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ABSTRACT: The present investigation inspects the unsteady, incompressible MHD-induced flow of a ternary
hybrid nanofluid made of SiO, (silicon dioxide), ZnO (zinc oxide), and MWCNT (multi-walled carbon nanotubes)
suspended in a water-ethylene glycol base fluid between two perforated squeezing Riga plates. This problem is
important because it helps us understand the complicated connections between magnetic fields, nanofluid dynamics,
and heat transport, all of which are critical for designing thermal management systems. These findings are especially
useful for improving the design of innovative cooling technologies in electronics, energy systems, and healthcare
applications. No prior study has been done on the theoretical study of the flow of ternary nanofluid (SiO, + ZnO +
MWCNT/[Water — EthylGlycol, (60:40)) past a pierced squeezed Riga plates using the boundary value problem
solver 4th-order collocation (BVP4C) numerical approach to date. So, the current work has been carried out to fill
this gap, and the core purpose of this study is to explore the aspects that enhance the heat transfer of base fluids
(H,O/EG) suspended with three nanomaterials Si0,, ZnO, and MW CN T. The Riga plates introduce electromagnetic
forcing through an embedded array of magnets and electrodes, generating Lorentz forces to regulate the flow. The
squeezing effect introduces dynamic boundary movement, which enhances mixing; however, permeability, due to
porosity, replicates the true material limits. Similarity transformations of the Navier-Stokes and energy equations result
in a highly nonlinear set of ordinary differential equations that govern momentum and thermal energy transport.
The subsequent boundary value problem is solved utilizing the BVP4C numerical approach. The study observes the
impact of magnetic parameters, squeezing velocity, solid volume percentages of the three nanoparticles, and porous
medium factors on velocity and temperature fields. Results show that magnetic fields reduce the velocity profile by
6.75% due to increased squeezing and medium effects. Tri-hybrid nanofluids notice a 9% rise in temperature with higher
thermal radiation.
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1 Introduction

Energy usage has been identified as the demanding problem confronting humans, particularly over the
next 50-70 years, particularly the global warming and monitoring carbon emissions [1]. Most wealthy coun-
tries now prioritise the security of renewable energy. Primarily, energy conversion and transmission occur at
the atomic level; nanotechnology is anticipated to play a key role in invigorating current energy industries and
boosting emerging renewable sectors. More than 80% of the energy we use today is generated or consumed
in the form of heating. Several manufacturing procedures require the movement of heat to either input or
remove energy from the system. Given the enormous increase in global energy consumption, improving
heat transfer and reducing energy loss caused by ineflicient use have become essential priorities [2]. Heat
extraction and regulation are challenging tasks in many high-heat-flux networks, including microchemical
processes, nuclear fission, fusion, and process intensification.

Nanofluids are a revolutionary form of nanotechnology-based heat transfer fluid generated by dispers-
ing and stabilizing nanoparticles with typical lengths ranging from 1 to 5 nm in standard heat transfer fluids.
Over the past few decades, scientists have discovered that adding modest amounts of guest nanoparticles
may significantly improve the thermal characteristics of base fluids. A nonlinear relationship between
concentration and thermal conductivity, strong size-dependent thermal conductivity, anomalously low
nanoparticle concentrations despite high thermal conductivity, and an upsurge in critical heat flux at a small
particle concentration of roughly 10 ppm are just a few examples of the superior thermal traits of certain
nanofluids [3]. Sidik et al. [4] reviewed and compiled on the production of hybrid nanoparticles, hybrid
nanofluids, and hybrid nanofluid thermophysical characteristics. The problems and future advancements
in the use of hybrid nanofluids in heat transfer applications were investigated. Sajid and Ali [5] provided a
critical study of nanofluid applications in heat transfer devices. Raja et al. [6] assessed several factors that
influence the properties of nanofluids, their ability to transport heat, and their implications in engineering.
An initiative that commenced more than 140 years ago, when J. P. Joule (1861) presented the first approach to
improving the heat transfer rate in condensing steam in his renowned research [7]. Household, commercial,
and industrial uses comprise a heat-transfer process for power transformation, exploitation, and restora-
tion [8]. Heat transfer improvements are commonly used in the following applications: ventilation and air
conditioning of viscous instruments in heat processing of materials [9]; refrigerator evaporation [10]; gas
flow warming in infrastructure and waste rehabilitation [11]; pharmaceutical and agricultural products [12].
It is well acknowledged that the thermal conductivity of nanofluids may be significantly increased by mixing
nanoparticles with a base fluid. This results in the flow of hybrid nanofluids across various geometries to
improve thermal conductivity.

A hybrid substance is a material that integrates the physicochemical characteristics of many substances
at the same time and delivers these properties in a cohesive aspect. The physical and chemical characteristics
of fabricated hybrid nanostructures are extraordinary since they do not exist in separate components [13].
Muneeshwaran et al. [14] presented hybrid nanofluids in a diversity of heat transport applications. The
characteristics, preparation, and stability of hybrid nanofluids were scrutinized by Eshgarf et al. [15].
Additionally, a few correlations and models for forecasting the features of hybrid nanofluids were provided.
Sharma et al. [16] inspected how a unique Ag/ZnO hybrid nanofluid at different concentrations improves
thermal characteristics and the heat transfer coeflicient. Using the Arrhenius activation energy and a non-
Newtonian flow model, Ref. [17] investigated heat and mass exchange in the chemically reactive, unstable
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boundary layer flow of an ethylene glycol (EG) hybrid nanofluid in a hydromagnetic environment. The
ZnO — MWCNTs/EG hybrid nanofluid achieved the greatest increase in heat transfer rate, according to
experimental data. Ekiciler [18] studied the two-phase (60:40) % of SiO, — MWCNT /water flow in a square
duct with Reynolds numbers ranging from 3000-10,000 using first- and second-law analyses. The greatest
substantial increase in PEC were observed in hybrid nanofluids with PC and PP forms, at 2.27 and 3.24%,
respectively. When PS—, PC—, and PP-shaped nanomaterials were used, the exergy demolition of the hybrid
fluid with the second nanoparticle forms carbon and phosphorus is 43.9% and 58.7% higher than that of
sulfur, respectively.

Ternary nanofluids have been shown to significantly improve heat transport properties of base fluids
when compared to conventional fluids, nanomaterials-induced fluids, and hybrid materials-based fluids.
As predicted, these are useful in energy control, cooling, and further applications requiring efficient heat
transmission. Mahabaleshwar et al. [19] focused on ternary nanofluid flow with heat transfer over the
Riga plates, taking into account the Newtonian heating effect. The current framework discovered that in
the presence of a Newtonian heating effect, the temperature profile performs better thermally than in the
absence of the heating effect. Farooq et al. [20] studied the mixed convection at the stagnation point of
ternary hybrid nanofluids approaching an upright Riga plate. Further, note that Silicon dioxide (SiO;),
Aluminum trioxide (Al,03), and Titanium dioxide (Ti0O,) were considered nanomaterials, using water
(H,0) as the basic fluid. Additionally, when the convection (mixed) parameter is used to oppose the
flow model, the noticeable temperature profile decreased while the flow transport profile increased. Abbas
et al. [21] analysed the transport of ternary nanofluids (Thnf) across a Riga plate while taking into account
the heating impact of the Prandtl fluid. Hybrid ternary nanomaterials made of aluminium alloys AA7072
& AA7075 and Titanium dioxide (TiO,) were suspended in engine oil. The velocity profile grew as the
Prandtl fluid parameters increased. The rise of heat in the ternary nanofluid (Tnf) was due to rising thermal
heat generation/absorption factors. Furthermore, the prominent temperature of the ternary nanofluid raised
significantly when the variables, particularly nanoparticle’s size and shape altered. Ramzan et al. [22] studied
the properties of transient, electro-viscous, ternary hybrid nanofluid flow via squeezing parallel infinite
plates. The ternary hybrid nanofluid is made by dissolving titanium dioxide, aluminum oxide, and silicon
dioxide nanoparticles in glycol/water, the carrier fluid. The goal of the current study is to maximize the
rate of mass and energy transfer for engineering and industrial applications. In addition to the impacts of
activation energy, magnetic field, heat generation and absorption, and chemical reaction, the phenomenon
of fluid flow is explored. Gangadhar et al. [23] observed the impact of electromagnetic initiation through
the Riga plate under specific circumstances on the electrical magnetic field. Using copper, silver, and copper
oxide nanoparticles, and blood as a base fluid were dispersed to generate the ternary hybrid nanofluid.
Additionally, the effects of the slip state, uniform heat source, convective energy, and thermal radiation were
taken into account when designing this ternary hybrid nanofluid flow. Karthikeyan et al. [24] looked at the
effect of Maxwell fluid and entropy production on the mobility of ternary hybrid nanoparticles (Thn) as
they pass through a Riga plate under convection boundary constraints. Higher Maxwell fluid parameter
values had been demonstrated to enhance the velocity curve. Additionally, the results showed that the
tri hybrid nano liquid’s thermal layer strengthened in response to rising Biot number (Bi) and thermal
radiation (Rd). Sharif et al. [25] investigated the momentum, and thermal properties of MHD Ellis ternary
nanomaterials implanted with dust particles using a flexible Riga plate, taking into account the dust material
volume concentration. The findings showed that tri hybrid nano phase heat transfer outperformed the dusty
phase. Furthermore, the noticing temperature profile improved for the rotational and volume fraction of
dust particle parameters. The heat transfer properties of Al,O; — Cu — Ni/H,O tri hybrid nanofluid were
inspected by Thakur and Sood [26] using a convectively heated stretched Riga plate with varying thickness.
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Rammoorthi and Mohanavel [27] investigated the MHD flow of a compressed ternary nanofluid between two
horizontally parallel Riga plates. The primary findings showed that although variations in viscous dissipation
and thermal conductivity altered the temperature distribution, the Riga plate actuator greatly increased
fluid velocity.

Table 1 discusses the applications and reference works of various nanofluids.

Table 1: Applications & reference works of different nanofluids

Resources and key

Areas of application Fluid flow studies
outcomes
Significant thermal
Automotive exchangers & TiO, - SiO, — EG,EG - conductivity enhancement
coolant basednanofluids in thermal storage
systems [28].
Solar energy storage systems SiO, — dopednitrates Incre:j;::ﬁ;gg; heat
Improved temperature
Management of battery heat MWCNT - water control of lithium-ion
battery channels [30].
SiO, - +7.9% thermal performance;
PV/T systems water; MWCNT, TiO,, ZnO +10% thermal
[Water|EG conductivity [31].
Cooling of electronic SiO, —water; CNT — Improved heat dissipation in
flat plates and
systems waterEG

microchannels [32,33]

The results suggest a need for further investigation into pierced ternary nanofluids. This framework
provides a novel investigation of the following points:

o A ternary hybrid nanofluid consisting of silicon dioxide (SiO;), zinc oxide (Zn0O), and multi-walled
carbon nanotubes (MWCNT) suspended in a water-ethylene glycol (60:40) base fluid is investigated
in this work for the first time in terms of MHD flow and heat transfer between squeezing, porous parallel
Riga plates.

o This work is unique because it synergistically combines three different nanoparticles, each of which
contributes complementary thermal and physical properties: MWCNT for exceptionally high thermal
conductivity, ZnO for photothermal and catalytic activity, and SiO, for stability.

« A more accurate and flexible framework than conventional shooting or finite difference approaches is
offered by the numerical solution of the highly nonlinear transformed boundary layer equations using
MATLAB’s BVP4C method.

2 Flow Model
2.1 Physical Layout of the Model

This study examines the unsteady convective squeezing flow of a viscous, tri-hybrid nanomaterial fluid
through two perforated Riga plates. This flow regime occurs between the compressed infinitely parallel Riga
plates and is influenced by thermal radiation, varying thermal conductivity, magnetic fields, and viscous
dissipation. The top plate moves with velocity toward the lower plate, generating a squeezing motion.
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The symbol h(t) represents the height of the channel or the separation between the horizontal plates.
The range of variation in the separation variable is 0 to h, where & is much higher than the thickness of the
wall’s border layer. While the upper surface can make a movement vertically toward the bottom plate for a
suitable compression, the upper plate remains immovable. The vertical displacement of the proposed channel
may be expressed using the following criterion, per the findings of Khaled and Vafai [34]. The following
equations, where hy is a constant, which expresses the function / (t) in two distinct contexts.

TN L ho(s+at)_%, ifa>o0,
h(t)_{hoexp(—st), ifa:O.} M

The proposed model is structured utilizing the x—y plane, with the x—axis show to be the actual direction
of flow. The physical depiction of the problem at hand is exposed in Fig. 1.
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Figure 1: Physical arrangement of the flow model

The following are the governing continuity equation (principle of conservation of mass), Navier-Stokes
equation (principle of conservation of momentum), and temperature equation (principle of conservation of
energy). Based on the literature [34-36].

2.2 Mathematical Modeling of the Problem

Continuity Equation:
Uy +v, =0, (2)

Momentum Equation:

1 nf ,— OThnf ! Mo -z
Wrmng 1 Hh f(u—u)—B% Th f(u_u)Jr Me 33

(3)
pring . K prins PThnf PThnf 8

Up + Utly + VU = Uy + Ully +
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Energy Equation:
kThnf(T) 160'**Ti0 1 UThnf 2
T, +uT, +vT, = - T, - u
t X y (Pcp)Thnf yy 3fc** (Pcp)Thnf Yy (Pcp)Thnf( }’) (4)
D (rog,
(PCP)Thnf

where the Rosseland approximation yields a radiative unidirectional heat flux (g, "), as follows by [36], this
means that heat transport is largely in one direction. This approximation is commonly utilized when the
medium is thought to be in radiative equilibrium.

4" = _34% (74)y o

It is anticipated that the fluid temperature corresponds to T closely be similar to To, by expanding the
—4
Taylor series expansion T near to To. By leaving out all the higher-order terms starting from the second
—4
order, T is stated as:

T' 24T —3T.. (6)

The current model considers the following boundary conditions (BCs):

Al 0)e(4) -5 ) 0 (0 5 (1) =y (8~ 7). -
For free stream Condition (y - o00):u (y) =u; T(y) = Teo.

In Eq. (7), when y = 0, the Riga plates are supposed to be immobile. This means that the flow in x—axis
is zero. Along y direction, the velocity of the fluid equals the v,, (t), i.e., wall permeable velocity and the heat
flux on the wall g,, (x) is the same as the temperature gradient. As y approaches to infinity, the velocity and
temperature distributions in the x—direction approach that of the unconstrained stream.

Role and Modelling of Porosity and Permeability

In the current study, the porous medium is modelled using Darcy’s law, which introduces a resistance
force proportional to the fluid velocity. This is captured in the momentum equation through the term:

1 Urhng (u—7)
K pringf

Here, K denotes the permeability of the porous medium, which quantifies how easily fluid can flow
through it. A lower K implies higher flow resistance, simulating denser or more compact porous materials.

While permeability directly enters the governing equations, porosity is inherently embedded in the
effective thermophysical properties of the ternary hybrid nanofluid. It influences how heat and momentum
are transported through the medium by altering the apparent density, heat capacity, and viscosity. These
effects are considered in the definitions of prp, f, 7 s> and ( pCP)Thn f which vary based on the solid—fluid
volume fractions and porosity-dependent mixing rules.

The combined effect of porosity and permeability controls the extent of momentum suppression and
heat dispersion within the porous region, which is crucial for realistic modelling of nanofluid behaviour in
engineered materials and biological tissues.
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Similarity Variables:

Suitable similarity variables are proposed to solve the gained nonlinear coupled boundary value problem
numerically. The stated equations are converted into a nondimensional form employing the dimensionless
similarity variables. They were added in order to make the equations simpler and facilitate analysis. Eq. (8),
which represents these dimensionless variables, is based on a related work by Muhammad et al. [36]. Using
these scaling modifications, a nonlinear ordinary differential model is created using the 2D, unstable TNF

flow Egs. (2)-(4) and the boundary conditions given by Eq. (7).

U= bx; v, (t) =voV/b; Bz (t) = BsVb; g (%) = goxs

rang (T) = [I{MP}]
qox V¢

6(0:(:’1—6]‘%)@\/% b=(s+at)"; u=bxf ({); Vz‘\/b_"ff({)'

when Eq. (8) is applied to Eqgs. (2)-(4) and (7), they are modified as follows.

nf+ff %{f" — () +a(f =) +pAA-f) + M- f) +ysZexp (-87) +1=0,

g{y4<1+ee>+%Rd}e'#(ﬁ%{)ef-(ﬁg)e+y6Ec(ff')2

-Q6=0.

Furthermore, Eq. (11) incorporates the boundary constraints from Eq. (7):

At (=0,f"({)=0,f({)=~S, ya0'(0) = -Bi (1- 9(()):}

As { o0, f/({)=10"({)=0.

where,

hn OThn
le(”;ff))/s; )’22( ! f))’s; Y3 = Pf

K (pCp) ,
)’4:( Thf))/5; )/5:(#; YézyThf)/

kf pCP)Thnf Ur
Vix 0¢B; 40**Tio (Pcp)f
A== = ; Rd= ; Pr=
uk pf 3k**kf kf
_ oM (@) ks b
8pub (Co)pasx N v V5

(8)

(9)

(10)

(11)

(12)

Based on the similarity transformation, the parameters shown in Eq. (12) are taken into consideration.
Using TNF correlation, Table 2 lists the values for y; where i = 1-6. Here, M the magnetic, A represents a
porous medium, Rd the thermal radiation, Z the Hartmann number, Ec the Eckert number, Pr the Prandtl

number, and f, the surface permeability velocity.



8 Comput Model Eng Sci. 2026;146(1):19

Table 2: Thermophysical properties [35-37]

. . Continuous base fluid Nanoparticles
Physical properties
Silicon Multiwall
Ethy glycol Zi i
Water(H,0) thy glyco dioxide inc oxide carbon
(C2H60,) (8i0,) (ZnO) nanotubes
g (MWCNT)
Density: p (kg/m®) 977.1 1115 2270 5600 1600
Thermal conductivity:
k (W/mk) 0.613 0.253 1.4013 50 3000
Heat capacity:
4179 2430 745 495.21 769
Cp (J/kgK)
Blectrical conductivity: =5 192 43,105 35x10°  726x107  1.9x10°*
o (S/m)

Engineering Parameters

Engineering quantities such as skin friction coefficient (C f) and Nusselt number (Nu) are employed in
the research of heat/mass transport and liquid mechanics. These numbers are frequently utilized in a variety
of engineering applications and are pertinent to diverse flow types. These can be assessed independently for
the upper and lower plates in the manner described below. The skin friction coefficient (C) and local Nusselt
number (Nu) are provided by:

Tw Xqw

Cs= W; Nu = m (13)
when 1,, and g,, correspond to the shear stress and heat flux parameters, respectively,
Tw = UThnf (”y)|y=0; qw = _kThnf(Ty)|y=0+(qr*)|y=0 (14)
So, Nu and Cy are modified using a similarity transformation as:
Re;C; = (M)f” (0); Rey*Nu-= (1+ 4def) (— ! ) (15)
ur KThng 6 (0)

when examining the behavior of fluid flow and heat transfer at boundaries, Eq. (14) is important. It provides
the information required to assess and predict the thermal and momentum characteristics of a system. Where
the local Reynolds number is defined as Re, = Z—;

Thermophysical Characteristics:

As thermophysical characteristics are extremely important since they allow us to more accurately cal-
culate efficiency. According to the literature, heat transfer characteristics are dependent on the formulation,
whereas viscosity is temperature-dependent and thermal conductivity is concentration-dependent.

Density

prang = (1= @) {(1-¢2) [(1-¢3) pf + $3ps] + dap2} + P11
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Viscosity

Hr
(1- (/)1)2.5 (1- ¢2)2.5 (1_¢3)2.5

Thermal conductivity

Kring ki +kpug(n—=1) - (n-1) (knng — k1) ¢

UThnf =

khnf k1+(n—1) khnf+¢1 (khnf_kl)

where,
khnf B k2+(n—l)knf—(/)z(l’l—l)(knf—kz) knf B k3+(n—l)kf—(kf—k3)(7’l—l)¢3
Ky ky+knp(n=1)+(kos—k2) ¢ ky ks+kp(n-1)+ (ks —ks) ¢

Thermal expansion coeflicient

(PB) s = (1= 90) { (1= 62) [(1= 63) (0B) ; + ¢ (pB), | + 62 (pB), | + 1 (pB),

3 Numerical Analysis

The system of coupled ordinary differential equations ODEs that forms the boundary value problem
(BVP) is defined by using a MATLAB solver. After that, functions are developed for the ODEs along with the
boundary conditions, and the boundary constraints are given for the interval’s ends. The numerical solver
has an option called collocation that uses these functions in addition to an initial guess for the answer.
The behavior of the system may be further analyzed and visualised by extracting the solution from the
returning structure. Convergence requires adjusting the tolerance and iteration settings, which also offers
a reliable method for resolving BVPs via collocation with the solver. A system of nonlinear, differential
equations, Eqgs. (9) and (10), with matching boundary constraints, Eq. (11), is solved using this approach. The
following is how equations are converted into first-order ODEs:

Let

f()=d@), f({)=d(2), f'({)=d(3), 0({)=d(4), 0"=d(5).

d'(1)=d(2),

d'(2)=4d(3),

d1(3):ll(d(z))z—d(l)d(3)—%(d(S)—ad(z)+a ]
ML=yl +918d (2) = y2M + y2Md (2) = y3Z (exp (=S*()) -1

d' (4)=d(5),

d'(5) = Pr (y4 7260 + %R)_ d(2)+5d(4)- {d (1) + % —yeEc(d (3))2} —d(4)Q,

The system is defined by the initial conditions listed below:

At (:O:dlz—S; d2:0,d5y4:—Bi(1—d4),
As { - 00:dy =1,d4 = 0.

We tackled the boundary value problem using MATLAB'’s BVP4C solver, which utilizes a collocation
method that keeps an eye on errors based on the residuals of the differential equations. Instead of directly
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managing the error of the true solution, this solver focuses on making sure the norm of the residual stays
within certain limits, dictated by both relative and absolute tolerances. By default, these tolerances are set
to RelTol =107 and AbsTol = 10°, which helps keep the residual error below a threshold proportional
to AbsTol + RelTol x |f (x, y)|. This method strikes a nice balance between achieving numerical accuracy
and maintaining computational efficiency. Furthermore, details about the chosen numerical scheme are
discussed in Fig. 2.

Numerical Scheme in bvp4c

Formulate

System of Call bvp4c
Algebraic Function
Equations .

Creating equations for Invoking the solver
solving function

Solution
Accepted?

Deciding if the solution is
satisfactory

Figure 2: Flow chart of numerical scheme

4 Results and Discussion

The fluid behaviour in this study is illustrated by the graphical illustrations of temperature and momen-
tum profiles for the tri-hybrid nanofluid (SiO, + ZnO + MWCNT/Water — EthylGlycol, (60:40)) flows
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between two parallel Riga plates. Using similarity variables, the physical model is first transformed into ODEs
to produce these profiles. Following conversion, the equations are put into practice with MATLAB, a program
that offers a means of resolving intricate mathematical issues and displaying the outcomes. The temperature
and velocity profiles at various locations inside the flow domain are shown in Figs. 3-14. Through analysing
these profiles, one may learn more about the fluid’s behaviour and how the relevant factors impact these
profiles [38-41].

Velocity Profile
1.2 T T T T T T
1k
0.8
S
>~ 0.6
S~
0.4
Tri-Hybrid Nanofluid
Nanoparticles: SiO:+ZnO + MWCNT
Base Fluid: Water/Ethylene Glycol (60:40)
0.2 1
0 L 1 1 1 1 1 1
0.5 1 1.5 2 2.5 3 3.5
¢
Figure 3: Consequences of hertman number on [’ ({)
Velocity Profile
1-2 T T T T T T
1r .
0.8 —S8=0.2|4
—8=0.3
—8=0.4
S —85=0.5
>~ 0.6 5=0.6
S~
0.4 1 T I I T
Tri-Hybrid Nanofluid
Nanoparticles: SiO:+ Zn0 + MWCNT
Base Fluid: Water/Ethylene Glycol (60:40)
0.2 1
0 1 1 1 1 1 1
0 0.5 1 1.5 2 2.5 3 3.5

Figure 4: Consequences of suction on f ({)
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Velocity Profile
T T

1.2 T T T
I -
0.8
S
~0.6
~
0.4
Tri-Hybrid Nanofluid A0S
Nanoparticles: SiO:+Zn0O + MWCNT _ ":0'9
Base Fluid: Water/Ethylene Glycol (60:40) A=L3
0.2 A=1.7|4
0 1 1 1 1 1
0 1 Ls 2 2.5 3 3.5
¢
Figure 5: Consequences of porous parameter on f' ({)
Velocity Profile
1.2 T T T T T
1k —_— |
0.8 Z’:Zi:i;’jj |
T Y2 8
—— $ b= 8,~0.06
S b =¢.=8.=0.09
S 0.61 I
< #=,=,~0.12
0.4 .
Tri-Hybrid Nanofluid
Nanoparticles: SiO:+Zn0O + MWCNT
Base Fluid: Water/Ethylene Glycol (60:40)
0.2 =
0 1 1 1 1 1
0 1 1.5 2 2.5 3 3.5

Figure 6: Consequences of volume fractions of nanoparticles on f’ ({)
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Temperature Profile

0- 7 T T T T
0.6 b
Tri-Hybrid Nanofluid
Nanoparticles: SiO:+Zn0 + MWCNT
0.5 Base Fluid: Water/Ethylene Glycol (60:40) T

a9

—Q=0.1
——0=0.3[]
—0=0.4
—0=0.5

0=0.6]"

2.5 3 3.5

Figure 7: Consequences of suction parameter on 6 ({)

07 Temperature Profile
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Figure 14: Velocity profile comparison between the present study and the benchmark results by Rammoorthi and
Mohanavel

4.1 Influence of Various Parameters on the Velocity Profile

The impact of (0.2 < Z <0.6) on the velocity distribution f’({) is depicted in Fig. 3. The magnetic
field between the plates is strengthened as Z is increased. The stronger magnetic effect between the plates
drives the fluid flow. The performance of Riga plates will resemble that of a regular channel when Z goes
back to zero. The Hartmann number greatly influences the velocity profile in the presence of a magnetic
field. The interaction between electromagnetic and viscous forces, whose relative intensity is measured by
the Hartmann number, is where the physical relevance is found. Therefore, it may be possible to effectively
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use the increased magnetism between the plates to speed up the flow in the squeezing phase. As a result, if
Z disappears, velocities are reduced, and the Riga plates become normal plates.

The effect of the suction parameter (0.2 < S < 0.6) can be seen in Fig. 4, one can notice that as the
suction rises, the overall fluid velocity upsurges. The act of sucking a fluid in, or suction, has a large influence
on flow behaviour and velocity profiles. Faster fluid flow close to the surface is usually the result of decreasing
the thickness of the boundary layer (BL) and increasing the velocity gradient at the surface of the plate. The
boundary layer is thinned by suction, which removes fluid close to the surface. Because of the suction, the
velocity profile steepens at the surface, indicating that the fluid is travelling more quickly toward the wall
than it would in a suction-free situation. Even if the velocity increases close to the wall, if the suction is high,
the total velocity profile may be lower farther from the wall.

The impact of a porous parameter (0.1 < A < 1.7) on a velocity profile is seen in Fig. 5. The porosity char-
acteristic reduces fluid velocity in the velocity profile. Generally speaking, a higher porosity parameter (which
signifies greater permeability of the porous material) results in higher drag force, which lowers velocity.

The volume fraction (0.00 < ¢y, ¢, ¢3 < 0.12) of SiO,, ZnO, and MWCN T nanoparticles dominate
the velocity field as seen in Fig. 6. As volume fractions grow, disturbances like eddies and flow separations
seen to be more noticeable. The volume percentage of nanoparticles in a fluid usually reduces the velocity
profile, owing to the higher viscosity and friction induced by the nanoparticles. Essentially, the nanoparticles
thicken the fluid and increase its resistance to flow, slowing it down.

4.2 Influence of Various Parameters on the Temperature Profile

The effect of the heat source parameter on the thermal field 6 ({) is portrayed in Fig. 7. The thermal
boundary layer expands as the fluid temperature increases as a result of a heat source. Temperature intensifies
the thermal energy added due to heat sources. Thermal energy is introduced into a system via a heat source,
such as a resistor that dissipates electrical power. This energy raises the molecules’ kinetic energy, which
raises the thermal effect and causes the thermal boundary layer to grow.

The effect of the thermal radiation parameter, (0.3 < Rd < 2.3), on the thermal distribution, 6 ({),
across the gap is shown in Fig. 8. The dimensionless heat equation Eq. (10) in the increased thermal diffusion
term includes the parameter Rd. It specifies how much heat transport from thermal radiation and thermal
conduction contributes to each other. The contribution of heat radiation disappears with Rd = 0. Thermal
radiation becomes more and more dominant over thermal conduction when Rd > 1. In traditional boundary
layer flows, this would result in increased flow energy and temperature, but in the existing model, raising the
radiation parameter has the reverse effect. The decreasing temperatures linked to a larger radiation heat flow
impact are caused by the squeezing effect, which suppresses thermal diffusion. The decline of temperature
between the two Riga plates is almost linear when unidirectional radiative flux is not present. However, the
connection gets increasingly nonlinear as the radiative influence increases, especially toward the downside
Riga plate.

The impact of thermal Biot number, (0.1 < Bi < 0.5), on temperature profiles, 0 ({), is seen in Fig. 9.
This quantity, which is a variation of the traditional thermal Biot number, appears in the boundary conditions
at the bottom Riga plate. Physically speaking, when this value is less than 0.2, it indicates that temperature
gradients are minimal within the lower Riga plate and that heat conduction there is substantially quicker
than heat convection outside of it. This is in line with the “thermally thin” situation. The “thermally thick”
situation occurs when Bi > 0.2, meaning that thermal conduction within the downside Riga plate proceeds
at a significantly slower rate than thermal convection far from its plate into the pierced flow regime. The
temperature across the gap significantly rises as Boit number increases. Increased thermal convection warms
the flow, resulting in higher convection from the downside Riga plate to the squeezing regime.
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Fig. 10 demonstrates the impact of the Eckert number (0.1 < Ec < 0.5), i.e., energy dissipation param-
eter effects on thermal profiles 6 ({) . The relative contribution of kinetic energy dissipated to the boundary
layer (BL) enthalpy difference is represented by the Eckert number. Viscous dissipation is assumed to be zero
for Ec ~ 0. A higher temperature is the outcome of a gradually larger conversion of kinetic energy to heat as
Ec rises. This conversion mostly occurs through viscous dissipation, in which the flow’s mechanical energy
is converted to heat, raising the temperature due to frictional forces between the walls and the fluid.

The transport of heat to the fluid is influenced by varied thermal conductivity (0.2 < € < 0.6), as seen
in Fig. 11. Higher thermal conductivity areas of the fluid will heat faster and subsequently radiate heat to the
fluid’s cooler areas. It also lessens the fluid’s internal temperature gradients. This is because the fluid’s parts
with higher thermal conductivity act as temperature sinks, taking up heat from the hotter segments and
transferring it to the colder ones.

The inspiration of the Prandtl number (7.0 < Pr < 15.4) on 6 ({) is demonstrated in Fig. 12. The fluid’s
momentum diffusivity and thermal diffusivity are related by the Prandtl number Pr. Thus, the fluid flow
with a greater Pr has low thermal diffusivity, which causes the temperature gradient to steepen and decrease.
Designing thermal systems i.e., heat exchangers, requires particular nanofluids with variable Pr values to
ensure optimal thermal performance.

The inspection of suction parameter, (0.2 < S < 0.6), on the thermal distribution 6 ({) can be noticed
in Fig. 13. The Temperature often fall when a fluid is drawn into a porous media by suction. In particular,
raising the suction parameter lowers the temperature and may also lower the local skin friction coeflicient
and heat flow. In a physical sense, suction cools the system by removing heat.

4.3 Validation

The present analysis is benchmarked against the study by Rammoorthi and Mohanavel [27] by
employing parameter values consistent with their work. The reliability of the results is validated through the
graphical comparisons presented in Figs. 14 and 15. As shown in Table 2, the skin friction coefficient and
Nusselt number exhibit sensitivity to various dimensionless parameters. Specifically, both (Rex)l/ ’C ¢ and

(Rex)_l/ ? Nu, increase with higher values of Z, A, ¢1, ¢, ¢3, and M while they decline with increasing b.
Conversely, parameters such as Ec, Rd, and ¢ exert a negligible effect on skin friction. The Nusselt number
increases with Rd and decreases with both Ec and . These observed patterns offer critical insights into the
influence of physical parameters on thermal transport behaviour.

0.6

= Present Study
0.5 ® Rajakumari and Dhivya | |

¢

Figure 15: Temperature profile comparison between the present study and the benchmark results by Rammoorthi and
Mohanavel
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4.4 Streamlines

In this section, 3D surface plots against various flow factors are illustrated in Figs. 16 and 17. The
following 3D surface plots show how in a magnetohydrodynamic tri-hybrid nanofluid flow system, the local
Nusselt number (Nu) as well as the local Skin Friction Coefficient (Cy) are affected by M and ¢ that are
magnetic parameter and nanoparticle volume fraction, respectively. Nu grows linearly with the growth of
M and the nanoparticle volume fraction ¢. Nu increases from around 2.7 to 5.3 at M = 0.5 when ¢ is
increased from 0 to 0.1. Nu rises from approximately 2.7 to 5.2 when M is increased from 0.5 to 2.5 at
¢ = 0. Thermal conductivity is improved by a higher nanoparticle concentration. Increasing M improves flow
stability, which raises the effectiveness of heat transfer. C; grows with magnetic parameter M and volume
fraction ¢, although at a smaller gradient than Nu. At M = 0.5, C rises from approximately 1.5 to 2.3 as ¢
goes from 0 to 0.1. For constant ¢ = 0, Cy rises from approximately 1.5 to 2.2 as M rises from 0.5 to 2.5. The
generation of Lorentz force due to the magnetic field increases flow hinderance, resulting in increased skin
friction. Nanoparticles thicken the boundary layer, resulting in more viscous effects.

Nusselt Number Nu

4.5

3.5

& (nanoparticles)

Figure 16: 3D surface plots of M and ¢ against Nusselt number
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Skin Friction Coefficient Cf

M 0.5 ¢ ) & (nanoparticles)

Figure 17: 3D surface plots of M and ¢ against skin friction coefficient

5 Conclusion

The fluid transport and thermal properties of nanofluids between horizontal, parallel Riga plates
are examined in this work, when magnetic fields and radiative impacts are present. A scrutiny of a
time-dependent(unsteady), squeezing flow of tri-hybrid nanofluid (SiO, + ZnO + MWCNT/Water —
EthylGlycol, (60:40)) between two parallel plates is presented in this article. The study considers the
impacts of thermal radiation, the suction effect, viscosity dissipation, and the heat source. Using the similarity
transformation approach, the leading system of connected nonlinear partial differential equations PDEs
was transformed into a system of ODEs. These equations were then numerically solved using the shooting
technique together with the Bvp4c approach. The following is a list of the investigation’s noteworthy findings.

o The enrichment of Hartmann number (Z) results in increased fluid flow, indicating the significant
impact of magnetohydrodynamics on fluid flow.

 Raising the suction parameter enhances the flow field but reduces the temperature profile of the used
tri-hybrid nanofluid.

o Water-Ethyl Glycol (60:40) based nanofluids containing Silicon dioxide (Si0,), zinc oxide (SiO;), and
multiwall carbon nanotubes (MWCNTs) nanoparticles improve heat transport efficiency and also the
reliability of the system.

o Higher values of Rd and ¢ make an increase in the thermal profile. They pointedly enhance the thermal
distribution and the thermal effect within the system.

+ A combined investigation through streamline plots reveals quantifiable changes in Nu and Cy due to ¢
and M. The streamlined behaviour shows that raising ¢ improves thermal mixing and heat transmission,
whereas increasing M causes Lorentz forces that reduce flow velocity. Higher ¢ increases the Nusselt
number, while higher M decreases it and increases skin friction.

This work offers a new numerical investigation of ternary hybrid nanofluid flow in a Riga plate-based
squeezing system, although it has certain drawbacks. Only two-dimensional, laminar, and incompressible
flow with simplified boundary conditions is included in the study; turbulence, surface roughness, and
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geometric imperfections are not taken into account. The impacts of temperature variations, nanoparticle
clumping, and interparticle forces are also ignored, as it is assumed that the thermophysical characteristics
of the nanofluid stay constant. Furthermore, a streamlined Riga plate configuration with homogeneous fields
is used to model the electromagnetic effects, which may not fully represent actual situations.

Furthermore, the lack of experimental validation means that the findings remain speculative.
These simplifications, while required for tractability, limit the findings’ direct application to compli-
cated practical systems. Future research could address these constraints by expanding the model to
include three-dimensional geometries, experimental benchmarks, and non-ideal effects like slip conditions,
temperature-dependent characteristics, and turbulence modelling.
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