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This work aims to investigate the influence of thermal radiation on the 
magnetohydrodynamics squeezing flow of water-based ternary hybrid nanofluids 
between two parallel plates in a Darcy porous medium. The nanoparticles 𝐶𝑢, 𝐴𝑙₂𝑂₃, and 
𝑇𝑖𝑂₂ are dispersed in a base fluid 𝐻₂𝑂, resulting in the creation of a ternary hybrid 
nanofluid 𝐶𝑢 − 𝐴𝑙₂𝑂₃ − 𝑇𝑖𝑂₂/𝐻₂𝑂. This study examines the deformation of the lower 
plate as the upper one advances towards it. The numerical results are computed using 
the 3-stage Lobatto IIIa method, which is specially implemented by Bvp4c in MATLAB. 
The effects of various parameters are visually illustrated through graphs and 
quantitatively shown in tables. The velocity profile 𝑓′(𝜂) shows a decrease in pattern 
when the parameters S and λ on the upper plate and 𝐷𝑎 on the lower plate are increased. 
Conversely, it displays an increasing pattern with higher values of Sq and λ on the lower 
plate, as well as 𝐷𝑎 on the upper plate. The absolute skin friction of the ternary hybrid 
nanofluid is seen to be approximately 5% higher than that of the regular nanofluid at 
both lower and upper plates. The heat transmission rate of the ternary hybrid nanofluid 
is higher at the upper plate compared to the lower plate. 
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1. Introduction 
 

Ternary hybrid nanofluids consist of three distinct kinds of nanoparticles dispersed in a base fluid. 
This paper describes a study on a ternary hybrid nanofluid consisting of copper (𝐶𝑢), aluminum oxide 
(𝐴𝑙2𝑂3), and titanium dioxide (𝑇𝑖𝑂2) nanoparticles, which are uniformly dispersed in a water-based 
fluid. This ternary hybrid nanofluid possesses distinctive characteristics that enable it suited for a 
many different kinds of applications. Introducing copper (𝐶𝑢) nanoparticles into the nanofluid has 
been discovered to enhance thermal conductivity, while the inclusion of aluminum oxide (𝐴𝑙₂𝑂₃) 
and titanium dioxide (𝑇𝑖𝑂₂) nanoparticles has been reported to improve heat transfer efficiency and 
stability. This nanofluid can be used in a range of applications, including heat exchangers, cooling 
systems, and electronic devices, to improve heat dissipation and enhance thermal management. 
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Copper nanoparticles exhibit antibacterial properties, while (𝑇𝑖𝑂₂) nanoparticles demonstrate 
photocatalytic activity against bacteria and other microorganisms. The utilization of the ternary 
hybrid nanofluid, consisting of 𝐶𝑢 − 𝐴𝑙2𝑂3 − 𝑇𝑖𝑂2, has great potential for creating antibacterial 
coatings on different surfaces, such as textiles, medical equipment, and food packaging. These 
coatings efficiently hinder bacterial proliferation and help maintain hygiene. Titanium dioxide (𝑇𝑖𝑂2) 
nanoparticles possess photocatalytic characteristics, enabling them to effectively catalyze the 
decomposition of organic pollutants and the sterilization of water. The utilization of the 𝐶𝑢 −
𝐴𝑙2𝑂3 − 𝑇𝑖𝑂2, ternary hybrid nanofluid shows promise for implementation in water treatment 
processes, aiding in the removal of contaminants and improving the overall water quality. 

Choi and Eastman [1] were the innovators who first introduced the concept of nanofluids. They 
claimed that by suspending metallic nanoparticles in conventional heat transfer fluids, a 
groundbreaking kind of heat transmission fluids might be created. Raees et al., [2] has conducted an 
investigation of the unsteady squeezing flow of fluid between parallel plates that contains both 
nanoparticles and gyrotactic microorganisms, one of the plates was moving and the other staying 
still. Hayat et al., [3] applied the HAM approach to study the magnetohydrodynamic squeezing flow 
of a nanofluid across a porous stretched surface with thermophoresis effects and Brownian motion. 
They have taken the lower wall of the channel to be permeable and stretched, while the upper 
impermeable wall moves in the direction of the lower wall at a prescribed time-dependent velocity. 
Moreover, Hayat et al., [4] discovered a novel analysis of the magnetohydrodynamic squeezing flow 
of couple stress nanomaterial between two parallel surfaces. This analysis incorporates the unique 
characteristics of thermophoresis and Brownian motion, which have not been previously described 
together with a porous lower surface in the channel. Salehi et al., [5] has conducted research on the 
magnetohydrodynamic squeezing nanofluid flow of hybrid nanoparticles composed of 𝐹𝑒3𝑂4 and 
𝑀𝑜𝑆2 that are sandwiched between two infinite parallel plates. They found that as the squeezing and 
Hartman numbers increased, the velocity profile decreased. Acharya [6] performed research to 
determine the flow patterns and heat transmission characteristics of hybrid nano liquids in the 
presence of nonlinear solar radiation. The investigation focused on several solar thermal devices that 
had Alumina-copper nano ingredients mixed with water as the main fluid. Furthermore, Bio-
convective nano liquid flow including gyrotactic microorganisms between two squeezed parallel 
plates was investigated by Acharya et al., [7] using the classical Runge-Kutta-Fehlberg approach, 
taking into account the effects of a higher-order chemical reaction and second-order slip. Based on 
their research, they discovered that the temperature reduces as the squeezing factor and first-order 
velocity slip parameter increase, but increases as the second-order slip parameter increases. A micro-
polar hybrid nanofluid (𝐺𝑂 − 𝐶𝑢/𝐻20) has been investigated by Islam et al., [8] in the presence of 
hall current and thermal radiations to look at how it moves and transfers heat between two surfaces 
in a spinning system. The primary result of their investigation is that increasing the values of the 
magnetic parameter leads to an increase in the velocity profile and a decrease in the rotational 
velocity profile. Also, the fractional model of Brinkman type fluid that contains hybrid nanoparticles 
of 𝑇𝑖𝑂2 and Ag in a base fluid of water within a confined micro-channel has been investigated by 
Ikram et al., [9]. Khashi’ie et al., [10] investigated the 𝐶𝑢 − 𝐴𝑙2𝑂3/𝐻20 nanofluid flow between two 
parallel plates in which a magnetic field and wall mass suction or injection are supplied to the lower 
plate, allowing the bottom plate to be deformed while the upper plate flows in the opposite direction 
of the lower plate. The primary finding of their investigation is that an augmentation in the squeezing 
parameter leads to a degradation of the heat transfer coefficient by 4.28% (upper) and 5.35% 
(lower), respectively. Yaseen et al., [11] studied the heat transfer properties of the MHD squeezing 
nanofluid (𝑀𝑜𝑆2/𝐻2𝑂) flow and the hybrid nanofluid (𝑀𝑜𝑆2 − 𝑆𝑖𝑂2/𝐻2𝑂 − 𝐶2𝐻6𝑂2) flow between 
two parallel plates, as well as their symmetrical characteristics. In their model, the upper plate is 
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moving downwards towards the lower plate, while the bottom plate is elongating with a constant 
velocity. A hybrid nanofluid containing Ethylene glycol-water as the base fluid and nanoparticles of 
𝑇𝑖𝑂2 and 𝑀𝑜𝑆2 in the presence of dust particles and a magnetic field, flowing over a stretched sheet, 
was studied by Rostami et al., [12] in terms of its motion and temperature distribution in a porous 
medium. By considering the effects of thermal radiation and Hall current, Rauf et al., [13] investigated 
the micropolar tri-hybrid nanofluid(𝐹𝑒3𝑂4 − 𝐴𝑙2𝑂3 − 𝑇𝑖𝑂2/𝐻2𝑂) in a rotating structure between 
two perpendicular permeable plates. A micro-polar fluid undergoing radiative and 
magnetohydrodynamic flow across an 𝐴𝑙2𝑂3 and 𝐶𝑢 nanoparticle stretched/shrinking sheet in the 
presence of viscous dissipation and Joule heating was investigated by Waini et al., [14]. Famakinwa 
et al., [15] studied how heat radiation and viscous dissipation affect an unstable, incompressible flow 
of water-hybrid nanoparticles moving between two surfaces that are lined up and have different 
viscosity. They discovered that there was no apparent alteration in fluid velocity when thermal 
radiation and viscous dissipation parameters were increased, but that the temperature distribution 
was reduced. The combined effects of the suction/injection, electromagnetic force, activation 
energy, chemical reaction, ionized fluid, inertia force and magnetic field that influence the squeezing 
flow of ternary hybrid nanofluids between parallel plates are investigated numerically by Bilal et al., 
[16]. Hanif et al., [17] investigated the flow of a hybrid nanofluid based on an aluminum alloy and 
water across a stretchy horizontal plate with a thermal resistive effect using the Numerical Crank-
Nicolson approach. The MHD flow, heat, and mass transfer of the Jeffrey hybrid nanofluid on the 
squeezing channel via a permeable material in the presence of a chemical reaction and a heat 
sink/source were studied by Noor and Shafie [18]. Ullah et al., [19] explored the hydrothermal 
properties of a hybrid nanofluid (𝐴𝑔 + 𝑇𝑖𝑂2 + 𝐻2𝑂) in three dimensions in presence of magnetic, 
thermal, and radiation fluxes between the two vertical plates. Transient free convection of a hybrid 
nanofluid between two parallel plates in the presence of a magnetic field, a heat source/sink and 
thermal radiation was explored analytically by Roy and Pop [20]. Moreover, the effect of radiative 
heat flux on the transient state electro-osmotic squeezing propulsion of a viscous liquid via a porous 
material between two parallel plates has been investigated by Jayavel et al., [21]. Bhaskar et al., [22] 
and Maiti and Mukhopadhyay [23] investigated the MHD squeezed flow of casson hybrid nanofluid 
and unstable nanofluid flow between two parallel plates, respectively, under various effects. Madit 
et al., [24] studied how a chemical reaction affects the flow of a nanofluid that is squeezed by hydro 
magnetism between two vertical plates. Khashi’ie et al., [25] carried out investigations into the 
simultaneous impact of double stratification and buoyancy forces on the flow of nanofluid over a 
surface that is either shrinking or stretching. It was observed that the heat transfer rate increases by 
roughly 5.83% to 12.13% when the thermal relaxation parameter is introduced in both shrinking 
and stretching scenarios. Similarly, Khashi’ie et al., [26] developed numerical solutions and conducts 
stability analyses for stagnation point flow utilizing hybrid nanofluid in the presence of thermal 
stratification across a permeable stretching/shrinking cylinder. Nath and Deka [27] studied the 
effects of thermal and mass stratification on an unsteady MHD nanofluid past a vertical plate that 
accelerates exponentially with temperature variation in a porous media. Similarly, Nath and Deka 
[28] conducted a numerical study to examine the combined impacts of thermal and mass 
stratification on the movement of unstable magnetohydrodynamic nanofluid through an 
exponentially accelerated vertical plate in a porous media. The unsteady parabolic flow across an 
infinite vertical plate with exponentially declining temperature and variable mass diffusion in a 
porous media has been investigated by Nath and Deka [29] with respect to the thermal and mass 
stratification effect. Nath and Deka [30,31] performed a numerical investigation on the MHD ternary 
hybrid nanofluid around a vertically stretching cylinder in a porous medium with thermal 
stratification. 
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Using artificial neural networks and the Levenberg–Marquardt backpropagation method, Ullah et 
al., [32] looked at how electric and magnetic fields affected the flow of a micro-polar nano-fluid 
between two parallel plates that were rotating. Ullah et al., [33], Shoaib et al., [34] and Akbar et al., 
[35] investigated the micropolar flow, Maxwell Nanofluid Flow and two phase model of nano-fluid 
flow using the Levenberg–Marquardt back propagation with neural networks (TLMB-NN) technique, 
under various conditions. Similarly, Akbar et al., [36] uses the Levenberg Marquardt back-
propagation neural networks scheme to analyze the Buongiorno model of the MHD nano-fluid flow 
through a rotating disc with partial slip effects. Ullah et al., [37] obtained the analytical solution for 
the three-dimensional problem of condensation film on an inclined rotating disc using the extended 
optimal homotopy asymptotic method. Fiza et al., [38] conducted a study on the behavior of a 
viscoelastic second-grade nano liquid with heat transmission between two parallel plates in a rotating 
system, specifically focusing on magnetohydrodynamics (MHD). Elfiano et al., [39] investigated the 
flow and heat transmission characteristics of a hybrid nanofluid (𝐴𝑙203 − 𝐴𝑔/𝐻2𝑂) on a vertical flat 
plate with different volume concentrations and the inclusion of viscous dissipation effects. 
Annapurna et al., [40] conducted a study on the impact of various nanoparticle shapes on the flow 
of mixed convective nanofluid in a porous medium using the Darcy-Forchhiemer model. 

Based on the literature review, previous research has not attempted to investigate the squeezing 
flow of an MHD ternary hybrid nanofluid between two parallel plates in a porous media. It is assumed 
that the lower plate has a physically permeable and stretchable shape. The primary aim of this study 
is to investigate the thermal conductivity characteristics of a ternary hybrid nanofluid composed of 
𝐶𝑢 − 𝐴𝑙2𝑂3 − 𝑇𝑖𝑂2 particles suspended in water. This study examines the heat transfer 
characteristics between two parallel plates, considering the influence of thermal radiation as well as 
heat sources/sinks. The bvp4c solver in MATLAB is used to transform the non-linear PDEs into ODEs 
by utilizing the necessary self-similarity variables. The Bvp4c technique employed in this research 
work to represent the problem is generally acknowledged, as evidenced by its discussion and 
implementation in MATLAB by Hale and Moore [41]. A visual depiction of the outcomes is presented 
for many parameters, including 𝛿, 𝑆𝑞, 𝑆, 𝜆,𝑀, 𝐷𝑎, 𝑅 and 𝑄. 
 
2. Methodology 
 

Let us consider a two-dimensional unsteady ternary hybrid nanofluid (𝐶𝑢 − 𝐴𝑙2𝑂3 − 𝑇𝑖𝑂2/𝐻2𝑂) 
squeezing flow between two infinite parallel plates in a Darcy porous medium, as presented in Figure 
1. 
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Fig. 1. Physical Model and Coordinate System 

 

The upper plate is positioned at a distance of 𝑦 =  ℎ(𝑡)  = √
(1−𝛼𝑡)𝜐𝑓

𝑏
 from the lower plate. At the 

same time, the higher plate, with a velocity 𝑉ℎ  =  
𝑑ℎ(𝑡) 

𝑑𝑡
= −

𝛼

2
√

𝜈𝑓

(1−𝛼𝑡)𝑏
 is moving towards the lower 

plate that is being squeezed. It is presumed that the lower and upper plates are kept at constant 
temperatures 𝑇1 and 𝑇2, respectively. Additionally, the influence of thermal radiation and heat 
source/sink are taken into consideration in this model; however, the buoyancy effect, which is also 
known as the gravitational force, is not taken into account. In the meantime, the physical 
representation for the potential fluid suction or injection includes the porous lower plate, where the 

wall mass velocity is represented as 𝑣𝑤 = − 
𝑉0

1−𝛼𝑡
; for suction, 𝑉0  >  0, for injection, 𝑉0  <  0, and 

an impermeable plate corresponds to 𝑉0  =  0. Furthermore, the lower plate can be stretched with 

a linear velocity of 𝑢𝑤 =  − 
𝑏𝑥

1−𝛼𝑡
, where 𝑡 <  

1

𝛼
, and a time-dependent magnetic field is modeled 

with 𝐵(𝑡)  =
𝐵0

1−𝛼𝑡
 . In light of these assumptions and with the hybrid nanofluid model that Khashi’ie 

et al., [10] and Yaseen et al., [11] have proposed, we extended their model to incorporate the ternary 
hybrid model. Hence, the governing conservation equations are as follows: 
 
𝜕𝑢

𝜕𝑥
+

𝜕𝑣

𝜕𝑦
= 0              (1) 

 
𝜕𝑉

𝜕𝑡
+ 𝑢

𝜕𝑉

𝜕𝑥
+ 𝑣

𝜕𝑉

𝜕𝑦
=

𝜇𝑡ℎ𝑛𝑓

𝜌𝑡ℎ𝑛𝑓

𝜕2𝑉

𝜕𝑦2 −
𝜎𝑡ℎ𝑛𝑓

𝜌𝑡ℎ𝑛𝑓
𝐵(𝑡)2𝑉 −

𝜇𝑡ℎ𝑛𝑓

𝜌𝑡ℎ𝑛𝑓

𝜙∗𝑉

𝑘𝑝
        (2) 

 
𝜕𝑇

𝜕𝑡
+ 𝑢

𝜕𝑇

𝜕𝑥
+ 𝑣

𝜕𝑇

𝜕𝑦
=

𝑘𝑡ℎ𝑛𝑓

(𝜌𝑐𝑝)𝑡ℎ𝑛𝑓

𝜕2𝑇

𝜕𝑦2 −
1

(𝜌𝑐𝑝)𝑡ℎ𝑛𝑓

𝜕𝑞𝑟

𝜕𝑦
+

𝑄0

(𝜌𝑐𝑝)𝑡ℎ𝑛𝑓
(𝑇 − 𝑇0)       (3) 

 

Where 𝑉 =
𝜕𝜈

𝜕𝑥
−

𝜕𝑢

𝜕𝑦
. The boundary conditions that are associated with the lower and upper plates 

are as follows [3,10]: 
 

𝑢 = 𝜆
𝑏𝑥

1−𝛼𝑡
,         𝑣 = −

𝑉0

1−𝛼𝑡
,        𝑇 = 𝑇1  at 𝑦 = 0  (lower plate) 

 

𝑢 = 0 ,                𝑣 =
𝑑ℎ(𝑡)

𝑑𝑡
,           𝑇 = 𝑇2  at 𝑦 = ℎ(𝑡)  (upper plate) 
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Here, 𝑢 and 𝑣 represent the velocities in the 𝑥 and 𝑦 directions, respectively, while 𝑇 denotes the 
temperature of the ternary hybrid nanofluid. In addition, the other symbol signifies the following: 𝜌 
represents density, 𝜇 represents dynamic viscosity, 𝐶𝑝 represents heat capacity, 𝑘 represents 
thermal conductivity, 𝐵(𝑡) represents magnetic field strength, 𝜙∗ represents porosity of the porous 
medium, 𝑘𝑝 represents permeability of the porous medium, 𝜆 represents the stretching/shrinking 

parameter, 𝑄0 represents heat absorption/generation coefficient, and 𝑏 represents the 
stretching/shrinking rate of the lower plate. 

Taking into consideration the Rosseland approximation, the value of (𝑞𝑟) is defined as [42] 
 

𝑞𝑟 = −
4𝜎∗

3𝑘𝑡ℎ𝑛𝑓
(
𝜕𝑇4

𝜕𝑦
)  

 
The term "𝜎∗" represents the Stefan-Boltzmann constant, whereas "𝑘𝑡ℎ𝑛𝑓" refers to the mean 

absorption coefficient. By performing basic calculations with the aforementioned term, Eq. (3) can 
be reduced as follows: 
 
𝜕𝑇

𝜕𝑡
+ 𝑢

𝜕𝑇

𝜕𝑥
+ 𝑣

𝜕𝑇

𝜕𝑦
=

1

(𝜌𝑐𝑝)𝑡ℎ𝑛𝑓
(𝑘𝑡ℎ𝑛𝑓 +

16𝜎∗𝑇2
3

3𝑘
)

𝜕2𝑇

𝜕𝑦2 +
𝑄0

(𝜌𝑐𝑝)𝑡ℎ𝑛𝑓
(𝑇 − 𝑇0)  

 
The similarity transformation employed in Eq. (1) to Eq. (3) can be described as follows [3]: 
 

𝑢 =
𝑏𝑥

1−𝛼𝑡
𝑓′(𝜂),   𝜐 = −√

𝑏 𝜐𝑓

1−𝛼𝑡
𝑓′(𝜂),    𝜂 = 𝑦√

𝑏

(1−𝛼𝑡)𝜐𝑓
,      𝜓 = √

𝑏𝜐𝑓

1−𝛼𝑡
𝑥𝑓(𝜂),     𝜃 =

𝑇−𝑇0

𝑇2−𝑇0
  

 
and we give non-dimensional quantities as follows: 
 

𝑀 =
𝐵0

2𝜎𝑓

𝑎𝜌𝑓
, 𝐷𝑎 =

𝑘𝑝𝑏

𝜐𝑓(1−𝛼𝑡)𝜙∗ , 𝑆𝑞 =
𝛼

𝑏
, 𝑆 =

𝑉0

ℎ𝑏
, 𝛿 =

𝑇1−𝑇0

𝑇2−𝑇0
, 𝑄 =

𝑄0

1−𝛼𝑡
, 𝑅 =

4𝜎∗𝑇2
3

𝑘𝑓𝑘
, 𝑃𝑟 =

(𝜌𝑐𝑝)𝑓

𝑘𝑓
   

 
where, 𝑀 is the magnetic parameter, 𝐷𝑎 is the Darcy number, 𝑆𝑞 is the squeezing parameter, 𝑆 is 
the suction/injection parameter, 𝛿 is the temperature-ratio parameter, 𝑄 is the heat source/sink 
parameter, 𝑅 is the thermal radiation parameter, 𝑃𝑟 is the Prandtl number. Moreover, if 𝜆 =  0, it 
means the lower plate is not moving, if 𝜆 <  0, it means the lower plate is shrinking, and if 𝜆 >  0, 
it means the lower plate stretching. 

The non-dimensional types of the transformed equations are represented by 
 

𝑎1𝑎2𝑓
′𝑣 + 𝑓𝑓′′′ − 𝑓′𝑓′′ −

𝑆𝑞

2
(3𝑓′′ + 𝜂𝑓′′′) − (𝑎2𝑎3𝑀 +

𝑎1𝑎2

𝐷𝑎
) 𝑓′′ = 0      (4) 

 
𝑎4

𝑃𝑟
(𝑎5 +

4

3
𝑅)𝜃′′ + 𝑓𝜃′ −

𝑆𝑞

2
𝜂𝜃′ + 𝑎4𝑄𝜃 = 0         (5) 

 
where, 
 

𝑎1 =
𝜇𝑡ℎ𝑛𝑓

𝜇𝑓
, 𝑎2 =

𝜌𝑓

𝜌𝑡ℎ𝑛𝑓
, 𝑎3 =

𝜎𝑡ℎ𝑛𝑓

𝜎𝑓
, 𝑎4 =

(𝜌𝑐𝑝)
𝑓

(𝜌𝑐𝑝)
𝑡ℎ𝑛𝑓

, 𝑎5 =
𝑘𝑡ℎ𝑛𝑓

𝑘𝑓
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Here, the symbols 𝜇𝑡ℎ𝑛𝑓 , 𝜌𝑡ℎ𝑛𝑓 , 𝜎𝑡ℎ𝑛𝑓 , (𝜌𝑐𝑝)
𝑡ℎ𝑛𝑓

, 𝑘𝑡ℎ𝑛𝑓 refers to the ternary hybrid nanofluid's 

coefficient of viscosity, density, electrical conductivity, heat capacity and thermal conductivity, 

respectively. Also, 𝜇𝑓 , 𝜌𝑓 , 𝜎𝑓 , (𝜌𝑐𝑝)
𝑓
 , 𝑘𝑓 represents the base fluid's coefficient of viscosity, density, 

electrical conductivity, heat capacity and thermal conductivity correspondingly. 
The boundary conditions that have been transformed are as such: 

 
𝑓(0) = 𝑆,      𝑓′(0) = 𝜆,     𝜃(0) = 𝛿    
 

𝑓(1) =
𝑆𝑞

2
,    𝑓′(1) = 0,   𝜃(1) = 1   

 
where 𝜙1, 𝜙2, 𝜙3 are volume fraction of Cu (Copper), 𝐴𝑙2𝑂3(aluminium oxide) and 𝑇𝑖𝑂2 (titanium 
oxide) nanoparticles correspondingly. The suffixes thnf, hnf, nf, f, s1, s2, s3 refers to the ternary 
hybrid nanofluid, hybrid nanofluid, nanofluid, base fluid, solid nanoparticles of copper (Cu), 
aluminum oxide (𝐴𝑙2𝑂3), and titanium dioxide (𝑇𝑖𝑂2) correspondingly. The thermophysical 
characteristics of the ternary hybrid nanofluid are presented in Table 1. Thermo-physical properties 
of 𝐶𝑢, 𝐴𝑙2𝑂3 and 𝑇𝑖𝑂2 nanoparticles in pure water are given in Table 2. 

The skin friction coefficient and local Nusselt number are defined as follows 
 

Lower: 𝐶𝑓1𝑅𝑒𝑥
1/2

=
𝜇𝑡ℎ𝑛𝑓

𝜇𝑓
𝑓′′(0) and Upper: 𝐶𝑓2𝑅𝑒𝑥

1/2
=

𝜇𝑡ℎ𝑛𝑓

𝜇𝑓
𝑓′′(1) 

Lower: 𝑁𝑢𝑥1
𝑅𝑒𝑥

−1/2
= −(

𝑘𝑡ℎ𝑛𝑓

𝑘𝑓
+

4

3
𝑅)𝜃′(0) and Upper: 𝑁𝑢𝑥2

𝑅𝑒𝑥
−1/2

= −(
𝑘𝑡ℎ𝑛𝑓

𝑘𝑓
+

4

3
𝑅)𝜃′(1) 

 

where, 𝑅𝑒𝑥
𝑥𝑈𝑤

𝜐𝑓
 is the local Reynolds Number. 

 
Table 1 
The thermophysical properties of ternary hybrid nanofluid are given by [30] 
Properties Ternary Hybrid Nanofluid 

Dynamic Viscosity (𝜇) 𝜇𝑡ℎ𝑛𝑓

𝜇𝑓

=
1

(1 − 𝜙1)
2.5(1 − 𝜙2)

2.5(1 − 𝜙3)
2.5

 

Density (𝜌) 𝜌𝑡ℎ𝑛𝑓 = (1 − 𝜙3)[(1 − 𝜙2){(1 − 𝜙1)𝜌𝑓 + 𝜙1𝜌𝑠1} + 𝜙2𝜌𝑠2] + 𝜙3𝜌𝑠3  

Electrical Conductivity (𝜎) 
𝜎𝑡ℎ𝑛𝑓 = [

(𝜎𝑠2 + 2𝜎ℎ𝑛𝑓) − 2𝜙2(𝜎ℎ𝑛𝑓 − 𝜎𝑠2)

(𝜎𝑠1 + 2𝜎ℎ𝑛𝑓) + 𝜙2(𝜎ℎ𝑛𝑓 − 𝜎𝑠2)
] 𝜎ℎ𝑛𝑓 

𝜎ℎ𝑛𝑓 = [
(𝜎𝑠2 + 2𝜎𝑛𝑓) − 2𝜙2(𝜎𝑛𝑓 − 𝜎𝑠2)

(𝜎𝑠1 + 2𝜎𝑛𝑓) + 𝜙2(𝜎𝑛𝑓 − 𝜎𝑠2)
] 𝜎𝑛𝑓 

𝜎𝑛𝑓 = [
(𝜎𝑠1 + 2𝜎𝑓) − 2𝜙1(𝜎𝑓 − 𝜎𝑠1)

(𝜎𝑠1 + 2𝜎𝑓) + 𝜙1(𝜎𝑓 − 𝜎𝑠1)
] 𝜎𝑓 

Heat Capacity (𝜌𝐶𝑝) (𝜌𝑐𝑝)
𝑡ℎ𝑛𝑓

= (1 − 𝜙3) [(1 − 𝜙2) {(1 − 𝜙1)(𝜌𝑐𝑝)𝑓
+ 𝜙1(𝜌𝑐𝑝)𝑠1

} +

𝜙2(𝜌𝑐𝑝)𝑠2
] + 𝜙3(𝜌𝑐𝑝)𝑠3

  

Thermal Conductivity (𝑘) 
𝑘𝑡ℎ𝑛𝑓 = [

(𝑘𝑠3 + 2𝑘ℎ𝑛𝑓) − 2𝜙3(𝑘ℎ𝑛𝑓 − 𝑘𝑠3)

(𝑘𝑠3 + 2𝑘ℎ𝑛𝑓) + 𝜙3(𝑘ℎ𝑛𝑓 − 𝑘𝑠3)
] 𝑘ℎ𝑛𝑓  

𝑘ℎ𝑛𝑓 = [
(𝑘𝑠2 + 2𝑘𝑛𝑓) − 2𝜙2(𝑘𝑛𝑓 − 𝑘𝑠2)

(𝑘𝑠2 + 2𝑘𝑛𝑓) + 𝜙2(𝑘𝑛𝑓 − 𝑘𝑠2)
] 𝑘𝑛𝑓 

𝑘𝑛𝑓 = [
(𝑘𝑠1 + 2𝑘𝑓) − 2𝜙1(𝑘𝑓 − 𝑘𝑠1)

(𝑘𝑠1 + 2𝑘𝑓) + 𝜙1(𝑘𝑓 − 𝑘𝑠1)
] 𝑘𝑓 

 



Journal of Advanced Research in Fluid Mechanics and Thermal Sciences 

Volume 124, Issue 2 (2024) 90-109 

97 
 

Table 2 
Thermo-physical properties of water and nanoparticles [43] 
Thermophysical Properties 𝐻2𝑂 (base fluid) 𝐶𝑢 (s1) 𝐴𝑙2𝑂3 (s2) 𝑇𝑖𝑂2 (s3) 

𝜌 (𝐾𝑔/𝑚3) 997.1 8933 3970 4250 
𝑐𝑝 (𝐽/𝐾𝑔𝐾) 4179 385 765 686.2 

𝑘 (𝑊/𝑚𝐾) 0.613 401 40 8.9538 
𝜎 (𝑠/𝑚) 5.5 × 10−6 59.6 × 106 35 × 106 2.6 × 106 

 
3. Method of Solution 
 

In order to obtain numerical solutions for a system of higher-order nonlinear ordinary differential 
equations (ODEs) provided by Eq. (4) and Eq. (5) and the boundary conditions, we use the bvp4c 
solver, built into the computational platform MATLAB. Professionals and researchers have widely 
employed this technique for solving fluid flow problems. The bvp4c solver, developed by Jacek 
Kierzenka and Lawrence F. Shampine from Southern Methodist University in Texas, was first 
presented by Hale and Moore [41]. The bvp4c solver is an algorithm that employs the Lobato IIIA 
implicit Runge-Kutta technique to provide numerical solutions with fourth-order accuracy. It achieves 
this by making finite modifications. This method provides the required precision when an estimation 
is made for the initial mesh points and adjustments to the step size. The investigation conducted by 
Waini et al., [44] shown that the bvp4c solver produced satisfactory outcomes when compared to 
both the direct shooting approach and Keller box method. The syntax for using the "bvp4c" solver is 
as follows: "sol = bvp4c (@OdeBVP, @OdeBC, solinit, options)". Here, we must decrease the higher 
order derivatives in relation to 𝜂. This can be accomplished by introducing the subsequent new 
variables: 
 
𝑓 = 𝑦(1), 𝑓′ = 𝑦(2), 𝑓′′ = 𝑦(3), 𝑓′′′ = 𝑦(4),   𝜃 = 𝑦(5), 𝜃′ = 𝑦(6)  
 

𝑑

𝑑𝜂

[
 
 
 
 
 
 
𝑦(1)

𝑦(2)
𝑦(3)

𝑦(4)

𝑦(5)

𝑦(6)]
 
 
 
 
 
 

=

[
 
 
 
 
 
 
 
 

𝑦(2)
𝑦(3)
𝑦(4)

𝑦(2)𝑦(3)−𝑦(1)𝑦(4)+
𝑆𝑞

2
(3𝑦(3)+𝜂𝑦(4))+(𝑎2𝑎3𝑀+

𝑎1𝑎2
𝐷𝑎

)𝑦(3)

𝑎1𝑎2

𝑦(6)
𝑆𝑞

2
𝜂𝑦(6)−𝑎4𝑄𝑦(5)−𝑦(1)𝑦(6)

𝑎4
𝑃𝑟

(𝑎5+
4

3
𝑅) ]

 
 
 
 
 
 
 
 

  

 
and boundary condition are written as 
 

𝑦0(1) − 𝑆, 𝑦0(2) − 𝜆, 𝑦0(5) − 𝛿, 𝑦1(1) −
𝑆𝑞

2
, 𝑦1(2), 𝑦1(5) − 1  

 
Where 𝑦0 is the condition at 𝜂 = 0 and 𝑦1is the condition at 𝜂 = 1. 
 
4. Results and Discussion 
 

The results are computed by using bvp4c in MATLAB and visually displayed in Figure 2 to Figure 
14 for the distribution of skin friction coefficients, velocity, local Nusselt number and temperature on 
both the upper and bottom plates. The Prandtl number is set at a constant value of 6.2, indicating 
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the utilization of water at a temperature of 25°𝐶. The other parameters are constrained within the 
following ranges: 0 ≤  𝛿 ≤  0.3 for the temperature-ratio parameter, 0 ≤  𝑆𝑞 ≤  1.5 for the 
unsteadiness squeezing parameter, −1.2 ≤  𝑆 ≤  1.2 for the suction/injection parameter, −0.5 ≤
 𝜆 ≤  2 for the stretching/shrinking parameter, 0 ≤  𝐷𝑎 ≤  0.1 for the porous medium parameter 
and 0 ≤  𝑀 ≤  5 for the magnetic parameter, 0 ≤  𝑅 ≤  3 for the thermal radiation parameter, 
−0.2 ≤  𝑄 ≤  0.2 for the heat source/sink parameter. The comparison of 𝑓 ′′(1) for the upper plate 
with Hayat et al., [3] and Khashi’ie et al., [10] for varying values of 𝑀, 𝑆, 𝑆𝑞 when 𝜆 =  1, 𝜙1 = 𝜙2 =
𝜙3  =  0 is presented in Table 3. It can be seen that the results of this study are very similar to those 
of the two prior investigations, which validates codes of our method and the results of this study. 
 

Table 3 
Comparison of 𝑓 ′′(1) for upper plate when 𝜆 = 1, 𝜙1 = 𝜙2 = 𝜙3 = 0 
𝑀 𝑆 𝑆𝑞 Hayat et al., [3] 

𝑓′′(1) 
Khashi’ie et al., [10]  
𝑓′′(1) 

Present Study 
𝑓′′(1) 

0.25 0.5 1 1.80818 1.80817 1.80817 
0.25 0.5 1.5 0.28395 0.28394 0.28394 
0.25 1 1 4.57302 4.57301 4.57301 
1 0.5 1 1.78937 1.78937 1.78937 

 
The parameters were set at fixed values for the computation of the results: 𝛿 =  0.1, 𝑆𝑞 =

1.5,𝑀 =  1.5, 𝐷𝑎 =  0.05, 𝑆 =  0.3, 𝜆 =  1, 𝑅 =  1, 𝑄 =  0.2, 𝜙1 = 𝜙2 = 𝜙3 =  0.01. Figure 2 
displays the impact of Darcy number (𝐷𝑎) on velocity profile 𝑓 ′(𝜂) of the ternary hybrid nanofluid. 
In close proximity to the lower plate, the velocity experiences a sudden increase as the Darcy number 
increases. However, there is a distinct transition point at 𝜂 ∼  0.4, beyond which the velocity exhibits 
contrasting behavior. The Darcy number (𝐷𝑎) determines the ratio of the permeability of a medium 
to its cross-sectional area, while permeability measures the ability of a surface to allow fluid to pass 
through its membrane. The rising permeability in the surrounding area of the bottom plate hinders 
the movement of the fluid. Consequently, a rise in the Darcy number (𝐷𝑎) results in velocity profiles 
that are closer to the upper plate due to greater flow resistance. The influence of the magnetic 
parameter(𝑀) on the velocity profile is depicted in Figure 3. The velocity of the ternary hybrid 
nanofluid reduces as the magnetic parameter increases when it is in close proximity to the lower 
plate. Just like Figure 2, Figure 3 also shows a transition point around 𝜂 ∼  0.4. After reaching this 
transition point, the velocity demonstrates contrasting behavior. A strong magnetic field leads to a 
substantial decrease in the mobility of liquids. With an increase in the magnetic field strength(𝑀), 
the Lorentz forces come into play and result in a reduction in the liquid flow. A magnetic field impedes 
the movement and ultimately reduces the radial velocity. 
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Fig. 2. Effect of 𝐷𝑎 on 𝑓′(𝜂) 

 

 
Fig. 3. Effect of 𝑀 on 𝑓′(𝜂) 

 
As seen in Figure 4, the addition of the unsteadiness squeezing parameter (𝑆𝑞) improves the 

velocity distribution 𝑓 ′(𝜂) for the ternary hybrid nanofluid. Due to the movement of the upper plate 
towards the lower plate, the squeezing effect is initiated from the higher plate. It has been observed 
that the velocity of the fluid increases in tandem with the squeezing parameter (𝑆𝑞) as it rises higher. 
Figure 5 illustrates the effect of the suction/injection parameter (𝑆) on the velocity profile 𝑓 ′(𝜂). As 
seen in the figure, the application of injection results in a higher velocity than suction. 
Suction/injection is frequently employed as a means to prevent boundary layer separation. In this 
study, the application of injection results in an observed enhancement in velocity. Therefore, in this 
study, the injection is more efficient in delaying the separation of the boundary layer. Figure 6 
demonstrates the impact of the shrinking/stretching parameter(𝜆) on the velocity profile 𝑓 ′(𝜂) for 
the ternary hybrid nanofluid. The velocity profile 𝑓 ′(𝜂) exhibits dual behavior with respect to 
shrinking/stretching parameter(λ). There is a transition point located close to 𝜂 ∼  0.3. The velocity 
𝑓 ′(𝜂), increases in the surrounding area of the lower plate, but beyond the transition point, the 
velocity 𝑓 ′(𝜂), declines. This outcome suggests that the stretching of the lower plate increases 
velocity in the surrounding area of the lower plate. However, when the upper plate moves towards 
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the lower plate, the velocity behaves in the opposite way when the parameter(𝜆) increases. The 
impact of the temperature-ratio parameter (𝛿) on the temperature profile 𝜃(𝜂) is shown in Figure 
7. The temperature-ratio parameter (𝛿) is found to increase the temperature of the ternary hybrid 
nanofluid due to obvious and expected reasons. 
 

 
Fig. 4. Effect of 𝑆𝑞 on 𝑓′(𝜂) 

 

 
Fig. 5. Effect of S on 𝑓′(𝜂) 
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Fig. 6. Effect of 𝝀 on 𝒇′(𝜼) 

 

 
Fig. 7. Effects of 𝛿 on 𝜃(𝜂) 

 
Figure 8 displays that the temperature 𝜃(𝜂) of the ternary hybrid nanofluid goes down as the 

thermal radiation (𝑅) goes up. Thermal radiation causes the temperature of the nanofluid to 
decrease by causing a net loss of energy from the fluid. This loss of energy reduces the kinetic energy 
of the particles inside the fluid, leading to a lower temperature. Figure 9 demonstrates the increasing 
effects of temperature as the heat generation/absorption parameter (𝑄) increases. Greater values 
of a parameter (𝑄) result in an increase in temperature. The parameter (𝑄) has positive values, 
indicating the production of heat in the system. Higher values of (𝑄) correspond to greater amounts 
of heat being generated. Therefore, as the heat-generation parameter (𝑄) increases, the 
temperature also increases. Figure 10 demonstrates the influence of the squeezing parameter (𝑆𝑞) 
on the temperature profile 𝜃(𝜂). It is easy to see from the graph that as the squeezing parameter 
(𝑆𝑞) goes up, the temperature goes down. This indicates that when the upper plate moves closer to 
the lower plates, it limits the spread of heat, resulting in a fall in temperature. 
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Fig. 8. Effect of 𝑅 on 𝜃(𝜂) 

 

 
Fig. 9. Effect of 𝑸 on 𝜽(𝜼) 
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Fig. 10. Effects of 𝑆𝑞 on 𝜃(𝜂) 

 
Figure 11 illustrates the fluctuation of the temperature, 𝜃(𝜂) for ternary hybrid nanofluid, in 

response to changes in the suction/injection parameter (𝑆). An increase in parameter (𝑆) leads to 
an observed rise in θ(η). The temperature is observed to be higher for the suction value as compared 
to the injection value. Suction refers to the process of extracting the layers that are detached from 
the border layer using suction. The fluid layers experience an increase in temperature as they gain 
momentum through the use of suction. The influence of the stretching/shrinking parameter(𝜆) on 
the temperature 𝜃(𝜂) is demonstrated in Figure 12. This model says that 𝜆 =  0 means the lower 
plate is still, 𝜆 <  0 means it is shrinking, and 𝜆 >  0 means it is stretching. It is observed that the 
velocity, 𝑓 ′(𝜂), increases as the values of (𝜆) increase. The findings suggest that the stretching of 
the lower plate increases the temperature of the flow. In addition, when the degree of shrinkage of 
the lower plate increases, the temperature decreases. 
 

 
Fig. 11. Effect of 𝑆 on 𝜃(𝜂) 
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Fig. 12. Effect of λ on 𝜃(𝜂) 

 

Table 4 presents the values of the skin friction coefficients 𝐶𝑓1𝑅𝑒𝑥
1/2

 and 𝐶𝑓2𝑅𝑒𝑥
1/2

, as well as the 

Nusselt numbers 𝑅𝑒𝑥
−1/2

𝑁𝑢𝑥1
 and 𝑅𝑒𝑥

−1/2
𝑁𝑢𝑥1

 , for various combinations of parameters at the lower 

and upper plate. The Nusselt numbers express the rates of heat transmission between the upper and 
bottom plates. An increase in the temperature ratio parameter(𝛿) leads to a rise in the Nusselt 
number for both the lower and higher plates. The skin friction coefficient is not influenced by 
temperature ratio parameter(𝛿), radiation (𝑅), and heat source (𝑄) at both plates, as these physical 
factors are independent of the velocity profile 𝑓′(𝜂). 
 

Table 4 
Skin friction Coefficient and Nusselt number for various values of 𝛿, 𝑆𝑞,𝑀, 𝐷𝑎, 𝑆, 𝜆, 𝑅, 𝑄 
𝛿 Sq M Da 𝑆 𝜆 R 𝑄 𝑅𝑒𝑥

1/2
𝐶𝑓1  𝑅𝑒𝑥

1/2
𝐶𝑓2  𝑅𝑒𝑥

−1/2
𝑁𝑢𝑥1

 𝑅𝑒𝑥
−1/2

𝑁𝑢𝑥2
 

0.1 1.5 1.5 0.05 0.3  1 1 0.2 -3.2027 -2.2578 -3.3528 -1.2784 
0.3        -3.2027 -2.2578 -2.7742 -0.8530 
0.1 0.5 1.5 0.05 0.3 1 1 0.2 -7.5185 2.0476 -3.4166 -1.3022 
 1       -5.3795 -0.0861 -3.3844 -1.2902 
0.1 1.5 0.5 0.05 0.3 1 1 0.2 -3.1452 -2.2094 -3.3549 -1.2769 
  1      -3.1740 -2.2337 -3.3538 -1.2777 
0.1 1.5 1.5 0.08 0.3 1 1 0.2 -2.7530 -1.8795 -3.3706 -1.2661 
   0.1     -2.5888 -1.7410 -3.3776 -1.2614 
0.1 1.5 1.5 0.05 0.5 1 1 0.2 -5.0506 -0.5500 -3.9324 -1.1084 
    -0.2    1.2148 -6.6393 -2.1855 -1.7193 
0.1 1.5 1.5 0.05 0.3 0.5 1 0.2 0.4190 -3.0652 -3.2113 -1.3430 
     -0.5   7.5525 -4.7130 -2.9369 -1.4760 
0.1 1.5 1.5 0.05 0.3 1 2 0.2 -3.2027 -2.2578 -4.4777 -2.4856 
      3  -3.2027 -2.2578 -5.6436 -3.6892 
0.1 1.5 1.5 0.05 0.3 1 1 0 -3.2027 -2.2578 -2.9992 -1.7515 
       -0.2 -3.2027 -2.2578 -2.6845 -2.1908 

 
Increasing the squeezing parameter (𝑆𝑞) enhances the heat transfer rate at the both plates. 

However, it reduces the skin friction coefficient at the upper plate and increases it at the lower plate. 
The magnetic parameter(𝑀) causes a drop in the skin friction coefficient on both the lower and 
upper plates. However, it leads to an increase in the Nusselt number on the lower plate and a 
decrease on the upper plate. Observations indicate that a rise in the Darcy number(𝐷𝑎) leads to an 
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increase in the skin friction coefficient on both the upper and lower plates. Nevertheless, it results in 
a decrease in the Nusselt number on the lower plate and an increase on the upper plate. The 
suction/injection(𝑆) parameter reduces the skin friction coefficient on the bottom plate, but raises 
it on the top plate. Similarly, the rate of heat transmission reduces at the bottom plate but increases 
at the top plate. The skin friction coefficient at the lower plate increases as the stretching 
parameter(𝜆) is increased, whereas it decreases at the higher plate. Similarly, the rate of heat 
transmission increases at the bottom plate while it decreases at the top plate. Radiation(𝑅), causes 
a drop in the Nusselt number at both the lower and upper plates, while the heat source(𝑄) results 
in a fall in the Nusselt number at the lower plate and an increase at the upper plate. 

Table 5 and Table 6 present an analysis of the percentage difference between the nanofluid with 
hybrid nanofluid and ternary hybrid nanofluid in terms of the absolute skin friction at the top and 
lower plates, respectively. Moreover, we evaluate the heat transfer rate difference percentage 
between the nanofluid with hybrid nanofluid and ternary hybrid nanofluid at the upper and lower 
plates in Table 7 and Table 8, respectively. The absolute skin friction of the ternary hybrid nanofluid 
is seen to be approximately 5% higher than that of the nanofluid at both plates. Additionally, the 
rate of heat transmission of the ternary hybrid nanofluid is increased by 1.18% at the bottom plate 
and 4.33% at the upper plate. Observations indicate that the heat transmission rate of the ternary 
hybrid nanofluid is higher at the upper plate compared to the lower plate. 
 

Table 5 
Comparsion of Skin friction Coefficient for lower plate 
𝜙1 𝐶𝑢 

Nanofluid 

−𝑅𝑒𝑥
1/2

𝐶𝑓1  

𝜙2 𝐶𝑢 − 𝐴𝑙2𝑂3 
Hybrid 
Nanofluid 

−𝑅𝑒𝑥
1/2

𝐶𝑓1  

Change in 
Percentage 

𝜙3 𝐶𝑢 − 𝐴𝑙2𝑂3

− 𝑇𝑖𝑂2 
Ternary Hybrid 
Nanofluid 

−𝑅𝑒𝑥
1/2

𝐶𝑓1  

Change in 
Percentage 
 
 

0.01 3.0439 0.01 3.1222 2.57% 0.01 3.2027 5.22% 
0.05 3.4157  3.5016 2.51%  3.5896 5.09% 
0.1 3.9495  4.0468 2.46%  4.1459 4.97% 

 
Table 6 
Comparsion of Skin friction Coefficient for upper plate 
𝜙1 𝐶𝑢 

Nanofluid 

−𝑅𝑒𝑥
1/2

𝐶𝑓2
 

𝜙2 𝐶𝑢 − 𝐴𝑙2𝑂3 
Hybrid 
Nanofluid 

−𝑅𝑒𝑥
1/2

𝐶𝑓1
 

Change in 
Percentage 

𝜙3 𝐶𝑢 − 𝐴𝑙2𝑂3

− 𝑇𝑖𝑂2 
Ternary Hybrid 
Nanofluid 

−𝑅𝑒𝑥
1/2

𝐶𝑓2
 

Change in 
Percentage 

0.01 2.1459 0.01 2.2010 2.56% 0.01 2.2578 5.21% 
0.05 2.4026  2.4632 2.52%  2.5254 5.11% 
0.1 2.7726  2.8414 2.48%  2.9117 5.02% 

 
Table 7 
Comparsion of Local Nusselt number for lower plate 
𝜙1 𝐶𝑢 

Nanofluid 

−𝑅𝑒𝑥
−1/2

𝑁𝑢𝑥1
 

𝜙2 𝐶𝑢 − 𝐴𝑙2𝑂3 
Hybrid 
Nanofluid 

−𝑅𝑒𝑥
−1/2

𝑁𝑢𝑥1
 

Change in 
Percentage 

𝜙3 𝐶𝑢 − 𝐴𝑙2𝑂3

− 𝑇𝑖𝑂2 
Ternary Hybrid 
Nanofluid 

−𝑅𝑒𝑥
−1/2

𝑁𝑢𝑥1
 

Change in 
Percentage 

0.01 3.3136 0.01 3.3348 0.64% 0.01 3.3528 1.18% 
0.05 3.4081  3.4328 0.72%  3.4533 1.33% 
0.1 3.5418  3.5714 0.84%  3.5950 1.50% 
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Table 8 
Comparsion of Local Nusselt number for upper plate 
𝜙1 𝐶𝑢 

Nanofluid 

−𝑅𝑒𝑥
−1/2

𝑁𝑢𝑥2
 

𝜙2 𝐶𝑢 − 𝐴𝑙2𝑂3 
Hybrid 
Nanofluid 

−𝑅𝑒𝑥
−1/2

𝑁𝑢𝑥1
 

Change in 
Percentage 

𝜙3 𝐶𝑢 − 𝐴𝑙2𝑂3

− 𝑇𝑖𝑂2 
Ternary Hybrid 
Nanofluid 

−𝑅𝑒𝑥
−1/2

𝑁𝑢𝑥2
 

Change in 
Percentage 

0.01 1.2253 0.01 1.2536 2.31% 0.01 1.2784 4.33% 
0.05 1.3444  1.3759 2.34%  1.4029 4.35% 
0.1 1.5072  1.5431 2.38%  1.5729 4.35% 

 
5. Conclusions 
 

The present study is a comprehensive examination of the impact of thermal radiation on the 
squeezing flow of a ternary hybrid nanofluid with magnetic field effect between two Parallel Plates, 
when a heat source/sink is present inside a porous medium. The analysis also takes into account the 
flow characteristics and their impact on the velocity 𝑓′(𝜂) and temperature 𝜃(𝜂) profiles, skin friction 
coefficients, and Nusselt number. The main results of the ongoing study are summarized below: 

i. The velocity profile 𝑓′(𝜂) shows a decrease in pattern when the parameters 𝑆 and 𝜆 on the 
upper plate and 𝐷𝑎 on the lower plate are increased. Conversely, it displays an increasing 
pattern with higher values of 𝑆𝑞 and 𝜆 on the lower plate, as well as 𝐷𝑎 on the upper plate. 

ii. The velocity 𝑓′(𝜂) of the ternary hybrid nanofluid decreases as the magnetic parameter 
increases near the lower plate, but increases near the upper plate. 

iii. The temperature 𝜃(𝜂) decreases as the values of 𝑅 and 𝑆𝑞 increase, whereas it increases with 
the increase of 𝛿, 𝑄, 𝑆 and 𝜆. 

iv. The absolute skin friction of the ternary hybrid nanofluid is seen to be approximately 5% 
higher than that of the regular nanofluid at both lower and upper plates. 

v. The ternary hybrid nanofluid demonstrates superior heat transfer efficiency compared to the 
hybrid nanofluid, while the hybrid nanofluid displays higher heat transfer efficiency than 
standard nanofluids. 

vi. The heat transmission rate of the ternary hybrid nanofluid is higher at the upper plate 
compared to the lower plate. 

 
The future potential of ternary hybrid nanofluids, which consist of copper (𝐶𝑢), aluminum oxide 

(𝐴𝑙₂𝑂₃), and titanium dioxide (𝑇𝑖𝑂₂), is significant in multiple scientific and technical fields. Ternary 
hybrid nanofluids provide the possibility of greatly enhancing heat transfer efficiency in various 
applications, such as radiators, heat exchangers and cooling devices. Improved heat transfer 
properties might be beneficial for use in geothermal power extraction, solar energy systems and high-
temperature operations. 
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