°C and 10°C. Spherical particles exhibit the lowest temperature due to their higher thermal conductivity
and better heat dissipation. Platelet-shaped particles retain more heat, leading to higher fluid temperature.
The concentration profile for various values of chemical reaction parameter for sphere shaped cobalt
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ferrite, magnesium oxide, and graphene oxide ternary nanofluid at 10°C has been analysed in Fig. 10. It is
noted that increase in the values of Kr decreases the concentration. This suggests that there is an inverse
relationship between Kr and concentration. It could indicate that higher values of Kr lead to more extensive
chemical reactions within the nanofluid, which result in reduced concentrations of the ternary hybrid
nanofluid. Impact of Skin Friction Coefficient and heat transfer rate at different temperatures for ternary
hybrid nanofluid is analysed at Figs. 11 and 12, respectively. It is observed that 7 of blade shape and Nu of
spherical shape exhibits asymmetric periodic variation cobalt ferrite, magnesium oxide, and graphene oxide
nanofluids. Periodic variation in skin friction is caused by oscillatory flow and channel asymmetry. Increased
temperature lowers fluid viscosity, reducing frictional resistance, but the asymmetric channel creates spatial
variability. The Skin friction coefficient and heat transfer rate exhibit periodic variation in platelet-shaped
ternary hybrid nanofluid over various temperatures (10°C, 20°C, 30°C, 40°C and 50°C) channel walls
y = hyand y = h, in Figs. 13 and 14, respectively. The periodic variation in the 7 and Nu are attributed to
asymmetric surface motion. Heat transfer rate decreases with increasing temperature for platelet-shaped
nanoparticles because higher temperature reduces the temperature gradient between the fluid and the wall,
lowering conductive heat transfer despite increased velocity. The asymmetric oscillatory motion of channel
walls causes periodic changes in flow and thermal boundary layers, resulting in time-dependent fluctuations
in friction and heat transfer.
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Figure 10: Concentration profile for various values of Kr over sphere-shaped ternary hybrid nanofluid
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Figure 11: Impact of skin friction coefficient at different temperatures of the ternary hybrid nanofluid
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Figure 14: Impact of the heat transfer rate of the ternary hybrid nanofluid for various values of the suction parameter
aty=h,

Table 4 illustrates the impact of temperature and nanoparticle shapes on fluid dynamics within a tapered
asymmetric channel. The velocity increases with temperature, with the sphere-shaped nanoparticles showing
the most significant enhancement, rising from 0.9379 at 10°C to 5.1406 at 50°C. The slope for spheres
(0.08457) represents an 8.46% increase per degree Celsius, indicating a strong sensitivity to temperature. The
skin friction coeflicient is negative across all shapes, indicating reduced friction. The sphere shape exhibits the
most significant reduction, with a slope of —0.06691, corresponding to a 6.69% decrease per degree Celsius.
The Nusselt number reflects heat transfer efficiency, with slight variations across shapes. Platelets show a
slight decrease in heat transfer efficiency with a slope of —-0.02698, indicating a 2.70% reduction per degree
Celsius. This analysis underscores the significance of nanoparticle shape and temperature in optimizing fluid
flow and heat transfer rates. Table 5 examines the influence of suction on fluid dynamics at 10°C in a blade-
shaped ternary nanofluid, comparing two cases (Case-A (¢ = 0.4) and Case-B (¢ = 0.8)). Velocity decreases
with increasing suction, particularly in Case-B, where the slope is —0.4788, translating to a 47.88% reduction
per unit increase in suction. The skin friction coefficient also shows a substantial decline, with a slope of
—0.8521 in Case-B, indicating an 85.21% decrease per suction unit, signifying reduced resistance against
the channel walls. The Nusselt number exhibits a substantial decline in Case-A with a slope of —3.9390,
indicating a 393.90% drop, hence underscoring the influence of suction on heat transport. Simultaneously,
concentration escalates in Case-A with a gradient of 0.1653, indicating a 16.53% augmentation per unit
suction, implying improved mass movement under particular conditions. These findings underscore the
essential function of suction in regulating fluid dynamics, thermal exchange, and mass movement. Table 6
examines the fluid dynamics of water at 40°C within a blade-shaped ternary nanofluid, emphasising the
influence of suction in two distinct scenarios (Case-A and Case-B). In Case-A, the velocity increases at a rate
of 0.2121, reflecting a 21.21% increase per unit of suction, suggesting that more suction improves fluid flow at
higher temperatures. In Case-B, velocity diminishes with a slope of —0.0611, reflecting a 6.11% decline, hence
revealing a divergent impact under varying situations. The skin friction coefficient dramatically diminishes
in Case-B, with a slope of —1.5965, indicating a 159.65% reduction per unit of suction, which reflects markedly
decreased frictional resistance. The Nusselt number in Case-A declines with a slope of —2.1941, or a 219.41%
loss, indicating a significant detrimental effect of suction on heat transmission.
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Table 4: Dynamics of water-based ternary hybrid nanofluid for various shape factors: Velocity, Skin friction coefficient
and Nusselt number profiles

TEMP °C Velocity Skin friction coefficient Heat transfer rate
Platelet Blade Sphere Platelet Blade Sphere Platelet Blade  Sphere

10 0.4596  0.7525 0.9379 -0.3527 -0.6213 -0.808 1.7418 1.7137 1.7563
20 0.1273 0.5828 5.0527 -0.0824 -0.3863 -4.0593 0.3879 0.4167  0.3022
30 0.1281 0.5864 5.0747 -0.0829 -0.3887 -4.0775 0.3894 0.4174  0.3064
40 0.1291 0.5912 51043 -0.0836 -0.3919 -4.102 0.3907 0.418 0.31

50 0.1305 0.5972  5.1406 -0.0845 -0.3959 -4.1321 0.3916 0.4184 0.313
Slp —-0.00656 —0.00302 0.08457 0.00535 0.00445 -0.06691 —0.02698 -0.02589 —0.02879

Table 5: Dynamics of water at 10°C conveys in blade-shaped ternary nanofluid: Suction Effect on Velocity, Skin friction
coefficient, Nusselt number, Concentration and Sherwood number

S Velocity Skin friction coeff. Nusselt number Concentration Sherwood number
Case-A Case-B Case-A Case-B Case-A Case-B Case-A Case-B Case-A  Case-B

0.1 14396 5508 -0.8391 -3.3808 -0.0777 -0.3703 0.3028 0.5953 -0.5541 -0.5699
0.2 14288 54627 -0.8694 -3.4721 -0.2864 -0.3625 0.3188 0.5792 -0.5611 —0.5752
0.3 14183 54157 -0.9004 -3.5594 -0.6361 -0.3547 0.3352 0.5633 -0.5669 —-0.5796
0.4 14082 53669 -0.933 -3.6426 -11133 -0.3467 0.3519 0.5476 -0.5714 —0.5831
0.5 13986 53165 -0.9677 -3.7216 -1.6297 -0.3386 0.3689 0.5322 -0.5744 -0.5858
Slp -0.1026 -0.4788 -0.3208 -0.8521 -3.9390 0.0792 0.1653 -0.1578 —-0.0509 —0.0397

Table 6: Dynamics of water at 40°C conveys in blade-shaped ternary nanofluid: Suction Effect on Velocity, Skin friction
coefficient, Nusselt number, Concentration and Sherwood number

S Velocity Skin friction coeff. Nusselt number Concentration Sherwood number
Case-A Case-B Case-A Case-B Case-A Case-B Case-A Case-B Case-A  Case-B

0.1 13113 6.022 -0.414 -2.763 -0.8171 -0.348 0.3028 0.5953 -0.5541 -0.5699
0.2 13261 6.0032 -0.4444 -2.8987 -1.0011 -0.3441 0.3188 0.5792 -0.5611 —0.5752
0.3 13461 5.9946 -0.4883 -3.0506 -1.2129 -0.3402 0.3352 0.5633 -0.5669 —0.5796
0.4 13698 59933 -0.546 -3.2186 -1.447 -0.3362 0.3519 0.5476 -0.5714 -0.5831
0.5 13955 59964 -0.6167 -3.4013 -1.6912 -0.3323 0.3689 0.5322 -0.5744 -0.5858
Slp 0.2121 -0.0611 -0.507 -1.5965 -2.1941 0.0393 0.1653 -0.1578 -0.0509 —0.0397

The findings of this study have practical implications for temperature-sensitive water transport systems.
For electronic cooling, the use of temperature-sensitive nanofluids can enhance heat dissipation, improving
device performance and longevity. In geothermal energy systems, optimized thermal management can
boost heat extraction efficiency. Additionally, the study contributes to advanced thermal storage solutions,
enhancing the efficiency of energy storage and retrieval. These applications underscore the practical value of
the research and its potential to enhance various technological and industrial processes.
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4.1 Heat Transfer Characteristics of Nanofluid Composites

The selection of cobalt ferrite as the mono nanofluid was based on its strong magnetic properties, which
are essential for evaluating MHD in oscillatory flow conditions. Unlike graphene oxide (GO), cobalt ferrite
interacts directly with the magnetic field, allowing a better understanding of how magnetic nanoparticles
influence heat transfer under oscillatory and porous conditions. The study follows a progressive comparison:
starting with magnetic nanoparticles alone (mono), followed by the inclusion of a secondary nanoparticle
to improve thermal conductivity (hybrid), and culminating in a ternary system where the addition of GO
enhances thermal performance. This tiered evaluation highlights the synergetic effect of combining different
nanoparticles rather than focusing on thermal conductivity alone. Table 7 and Fig. 15 summarizes the Nusselt
number (Nu), which measures the heat transfer rate, for various shapes of nanofluid composites (mono,
hybrid, and ternary) at different temperatures (10°C, 20°C, and 40°C). The mono nanofluid, containing only
cobalt ferrite nanoparticles, shows the lowest Nusselt number across all temperature ranges. An evident
reduction in heat transfer rate is observed as the temperature increases from 10°C to 40°C. This trend
suggests that although cobalt ferrite nanoparticles facilitate heat transfer, their efficiency in maintaining
high heat transfer diminishes under the effect of thermal radiation at higher temperatures. The hybrid
nanofluid, comprising both cobalt ferrite and magnesium oxide, demonstrates an enhanced heat transfer
rate compared to the mono nanofluid across all temperatures. However, a decline in the Nusselt number is
also noticeable with increasing temperature, indicating that thermal radiation affects the hybrid composite.
The ternary nanofluid, which includes cobalt ferrite, magnesium oxide, and graphene oxide, consistently
records the highest Nusselt numbers at all temperatures and volume fractions. The addition of graphene
oxide significantly enhances the fluid’s heat transfer capability under thermal radiation. While the Nusselt
number decreases as temperature rises, the ternary composite retains a stronger heat transfer rate than
both mono and hybrid nanofluids, indicating its superior ability to manage radiative heat transfer even at
elevated temperatures.

Table 8 and Fig. 16 summarize the Nusselt number (Nu), reflecting the heat transfer rates for mono,
hybrid, and ternary nanofluids at different temperature levels (10°C, 20°C, and 40°C) and various values
of the parameter Q. The mono nanofluid, composed solely of cobalt ferrite, exhibits moderate heat transfer
rates that increase noticeably with rising temperature and Q values. Despite this, it remains less effective
compared to hybrid and ternary nanofluids. The hybrid nanofluid, which combines cobalt ferrite with
magnesium oxide, shows enhanced heat transfer performance relative to the mono nanofluid. Its Nusselt
number increases more significantly with temperature and Q, indicating improved thermal conductivity
due to the combination of nanoparticles. In contrast, the ternary nanofluid, which includes cobalt ferrite,
magnesium oxide, and graphene oxide, consistently achieves the highest Nusselt numbers under all tested
conditions. It demonstrates the most significant enhancement in heat transfer, particularly at 40°C and
higher Q values. This indicates that the ternary nanofluid is highly effective at managing heat, making it the
most efficient choice for applications involving high thermal radiation and varying temperatures.

Table 7: Dynamics of water conveying platelet shaped nano-composites of heat transfer rate for various values of
thermal radiation parameter

Nu 10°C 20°C 40°C

N Mono Hybrid Ternary Mono Hybrid Ternary Mono Hybrid Ternary

0.2 0991 1.2659 1.3868  0.8916  1.2055 1.3598  0.6808 1.0907 1.2932
0.4 09984 1.2769 1.3981 0.9 1.2194 1.3753  0.6892 1.1 1.3185
0.6 10109 12957 1.4172 09144 1.2433 1.4018  0.7042 11438 1.3626
0.8 10292 13229 1.4448  0.9355 1.2785 1.4405 0.7274 11948 1.4294
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Figure 15: (a) Heat transfer at 10°C (b) Heat transfer at 20°C (c) Heat transfer at 40°C comparison of heat transport
rate for nanofluid composites with thermal radiation N

Table 8: Dynamics of water conveying platelet shaped nano-composites of Heat transfer rate for various values of heat

source parameter

Nu 10°C 20°C 40°C
Q Mono Hybrid Ternary Mono Hybrid Ternary Mono Hybrid Ternary
0.5 11307 1.6557 1.8166  1.0589  1.7449 2.0269 0.8853 1.9504 2.8045
1 13082 17547 1.8533  1.2888  1.8936 2.0913  1.2465 2.1915 2.9962
1.5 15262 1.8639 1.8912 1.5765  2.0611 21590 17072  2.4482 3.2056
2 17782 19844 1.9302  1.8928 2.2490 2.2302 21088  2.7119 3.4340
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Figure 16: (a) Heat transfer at 10°C (b) Heat transfer at 20°C (c) Heat transfer at 40°C comparison of heat transport
rate for nanofluid composites with Q
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4.2 Validation of Results

The exact values of the magnetic field parameters are contrasted with the numerical values acquired
using the Bvp4c approach in Table 9. The Bvp4c numerical solver determines the magnetic field parameter
for with excellent accuracy and good agreement between the two approaches. In Table 10, the heat transfer
rate has been compared with the previous study [47] to validate the present study. We have observed that
the heat transfer rate for various Heat Source values has been calculated by limiting the model. By reducing
the novelty of the present study of ternary nanofluid, the results are also compared with the consequences
of Venkateswarlu [47]. The results demonstrate good agreement to validate the study. The validation of the
Nusselt number for various values of the radiation parameter (N) is presented in Table 11. This comparison
includes results obtained by Singh [48], Venkateswarlu [47], and the present study. Table 11 demonstrates
close agreement between the values obtained from the present study and those reported in the literature for
radiation parameters ranging from 0.1 to 0.4. Specifically, the Nusselt numbers from the present study closely
match the values reported by Singh and Venkateswarlu, indicating consistent results across different studies
and validating the numerical methodology used in this investigation.

Table 9: The influence of skin friction coefficient for various values of magnetic field parameter

M Exact Bvp4c

1.2262 1.2185
12260 1.2180
1.2258 1.2197
1.2256  1.2210

W N

Table 10: The influence of Nusselt number for various values of heat source parameter

Q Present Venkateswarlu [47]

1 10909 1.1101
2 11099 1.1342
3 11295 1.1583
4 11495 1.1847

Table 11: Comparison of Nusselt number Nu for different values of radiation parameter

Nusselt number

N

Singh [48] Venkateswarlu [47] Present Study
0.1 1.1635 1.1635 1.16349
0.2 1.1682 1.1682 1.16815
0.3 1.1769 1.1769 1.17687
0.4 1.1884 1.1884 1.18839

5 Conclusions

The study focuses on understanding the time-dependent electrically conducting flow of a ternary hybrid
nanofluid through a permeable medium with heat source. A comparative study has been conducted utilizing
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the linear regression technique to analyse the skin friction coefficient, Nusselt number and Sherwood number
for two cases at 10°C and 40°C using Bvp4c, an internal comparison within the present study yielded results
that were in good agreement.

1. The shape of nanoparticles significantly impacts fluid resistance. Platelet-shaped particles exhibit the
least resistance, while spherical nanoparticles demonstrate superior heat transfer capabilities due to
their efficient shape.

2. The study confirms that as the temperature of the ternary nanofluid increases, fluid viscosity decreases,
resulting in higher flow velocity.

3. Spherical nanoparticles show the highest velocity increase, with an 8.46% rise per degree Celsius,
making them highly effective in temperature-sensitive applications.

4.  Spherical nanoparticles achieve the most significant skin friction reduction, decreasing by 6.69% per
degree Celsius, optimizing energy efficiency in fluid systems.

5.  Platelet-shaped nanoparticles show a slight decrease in heat transfer efficiency, with a 2.70% reduction
per degree Celsius, suggesting careful shape selection for thermal management.

6. Velocity profiles indicate that spherical nanoparticles achieve the highest velocity, followed by blade and
platelet shapes. These trends are consistent across both temperature conditions (10°C and 40°C).

The study reveals that nanoparticle shape significantly affects fluid flow resistance in ternary nanofluid.
Platelet-shaped particles offer minimal resistance, while spherical nanoparticles enhance heat transfer due to
their geometry. Increasing the temperature of the ternary nanofluid increases velocity, primarily by reducing
viscosity, which has practical implications for optimizing cooling and heating systems. These findings are
relevant for applications in thermal management, microfluidics, and biomedical engineering. However, the
study is limited to a specific temperature range and nanoparticle shapes. Future research could explore
broader conditions, such as varying magnetic fields, different base fluids, and the impact of nanoparticle
concentration and distribution. The linear regression analysis highlighted that larger nanoparticle volumes
at lower temperatures notably reduce skin friction, consistent with the observed higher velocities of
spherical nanoparticles.

6 Future Research Directions and Practical Applications

The findings of this study pave the way for several avenues of future research and practical appli-
cations. To build upon the current work, future investigations could explore the impact of additional
nanoparticle shapes and materials on nanofluid performance within various geometries and flow conditions.
This could involve studying nanoparticles with unique properties or shapes not covered in the present
research. Furthermore, experimental validation of the theoretical models used in this study could provide
more robust and reliable data, which would be invaluable for refining and enhancing predictive models.
Additionally, the integration of more complex real-world scenarios, such as varying operating conditions
and environmental factors, could offer a more comprehensive understanding of nanofluid behavior. From
a practical standpoint, the development of advanced cooling technologies incorporating temperature-
sensitive nanofluids could significantly improve energy efficiency and performance in applications ranging
from electronic cooling systems to industrial heat exchangers. Exploring these technologies could lead to
innovations in thermal management solutions and contribute to advancements in sustainable engineering
practices. Overall, this study’s findings contribute to the growing body of knowledge on nanofluid dynamics
and offer a foundation for further research aimed at optimizing heat transfer technologies and exploring new
technological applications.
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Nomenclature

a, by Amplitudes of irregular channel [-]
a,b Empirical shape factor [-]

By Electromagnetic induction [-]
d+d, Width of channel [-]

By Magnetic field intensity [-]

d Mean half width of channel [-]
Gr Grashof number [-]

Gc Modified Grashof number [-]
Pe Peclet number [-]

Sc Schmidt number [-]

u Axial velocity [ms™ ]

re Reynolds Number [-]

k Porous medium [m?]

ks Chemical reaction [-]

P Dimensionless fluid pressure [-]
Q Heat Source [-]

q Radiative heat flux [W/m? ]
(cp)S Specific heat capacitance [IK‘I]
(cp) f Specific heat capacitance []K’l]
t Time [ms’l]

w wall condition [-]

H;H, Channel walls [m]

h; h, Dimensionless channel walls [-]
N Thermal radiation parameter [-]
Nu Nusselt Number [-]

Sherwood Number [-]
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Greek symbols

o Mean radiation absorption coefficient [Wm_l]
Ps Densities of base fluid [kgm_3]

Ps Densities of solid nanoparticle [kgm_3]

Pnf Density of nanofluid [kgm’3 ]

Unf Dynamic viscosity of Nf [g]

(pB)nt Thermal expansion of Nf [kgm_3]

Be Coeflicient of mass expansion [K‘l]

Br Coeflicient of thermal expansion [K‘l]

( pey ) uf Heat capacitance of Nf [kgm’ﬂ

Kot Thermal conductivity [W -m~! K_l]

Bs Volumetric coeff. of thermal

Bs

S > %€ Q

expansion of Np [K™]

Volumetric coeff. of thermal

expansion of base fluid [K‘l]

Electrical conductivity [Q_l m_l]

Volume fraction [-]

Fluid temperature [-]

Pressure gradient Skin friction coefficient [-]
Frequency of the oscillation [-]
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