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Abstract: The present work looks into how heat and concentration layering influence the MHD flow of a 
ternary hybrid nanofluid over a radiative, stretching vertical cylinder placed in a porous medium. The 
working fluid is a mixture of water with 𝐶𝐶𝐶𝐶𝐶𝐶, 𝑀𝑀𝑀𝑀𝑀𝑀, 𝑎𝑎𝑎𝑎𝑎𝑎 𝑇𝑇𝑇𝑇𝑇𝑇2 nanoparticles, chosen for their ability to 
improve thermal and mass-transfer performance. After applying similarity transformations, the boundary-
layer equations are converted into ordinary differential form and solved using MATLAB’s bvp4c routine. 
From the numerical data, several patterns are evident. A higher magnetic field, higher porous resistance, 
higher Prandtl number, and the presence of Soret, Dufour, suction, and thermal stratification tend to slow 
down the flow. Conversely, an increase in the curvature of the cylinder, heat generation, radiation, viscous 
heating, and buoyancy help to accelerate the flow. In general, the temperature declines as curvature, 
buoyancy, radiation, heat generation, viscous dissipation, stratification, Lewis number, or concentration of 
nanoparticles increase. In contrast, the temperature tends to increase when magnetic field strength, 
permeability, and the Prandtl number are strengthened. Concentration decreases with buoyancy, curvature, 
Lewis number, Dufour effect, or solutal stratification but increases with a magnetic field, permeability, 
Prandtl number, or thermal stratification. These trends provide insight into the hybrid nanofluid behavior in 
porous cylindrical systems. 

1. Introduction
The ternary mixture of copper oxide (𝐶𝐶𝐶𝐶𝐶𝐶), 
Magnesium oxide (𝑀𝑀𝑀𝑀𝑀𝑀), and Titanium dioxide 
(TiO2) dispersed in water is considered an ideal
hybrid nanofluid for improving thermal and mass-
transfer performance due to the synergistic 
combination of high thermal conductivity, structural 
stability, and superior flow behavior. Heat and mass 
transfer analysis with moving cylinders receive 
particular focus in numerous manufacturing 
processes for reliable equipment design. Tangent 
hyperbolic nanofluid flow impinging on moving 
cylinders is an extensive area of study. numerous 
investigation viewpoints have been broadened by its 
wide range of manufacturing and engineering 
applications, such as the extraction of plastic and 
rubber sheets, cooling and drying of papers and 
textiles, glass blowing, glass fibber, hot rolling 
polymer processing industries, textile production, 
wire drawing, petroleum production, crystal growing, 
cooling of nuclear reactors, and fibber spinning. The 
Soret and Dufour effects play an important role in 
fluid flow through porous media by coupling heat and 

mass transfer in oil and gas reservoirs. Understanding 
these effects aids in enhanced oil recovery, 
hydrocarbon migration modeling, and prediction of 
long-term compositional changes. Xie et al. [1] 
Ethylene glycol was utilized as the fundamental fluid 
and five various oxide types— magnesium oxide 
(𝑀𝑀𝑀𝑀𝑀𝑀), 𝑇𝑇𝑇𝑇𝑇𝑇2, 𝑍𝑍𝑍𝑍𝑍𝑍, 𝐴𝐴𝐴𝐴2𝑂𝑂3, and 𝑆𝑆𝑆𝑆𝑆𝑆2 nanoparticles—
were chosen as additives and generate stable 
nanofluids. Suresh et al. [2] examined a powder 
mixture of 𝐴𝐴𝐴𝐴2𝑂𝑂3and 𝐶𝐶𝐶𝐶 in 90:10 weight proportions
generated using a chemical route synthesis was used 
to create 𝐴𝐴𝐴𝐴2𝑂𝑂3- 𝐶𝐶𝐶𝐶 hybrid particles using the
hydrogen reduction approach. Mohamed et al., [3] 
presented a mathematical description of the mixed 
convection boundary layer flow within a horizontal 
circular cylinder in a nanofluid with the presence of 
the viscous dissipation effect. Chamkha et al. [4] The 
MHD flow and heat transmission of a hybrid 
nanofluid between two surfaces in a rotating system 
is investigated. Maskeen et al. [5] The flow 
characteristics and heat transfer performance of an 
alumina–copper/water (𝐴𝐴𝐴𝐴2𝑂𝑂3- 𝐶𝐶𝐶𝐶/𝐻𝐻2𝑂𝑂) hybrid
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nanofluid over a stretching cylinder under the 
influence of thermal radiation and Lorentz magnetic 
forces are explored in the study. Ali et al. [6] 
discussed the thermo-diffusion and diffusion-thermo 
phenomena in a semi-infinite absorbent channel with 
expanding and contracting walls and heat source/sink 
effects. Aminian et al. [7] examined the Studied of 
quantitatively MHD forced convection effects of 
𝐴𝐴𝐴𝐴2𝑂𝑂3-𝐶𝐶𝐶𝐶–water nanofluid inside a partitioned 
cylinder within a porous material. El-Zahar et al. [8] 
investigated to analysis the magneto-mixed 
convective flow of an aqueous-based hybrid 
nanofluid including copper and alumina 
nanoparticles over a horizontal circular cylinder with 
a convective boundary condition. Filahi et al. [9] 
investigated the consequences of thermo-diffusion 
and diffusion-thermo on double-diffusive natural 
convection created in a horizontal Brinkman porous 
layer with a stress-free top boundary. Khashi et al. 
[10] aimed to (i) notice the duality of solutions; and 
(ii) investigate the flow and heat transfer of the hybrid 
nanofluid in a shrinking cylinder as Joule heating is 
present. A single-phase nanofluid model with 
changed thermophysical parameters is the 
mathematical model. Kristiawan et al. [11] A hybrid 
approach using a microfin tube and 𝑇𝑇𝑇𝑇𝑇𝑇2/water 
nanofluid with various nanoparticle concentrations 
has been investigated effectively Kumar et al. [12] 
The MHD pulsatile flow of Casson nanofluid along a 
vertical channel embedded in a porous medium with 
thermal radiation and heat generation/absorption was 
studied in this research with the Buongiorno model. 
Joule’s dissipations and viscosity are examined. Ma 
et al. [13] The synergistic mechanism of improved 
thermal conductivity and associated economic 
analysis are examined so as to choose a suitable 
nanofluid. The effects of base fluid (BF) mixing 
ratios and nanoparticles (NP) on thermal conductivity 
enhancement (𝐴𝐴𝐴𝐴2𝑂𝑂3- 𝐶𝐶𝐶𝐶 - 𝑇𝑇𝑇𝑇𝑇𝑇2 / EG-W, 𝐴𝐴𝐴𝐴2𝑂𝑂3- 
𝐶𝐶𝐶𝐶𝐶𝐶 / EG-W, and 𝐴𝐴𝐴𝐴2𝑂𝑂3- 𝐶𝐶𝐶𝐶 /EG-W) are 
investigated at 1.0 vol% and temperatures between 
20 °C and 60 °C. Okello et al. [14] examined three 
types of ethylene glycol-based hybrid nanofluids 
(𝐴𝐴𝐴𝐴2𝑂𝑂3- 𝐶𝐶𝐶𝐶), (𝐶𝐶𝐶𝐶 − 𝑇𝑇𝑇𝑇𝑇𝑇2), and (𝑇𝑇𝑇𝑇𝑇𝑇2 - 𝐴𝐴𝐴𝐴2𝑂𝑂3) to 
determine their cooling capacities for industrial 
cooling applications. Roy et al. [15] The effects of 
thermal radiation and viscous dissipation on the flow 
and heat transfer of a hybrid nanofluid (𝐴𝐴𝐴𝐴2𝑂𝑂3- 𝐶𝐶𝐶𝐶 
/water) in a circular cylinder are examined for both 
opposing and aiding flows. Shafie et al. [16] 
examined the effect of viscous dissipation on steady 
two-dimensional mixed convection flow in a 
horizontal circular cylinder in a viscoelastic 

nanofluid with convective boundary conditions. 
Zhou et al. [17] studied a numerical model of double 
diffusive natural convection under the Soret and 
Dufour effect is shown. The concentration, 
temperature, and flow field distributions, as well as 
the variation of the average Sherwood and Nusselt 
numbers, are examined relative to various Rayleigh 
numbers (ranging from 103 to 107), Lewis numbers 
(ranging from 0.5 to 8), buoyancy ratios (ranging 
from -5 to 5), and Soret and Dufour (ranging from 0 
to 0.5). Meena et al. [18] The effect of Soret and 
Dufour effects on mixed convection flow across a 
vertical cone with injection/suction effects is 
researched throughout the study. Qureshi et al., [19] 
studied the mass and heat energy transport method 
under temperature and concentration gradients. 
Reddy et al. [20] The Darcy–Forchheimer Prandtl 
fluid flow formed by a moving sheet is covered in this 
article. The widely accepted energy transfer model, 
the Cattaneo-Christov model of heat transfer, is used 
under thermal radiation. Venkateswarlu and 
Satyanarayana [21] Hybrid nanofluids are complex 
fluid classes with enhanced thermal properties that 
operate better than traditional nanofluids, due of 
recent developments in nanotechnology research. 
Yesodha et al. [22] studied the characteristics of heat 
flow, mass transfer, and activation energy related to 
a chemically reacting viscous fluid in a rotating 
frame. The impact of the Soret and Dufour factors is 
investigated as well.  Hanafi et al., [23] studied the 
heat transfer efficiency of several nanofluid coolants 
via a single nozzle, axisymmetric, limitations 
impingement jet approach. Raza et al., [24] analysed 
the thermal features of nanofluid with kerosene oil 
and water base fluid with inclined magnetic force. 
The sloping surface induced the flow. Asghar et al., 
[25] A mathematical investigation has been 
undertaken on the convective Jeffery-Hamel flow 
problem in the presence of diffusion-thermo and 
thermo-diffusion effects. Chepak-Gizbrekht and 
Knyazeva [26] article given a mathematical model of 
the process of heat treatment the surface of a solid 
material using a brief thermal impulse, as correspond 
to a laser generated on the line. Huang [27] examined 
the heat and mass that are exchanged when a fluid 
experiences convective flow along an inclined plate 
via a porous surface, as well as the associated 
chemical reaction and activation energy. Imran et al. 
[28] investigated the effect of Soret and Dufour on 
the flow of a time-dependent couple stress fluid 
across a flexible curved oscillatory surface with a 
magnetic field. The oscillation of the surface is what 
induces the flow phenomenon. Li et al. [29] 

 
 

examined the study of chemically reactive Darcy-
Forchheimer nanoliquid flow toward a stretched 
surface. Buongiorno's model is used for the 
importance of nanoliquids. Additionally, Soret and 
Dufour characteristics are taken into account. Mishra 
et al. [30] examined the effect of Soret and Dufour on 
MHD nanofluid flow via a composite stenosed artery 
with temperature-dependent viscosity. Patil et al., 
[31] examined the flow of tangent hyperbolic (TH) 
ternary hybrid nanofluid (THNF) over a rough-
yawed cylinder caused by impulsive motion in a 
mixed convection mechanism with periodic 
magnetohydrodynamics Rehman et al. [32] examined 
Heat transfer and hydromagnetic flow are sustainable 
elements of traditional system design, along with 
geothermal energy structures and high-performance 
thermal equipment. Shafiq et al., [33] studied the 
application of nanotechnology has made possible 
many current and more efficient applications, this 
includes the generation of solar power, the 
reconstruction of heat exchange systems, and the 
modernization of the pharmaceutical and medical 
industries. Yasir et al. [34] The thermal performance 
of hybrid nanofluids has become an issue of an 
increasing number of research investigations in the 
literature. In order to determine the thermophysical 
characteristics of nanofluids, theoretical correlations 
have been extensively investigated. Farooq et al. [35] 
studied the potential of MHD bioconvective 
micropolar nanofluids by a non-similarity analysis 
without taking into account the effect of Soret and 
Dufour effects. Identifying the complex mass and 
heat transfer phenomena inherent in both biological 
and industrial systems is the goal. Nath and Deka [36] 
The primary objective of this research is to find out if 
thermal stratification affects the 
magnetohydrodynamics MHD flow of water-based 
nano, hybrid, and ternary hybrid nanofluids as they 
flow by a vertically expanding cylinder of a porous 
medium. Naz et al., [37] examined the flow of ternary 
hybrid nanomaterials in pore spaces in the presence 
of magnetohydrodynamics (MHD) and nonlinear 
convection. Three distinct nanoparticles are used: 
alumina (𝐴𝐴𝐴𝐴2𝑂𝑂3), copper (𝐶𝐶𝐶𝐶), and magnesium oxide 
(𝑀𝑀𝑀𝑀𝑀𝑀). Sudarmozhi et al. [38] studied how non-
Newtonian fluids operate in natural settings, like 
rivers and groundwater flow, in order to evaluate the 
effect on the environment. The Soret and Dufour 
effects have significant effects on the movement of 
pollutants and heat in these systems. Ullah et al. [39] 
examined the thermal radiation and Soret/Dufour 
significantly rise mass and heat transmission in 
material science, geothermal processes, chemical 

rectors, and heat exchangers due to temperature and 
variations in nanoparticle concentration. 
Venkateswarlu et al. [40] examined the impact of 
suction/injection on the thermally radiated 
convective flow generated by a nonlinear stretched 
disk.  

1.2 Mathematical Formulation 
 
A two-dimensional, steady, incompressible ternary hybrid 
nanofluid composed of 𝐶𝐶𝐶𝐶𝐶𝐶 − 𝑀𝑀𝑀𝑀𝑀𝑀 − 𝑇𝑇𝑇𝑇𝑂𝑂2 
nanoparticles dispersed in water is examined as it moves 
through a porous medium surrounding a vertically 
oriented, stretchable cylinder of radius 𝑟𝑟0. The flow is 
influenced by thermal stratification in the ambient 
environment as well as an internal heat source or sink. As 
illustrated in Figure 1, the nanofluid travels in the axial 𝑥𝑥-
direction along the surface of the cylinder, while the radial 
coordinate 𝑟𝑟denotes the direction perpendicular to the 
axis of motion. 

 
 

Fig. 1. Flow geometry of the ternary hybrid nanofluid 
over a vertical stretching cylinder. 

In this context, the variables 𝑢𝑢 and 𝑣𝑣 represent the velocity 
components of the ternary hybrid nanofluid along the 𝑟𝑟 
and 𝑥𝑥 − axes, respectively. In this study, a magnetic field 
with a magnitude of 𝐵𝐵0 is applied in a direction 
perpendicular to the propagation of the ternary hybrid 
nanofluid. The flow issue takes into account the thermal 
buoyancy effect while disregarding the Joule's impact. 
The velocity that causes linear stretching of the vertical 
cylinder is denoted as 𝑈𝑈 = 𝑎𝑎 𝑥𝑥

𝑙𝑙   where 𝑎𝑎 and 𝑙𝑙 represent 
the velocity and characteristic length of the cylinder, 
respectively. 𝑇𝑇𝜔𝜔(𝑥𝑥) =  𝑇𝑇0  +  𝐴𝐴 (𝑥𝑥

𝑙𝑙 ), and 𝐶𝐶𝜔𝜔(𝑥𝑥) =  𝐶𝐶0  +

 𝐶𝐶 (𝑥𝑥
𝑙𝑙 ),  represents the assumed temperature and 

concentration of the wall, while 𝑇𝑇∞(𝑥𝑥) =  𝑇𝑇0  +  𝐵𝐵 (𝑥𝑥
𝑙𝑙 ) 

and 𝐶𝐶∞(𝑥𝑥) =  𝐶𝐶0  +  𝐷𝐷 (𝑥𝑥
𝑙𝑙 ) represents the temperature and 
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material science, geothermal processes, chemical 

rectors, and heat exchangers due to temperature and 
variations in nanoparticle concentration. 
Venkateswarlu et al. [40] examined the impact of 
suction/injection on the thermally radiated 
convective flow generated by a nonlinear stretched 
disk.  

1.2 Mathematical Formulation 
 
A two-dimensional, steady, incompressible ternary hybrid 
nanofluid composed of 𝐶𝐶𝐶𝐶𝐶𝐶 − 𝑀𝑀𝑀𝑀𝑀𝑀 − 𝑇𝑇𝑇𝑇𝑂𝑂2 
nanoparticles dispersed in water is examined as it moves 
through a porous medium surrounding a vertically 
oriented, stretchable cylinder of radius 𝑟𝑟0. The flow is 
influenced by thermal stratification in the ambient 
environment as well as an internal heat source or sink. As 
illustrated in Figure 1, the nanofluid travels in the axial 𝑥𝑥-
direction along the surface of the cylinder, while the radial 
coordinate 𝑟𝑟denotes the direction perpendicular to the 
axis of motion. 

 
 

Fig. 1. Flow geometry of the ternary hybrid nanofluid 
over a vertical stretching cylinder. 

In this context, the variables 𝑢𝑢 and 𝑣𝑣 represent the velocity 
components of the ternary hybrid nanofluid along the 𝑟𝑟 
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with a magnitude of 𝐵𝐵0 is applied in a direction 
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𝑙𝑙   where 𝑎𝑎 and 𝑙𝑙 represent 
the velocity and characteristic length of the cylinder, 
respectively. 𝑇𝑇𝜔𝜔(𝑥𝑥) =  𝑇𝑇0  +  𝐴𝐴 (𝑥𝑥
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concentration of the ternary hybrid nanofluid at the 
ambient condition, where 𝐴𝐴, 𝐵𝐵, 𝐶𝐶, 𝐷𝐷 and 𝑇𝑇0, 𝐶𝐶0are non-
negative constants and the starting temperature and 

concentration, correspondingly. The governing equations 
for continuity, momentum, and energy in the context of a 
ternary mixture tiny liquid can be expressed as follows 

𝜕𝜕(𝑟𝑟𝑟𝑟) 
𝜕𝜕𝜕𝜕 +  𝜕𝜕(𝑟𝑟𝑟𝑟)

𝜕𝜕𝜕𝜕 = 0,                             (1) 

𝑢𝑢 𝜕𝜕𝜕𝜕 
𝜕𝜕𝜕𝜕 + 𝑣𝑣 𝜕𝜕𝜕𝜕

𝜕𝜕𝜕𝜕 =   𝜇𝜇𝑡𝑡ℎ𝑛𝑛𝑛𝑛
𝜌𝜌𝑡𝑡ℎ𝑛𝑛𝑛𝑛

1
𝑟𝑟

𝜕𝜕
𝜕𝜕𝜕𝜕 (𝑟𝑟 𝜕𝜕𝜕𝜕

𝜕𝜕𝜕𝜕) −  𝜎𝜎𝑡𝑡ℎ𝑛𝑛𝑛𝑛
𝜌𝜌𝑡𝑡ℎ𝑛𝑛𝑛𝑛

𝐵𝐵0
2𝑢𝑢 − 𝜇𝜇𝑡𝑡ℎ𝑛𝑛𝑛𝑛

𝜌𝜌𝑡𝑡ℎ𝑛𝑛𝑛𝑛

𝑢𝑢
𝐾𝐾∗ +

(𝜌𝜌𝜌𝜌)𝑡𝑡ℎ𝑛𝑛𝑛𝑛
𝜌𝜌𝑡𝑡ℎ𝑛𝑛𝑛𝑛

𝑔𝑔(𝑇𝑇 − 𝑇𝑇∞),                      (2) 

𝑢𝑢 𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕 + 𝑣𝑣 𝜕𝜕𝜕𝜕

𝜕𝜕𝜕𝜕 =  𝑘𝑘𝑡𝑡ℎ𝑛𝑛𝑛𝑛
(𝜌𝜌𝐶𝐶𝑝𝑝)𝑡𝑡ℎ𝑛𝑛𝑛𝑛

 1
𝑟𝑟

𝜕𝜕
𝜕𝜕𝜕𝜕 (𝑟𝑟 𝜕𝜕𝜕𝜕

𝜕𝜕𝜕𝜕) + 𝑄𝑄0
(𝜌𝜌𝐶𝐶𝑝𝑝)𝑡𝑡ℎ𝑛𝑛𝑛𝑛

 (𝑇𝑇 − 𝑇𝑇∞) −
1

(𝜌𝜌𝐶𝐶𝑝𝑝)𝑡𝑡ℎ𝑛𝑛𝑛𝑛
 1

𝑟𝑟
𝜕𝜕

𝜕𝜕𝜕𝜕 (𝑟𝑟𝑞𝑞𝑟𝑟) + 𝜎𝜎𝑡𝑡ℎ𝑛𝑛𝑛𝑛
(𝜌𝜌𝐶𝐶𝑝𝑝)𝑡𝑡ℎ𝑛𝑛𝑛𝑛

𝐵𝐵0
2𝑢𝑢2 + 𝜇𝜇𝑡𝑡ℎ𝑛𝑛𝑛𝑛

(𝜌𝜌𝐶𝐶𝑝𝑝)𝑡𝑡ℎ𝑛𝑛𝑛𝑛
 (𝜕𝜕𝜕𝜕

𝜕𝜕𝜕𝜕)
2

+
𝐷𝐷𝑡𝑡ℎ𝑛𝑛𝑛𝑛𝐾𝐾𝑇𝑇

𝐶𝐶𝑝𝑝𝐶𝐶𝑠𝑠

1
𝑟𝑟

𝜕𝜕
𝜕𝜕𝜕𝜕 (𝑟𝑟 𝜕𝜕𝜕𝜕

𝜕𝜕𝜕𝜕),                            (3)                                                 

𝑢𝑢 𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕 + 𝑣𝑣 𝜕𝜕𝜕𝜕

𝜕𝜕𝜕𝜕 =   𝐷𝐷𝑡𝑡ℎ𝑛𝑛𝑛𝑛
1
𝑟𝑟

𝜕𝜕
𝜕𝜕𝜕𝜕 (𝑟𝑟 𝜕𝜕𝜕𝜕

𝜕𝜕𝜕𝜕) + 𝐷𝐷𝑡𝑡ℎ𝑛𝑛𝑛𝑛𝐾𝐾𝑇𝑇
𝑇𝑇𝑚𝑚

1
𝑟𝑟

𝜕𝜕
𝜕𝜕𝜕𝜕 (𝑟𝑟 𝜕𝜕𝜕𝜕

𝜕𝜕𝜕𝜕),                                                                       
(4) 

The boundary conditions governing the system can be 
expressed as:                                                                                                                                                                                                                              

𝑢𝑢 = 𝑎𝑎𝑎𝑎
𝑙𝑙  , 𝑣𝑣 = −𝑣𝑣𝑤𝑤(𝑥𝑥), 𝑇𝑇 = 𝑇𝑇𝑤𝑤(𝑥𝑥),  𝐶𝐶 = 𝐶𝐶𝑤𝑤(𝑥𝑥)            (5) 

when 𝑟𝑟 =  𝑟𝑟0               
𝑢𝑢 = 0, 𝑇𝑇 → 𝑇𝑇∞(𝑥𝑥), 𝐶𝐶 → 𝐶𝐶∞(𝑥𝑥)                                     (6) 

 as  r → ∞,                                                                                  
The similarity transformation used as 

𝜂𝜂 = 𝑟𝑟2−𝑟𝑟02

2𝑟𝑟0 √
𝑎𝑎

𝜐𝜐𝑓𝑓𝑙𝑙 ,    𝜓𝜓 = √𝑎𝑎𝜐𝜐𝑓𝑓
𝑙𝑙 𝑥𝑥𝑟𝑟0𝑓𝑓(𝜂𝜂),    𝜃𝜃 = 𝑇𝑇−𝑇𝑇∞(𝑥𝑥)

𝑇𝑇𝑤𝑤(𝑥𝑥)−𝑇𝑇0
, 

   𝜙𝜙 = 𝐶𝐶−𝐶𝐶∞(𝑥𝑥)
𝐶𝐶𝑤𝑤(𝑥𝑥)−𝐶𝐶0

, 
The stream function 𝜓𝜓 is introduced to satisfy continuity 

equation Eq. (1) in the manner that  
𝑢𝑢 =  1

𝑟𝑟
𝜕𝜕𝜓𝜓
𝜕𝜕𝜕𝜕  and 𝑣𝑣 = − 1

𝑟𝑟
𝜕𝜕𝜓𝜓
𝜕𝜕𝜕𝜕 . 

Hence, the non-dimensional forms of the transformed 
equations are given by 

𝑎𝑎2(𝑓𝑓′2 − 2𝑓𝑓𝑓𝑓′′) = 𝑎𝑎1(2𝛾𝛾𝑓𝑓′′ + (1 + 2𝛾𝛾𝛾𝛾)𝑓𝑓′′′) −
(𝑎𝑎3𝑀𝑀 + 𝑎𝑎1𝐾𝐾)𝑓𝑓′ + 𝑎𝑎4𝜆𝜆𝜆𝜆,                                     (7) 

𝑎𝑎6{(𝜃𝜃 + 𝛿𝛿1)𝑓𝑓′ − 𝑓𝑓𝜃𝜃′} = (𝑎𝑎5 + 𝑅𝑅𝑅𝑅)(𝑝𝑝𝑝𝑝)−1(2𝛾𝛾𝜃𝜃′ +
(1 + 2𝛾𝛾𝛾𝛾)𝜃𝜃′′) + 𝑄𝑄𝑄𝑄 + 𝑎𝑎1𝐸𝐸𝐸𝐸(1 + 2𝛾𝛾𝛾𝛾)𝑓𝑓′′2 +

𝑎𝑎3𝑀𝑀𝑀𝑀𝑀𝑀𝑓𝑓′2 + 𝑎𝑎6𝐷𝐷𝐷𝐷(2𝛾𝛾𝜙𝜙′ + (1 + 2𝛾𝛾𝛾𝛾)𝜙𝜙′′),               (8) 
(𝜙𝜙 + 𝛿𝛿2)𝑓𝑓′ − 𝑓𝑓𝜙𝜙′ = 𝑎𝑎7(𝐿𝐿𝐿𝐿)−1(2𝛾𝛾𝜙𝜙′ + (1 +

2𝛾𝛾𝛾𝛾)𝜙𝜙′′) + 𝑎𝑎7𝑆𝑆𝑆𝑆(2𝛾𝛾𝜙𝜙′ + (1 + 2𝛾𝛾𝛾𝛾)𝜙𝜙′′),                   (9) 
Here 

𝑎𝑎1 = 𝜇𝜇𝑡𝑡ℎ𝑛𝑛𝑛𝑛
𝜇𝜇𝑓𝑓

, 𝑎𝑎2 = 𝜌𝜌𝑡𝑡ℎ𝑛𝑛𝑛𝑛
𝜌𝜌𝑓𝑓

, 𝑎𝑎3 = 𝜎𝜎𝑡𝑡ℎ𝑛𝑛𝑛𝑛
𝜎𝜎𝑓𝑓

, 𝑎𝑎4 = (𝜌𝜌𝜌𝜌)𝑡𝑡ℎ𝑛𝑛𝑛𝑛
(𝜌𝜌𝜌𝜌)𝑓𝑓

, 𝑎𝑎5 =
𝑘𝑘𝑡𝑡ℎ𝑛𝑛𝑛𝑛

𝑘𝑘𝑓𝑓
, 𝑎𝑎6 = (𝜌𝜌𝐶𝐶𝑝𝑝)𝑡𝑡ℎ𝑛𝑛𝑛𝑛

(𝜌𝜌𝐶𝐶𝑝𝑝)𝑓𝑓
, 𝑎𝑎7 = 𝐷𝐷𝑡𝑡ℎ𝑛𝑛𝑛𝑛

𝐷𝐷𝑓𝑓
, 

𝜇𝜇𝑡𝑡ℎ𝑛𝑛𝑛𝑛, 𝜌𝜌𝑡𝑡ℎ𝑛𝑛𝑛𝑛, 𝜎𝜎𝑡𝑡ℎ𝑛𝑛𝑛𝑛, 𝛽𝛽𝑡𝑡ℎ𝑛𝑛𝑛𝑛, 𝑘𝑘𝑡𝑡ℎ𝑛𝑛𝑛𝑛, (𝐶𝐶𝑝𝑝)𝑡𝑡ℎ𝑛𝑛𝑛𝑛, 𝐷𝐷𝑡𝑡ℎ𝑛𝑛𝑛𝑛, the 
symbols represent the ternary hybrid nanofluids 
coefficient of viscosity, density, electrical conductivity, 
thermal expansions coefficient, thermal conductivity, heat 
capacity and mass diffusivity, respectively. Also, 
𝜇𝜇𝑓𝑓, 𝜌𝜌𝑓𝑓, 𝜎𝜎𝑓𝑓, 𝛽𝛽𝑓𝑓, 𝑘𝑘𝑓𝑓, (𝐶𝐶𝑝𝑝)𝑓𝑓, 𝐷𝐷𝑓𝑓, denote the base fluids 
coefficient of viscosity, density, electrical conductivity, 
thermal expansions coefficient, thermal conductivity, heat 
capacity and mass diffusivity correspondingly. 𝛾𝛾 =

√ 𝑙𝑙𝜐𝜐𝑓𝑓
𝑎𝑎𝑟𝑟02, is the curvature parameter, 𝑀𝑀 = 𝐵𝐵02𝑙𝑙𝜎𝜎𝑓𝑓

𝑎𝑎𝜌𝜌𝑓𝑓
, is the 

magnetic parameter, 𝐾𝐾 == 𝑙𝑙𝜐𝜐𝑓𝑓
𝑎𝑎𝐾𝐾∗, is the permeability 

parameter, 𝜆𝜆 = 𝐺𝐺𝐺𝐺𝑥𝑥
𝑅𝑅𝑅𝑅𝑥𝑥2

 is the thermal buoyancy parameter 

where 𝐺𝐺𝐺𝐺𝑥𝑥 = 𝑔𝑔𝛽𝛽𝑇𝑇(𝑇𝑇𝑤𝑤 − 𝑇𝑇∞) 𝑥𝑥3

𝜐𝜐2 is local Grashof number, 

and 𝑅𝑅𝑅𝑅𝑥𝑥 = 𝑥𝑥𝑈𝑈𝑤𝑤
𝜐𝜐𝑓𝑓

 , is local Reynolds number, 𝑃𝑃𝑃𝑃 =

 
(𝜌𝜌𝐶𝐶𝑝𝑝)𝑓𝑓𝜐𝜐𝑓𝑓

𝑘𝑘𝑓𝑓
,  denotes Prandtl number, 𝑅𝑅𝑅𝑅 = 16𝜎𝜎∗𝑇𝑇∞3

3𝑘𝑘𝑓𝑓𝑘𝑘∗ ,  is 

radiation parameter, 𝑄𝑄 = 𝑄𝑄0𝑙𝑙
𝑎𝑎(𝜌𝜌𝐶𝐶𝑝𝑝)𝑓𝑓

 heat source/sink 

parameter, 𝐸𝐸𝐸𝐸 = 𝑈𝑈2

(𝐶𝐶𝑝𝑝)𝑓𝑓(𝑇𝑇𝑤𝑤(𝑥𝑥)−𝑇𝑇∞(𝑥𝑥)), is the Eckert number, 

𝐿𝐿𝐿𝐿 = 𝐷𝐷𝑓𝑓
𝜐𝜐𝑓𝑓

, denotes Lewis number, 𝐷𝐷𝐷𝐷 = 𝐷𝐷𝑓𝑓𝐾𝐾𝑇𝑇[𝐶𝐶𝑤𝑤(𝑥𝑥)−𝐶𝐶∞(𝑥𝑥)]
𝐶𝐶𝑝𝑝𝐶𝐶𝑠𝑠[𝑇𝑇𝑤𝑤(𝑥𝑥)−𝑇𝑇∞(𝑥𝑥)]  

represents Dufour number, 𝑆𝑆𝑆𝑆 = 𝐷𝐷𝑓𝑓𝐾𝐾𝑇𝑇[𝑇𝑇𝑤𝑤(𝑥𝑥)−𝑇𝑇∞(𝑥𝑥)]
𝑇𝑇𝑚𝑚[𝐶𝐶𝑤𝑤(𝑥𝑥)−𝐶𝐶∞(𝑥𝑥)]  

represents Soret number. The transformed boundary 
conditions are as follows and we provide non-dimensional 
quantities as the followings. 

𝑓𝑓(0) = 𝑆𝑆,  𝑓𝑓′(0) = 1, 𝜃𝜃(0) = 1 − 𝑆𝑆1, 𝜙𝜙(0) = 1 − 𝛿𝛿2,
 (10) 

when 𝜂𝜂 → 0  

𝑓𝑓′(∞) → 0, 𝜃𝜃(∞) → 0, 𝜙𝜙(∞) → 0,                          (11)  

as 𝜂𝜂 → ∞  

Here 𝑆𝑆 = √ 𝑙𝑙
𝑎𝑎𝜐𝜐𝑓𝑓

𝑣𝑣𝑊𝑊, is the suction parameter, 𝛿𝛿1 = 𝐵𝐵
𝐴𝐴, is 

the thermal stratification parameter, and  𝛿𝛿2 = 𝐷𝐷
𝐶𝐶, is the 

concentration stratification parameter. 

The physical quantities, skin friction coefficient, the 
local Nusselt number and local Sherwood number are 
defined as follows 

𝐶𝐶𝑓𝑓𝑥𝑥 = 𝜏𝜏𝑤𝑤
𝜌𝜌𝑈𝑈𝑤𝑤2,                                 (12) 

𝑁𝑁𝑁𝑁𝑥𝑥 = 𝑥𝑥𝑞𝑞𝑤𝑤
𝑘𝑘𝑓𝑓(𝑇𝑇𝑤𝑤−𝑇𝑇∞),                  (13) 

𝑆𝑆ℎ𝑥𝑥 = 𝑥𝑥𝑞𝑞𝑚𝑚
𝐷𝐷𝑏𝑏(𝐶𝐶𝑤𝑤−𝐶𝐶∞)                         (14) 

Here  𝜏𝜏𝑤𝑤 = 𝜇𝜇𝑡𝑡ℎ𝑛𝑛𝑛𝑛 (𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕)

𝑟𝑟=𝑟𝑟0
, 𝑞𝑞𝑤𝑤 = −𝑘𝑘𝑡𝑡ℎ𝑛𝑛𝑛𝑛 (𝜕𝜕𝜕𝜕

𝜕𝜕𝜕𝜕)
𝑟𝑟=𝑟𝑟0

+

(𝑞𝑞𝑟𝑟)𝑟𝑟=𝑟𝑟0, 𝑞𝑞𝑚𝑚 = − (𝐷𝐷𝑡𝑡ℎ𝑛𝑛𝑛𝑛
𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕)

𝑟𝑟=𝑟𝑟0
, 

𝐶𝐶𝑓𝑓𝑥𝑥(𝑅𝑅𝑅𝑅𝑥𝑥)
1
2 = 𝑎𝑎1𝑓𝑓′′(0),                     (15)      

       

 𝑁𝑁𝑢𝑢𝑥𝑥(𝑅𝑅𝑅𝑅𝑥𝑥)
−1
2 = − (𝑎𝑎5+𝑅𝑅𝑅𝑅

1−𝛿𝛿1
) 𝜃𝜃′(0),                     (16)        

                  

𝑆𝑆ℎ𝑥𝑥(𝑅𝑅𝑅𝑅𝑥𝑥)
−1
2 = − 𝑎𝑎7

1−𝛿𝛿2
𝜙𝜙′(0),                                   (17)

            

 
 

Table 1: The thermo-physical characteristics of 

trihybrid nanofluid are as follows 

Viscosity 

𝑎𝑎1 =
𝜇𝜇𝑡𝑡ℎ𝑛𝑛𝑛𝑛

𝜇𝜇𝑓𝑓
= 1

(1 − 𝜙𝜙1)2.5(1 − 𝜙𝜙2)2.5(1 − 𝜙𝜙3)2.5 , 

Density 

𝑎𝑎2 =
(𝜌𝜌)𝑡𝑡ℎ𝑛𝑛𝑛𝑛

(𝜌𝜌)𝑓𝑓
= (1

− 𝜙𝜙3) [(1 − 𝜙𝜙2) {1 − 𝜙𝜙1

+ 𝜙𝜙1
(𝜌𝜌)𝑛𝑛𝑓𝑓1
(𝜌𝜌)𝑓𝑓

} + 𝜙𝜙2
(𝜌𝜌)𝑛𝑛𝑓𝑓2
(𝜌𝜌)𝑓𝑓

]

+ 𝜙𝜙3
(𝜌𝜌)𝑛𝑛𝑓𝑓3
(𝜌𝜌)𝑓𝑓

, 

Electrical conductivity 
𝜎𝜎𝑛𝑛𝑛𝑛
𝜎𝜎𝑓𝑓

= [(𝜎𝜎𝑛𝑛𝑓𝑓1+2𝜎𝜎𝑓𝑓)−2𝜙𝜙1(𝜎𝜎𝑓𝑓−𝜎𝜎𝑛𝑛𝑓𝑓1)
(𝜎𝜎𝑛𝑛𝑓𝑓1+2𝜎𝜎𝑓𝑓)+2𝜙𝜙1(𝜎𝜎𝑓𝑓−𝜎𝜎𝑛𝑛𝑓𝑓1)],𝜎𝜎ℎ𝑛𝑛𝑛𝑛

𝜎𝜎𝑛𝑛𝑛𝑛
=

[(𝜎𝜎𝑛𝑛𝑓𝑓2+2𝜎𝜎𝑛𝑛𝑛𝑛)−2𝜙𝜙2(𝜎𝜎𝑛𝑛𝑛𝑛−𝜎𝜎𝑛𝑛𝑓𝑓2)
(𝜎𝜎𝑛𝑛𝑓𝑓2+2𝜎𝜎𝑛𝑛𝑛𝑛)+2𝜙𝜙2(𝜎𝜎𝑛𝑛𝑛𝑛−𝜎𝜎𝑛𝑛𝑓𝑓2)] 

𝜎𝜎𝑡𝑡ℎ𝑛𝑛𝑛𝑛
𝜎𝜎ℎ𝑛𝑛𝑛𝑛

= [(𝜎𝜎𝑛𝑛𝑓𝑓3+2𝜎𝜎ℎ𝑛𝑛𝑛𝑛)−2𝜙𝜙3(𝜎𝜎ℎ𝑛𝑛𝑛𝑛−𝜎𝜎𝑛𝑛𝑓𝑓3)
(𝜎𝜎𝑛𝑛𝑓𝑓3+2𝜎𝜎ℎ𝑛𝑛𝑛𝑛)+2𝜙𝜙3(𝜎𝜎ℎ𝑛𝑛𝑛𝑛−𝜎𝜎𝑛𝑛𝑓𝑓3)], 𝑎𝑎3 = 𝜎𝜎𝑡𝑡ℎ𝑛𝑛𝑛𝑛

𝜎𝜎𝑓𝑓
 

thermal expansion coefficient 

𝑎𝑎4 =
(𝜌𝜌𝛽𝛽𝑇𝑇)𝑡𝑡ℎ𝑛𝑛𝑛𝑛

(𝜌𝜌𝛽𝛽𝑇𝑇)𝑓𝑓
= (1

− 𝜙𝜙3) [(1 − 𝜙𝜙2) (1 − 𝜙𝜙1

+ 𝜙𝜙1
(𝜌𝜌𝛽𝛽𝑇𝑇)𝑛𝑛𝑓𝑓1
(𝜌𝜌𝛽𝛽𝑇𝑇)𝑓𝑓

) + 𝜙𝜙2
(𝜌𝜌𝛽𝛽𝑇𝑇)𝑛𝑛𝑓𝑓2
(𝜌𝜌𝛽𝛽𝑇𝑇)𝑓𝑓

]

+ 𝜙𝜙3
(𝜌𝜌𝛽𝛽𝑇𝑇)𝑛𝑛𝑓𝑓3
(𝜌𝜌𝛽𝛽𝑇𝑇)𝑓𝑓

, 

Thermal conductivity 
𝑘𝑘𝑛𝑛𝑛𝑛
𝑘𝑘𝑓𝑓

= [(𝑘𝑘𝑛𝑛𝑓𝑓1+2𝑘𝑘𝑓𝑓)−2𝜙𝜙1(𝑘𝑘𝑓𝑓−𝑘𝑘𝑛𝑛𝑓𝑓1)
(𝑘𝑘𝑛𝑛𝑓𝑓1+2𝑘𝑘𝑓𝑓)+2𝜙𝜙1(𝑘𝑘𝑓𝑓−𝑘𝑘𝑛𝑛𝑓𝑓1)],𝑘𝑘ℎ𝑛𝑛𝑛𝑛

𝑘𝑘𝑛𝑛𝑛𝑛
=

[(𝑘𝑘𝑛𝑛𝑓𝑓2+2𝑘𝑘𝑛𝑛𝑛𝑛)−2𝜙𝜙2(𝑘𝑘𝑛𝑛𝑛𝑛−𝑘𝑘𝑛𝑛𝑓𝑓2)
(𝑘𝑘𝑛𝑛𝑓𝑓2+2𝑘𝑘𝑛𝑛𝑛𝑛)+2𝜙𝜙2(𝑘𝑘𝑛𝑛𝑛𝑛−𝑘𝑘𝑛𝑛𝑓𝑓2)], 

𝑘𝑘𝑡𝑡ℎ𝑛𝑛𝑛𝑛
𝑘𝑘ℎ𝑛𝑛𝑛𝑛

= [(𝑘𝑘𝑛𝑛𝑓𝑓3+2𝑘𝑘ℎ𝑛𝑛𝑛𝑛)−2𝜙𝜙3(𝑘𝑘ℎ𝑛𝑛𝑛𝑛−𝑘𝑘𝑛𝑛𝑓𝑓3)
(𝑘𝑘𝑛𝑛𝑓𝑓3+2𝑘𝑘ℎ𝑛𝑛𝑛𝑛)+2𝜙𝜙3(𝑘𝑘ℎ𝑛𝑛𝑛𝑛−𝑘𝑘𝑛𝑛𝑓𝑓3)], 𝑎𝑎5 = 𝑘𝑘𝑡𝑡ℎ𝑛𝑛𝑛𝑛

𝑘𝑘𝑓𝑓
, 

Heat Capacity 

𝑎𝑎6 =
(𝜌𝜌𝐶𝐶𝑝𝑝)𝑡𝑡ℎ𝑛𝑛𝑛𝑛

(𝜌𝜌𝐶𝐶𝑝𝑝)𝑓𝑓
= (1

− 𝜙𝜙3) [(1 − 𝜙𝜙2) {1 − 𝜙𝜙1

+ 𝜙𝜙1
(𝜌𝜌𝐶𝐶𝑝𝑝)𝑛𝑛𝑓𝑓1
(𝜌𝜌𝐶𝐶𝑝𝑝)𝑓𝑓

} + 𝜙𝜙2
(𝜌𝜌𝐶𝐶𝑝𝑝)𝑛𝑛𝑓𝑓2
(𝜌𝜌𝐶𝐶𝑝𝑝)𝑓𝑓

]

+ 𝜙𝜙3
(𝜌𝜌𝐶𝐶𝑝𝑝)𝑛𝑛𝑓𝑓3
(𝜌𝜌𝐶𝐶𝑝𝑝)𝑓𝑓

, 

Mass diffusivity 

𝑎𝑎7 =
𝐷𝐷𝑡𝑡ℎ𝑛𝑛𝑛𝑛

𝐷𝐷𝑓𝑓
= ((1 − 𝜙𝜙1)(1 − 𝜙𝜙2)(1 − 𝜙𝜙3))−1, 

       where 𝜙𝜙1, 𝜙𝜙2, 𝜙𝜙3 are volume fraction of 𝐶𝐶𝐶𝐶, 𝐴𝐴𝐴𝐴2𝑂𝑂3 
and 𝑇𝑇𝑇𝑇𝑂𝑂2 tiny particles respectively. The suffixes 
𝑡𝑡ℎ𝑛𝑛𝑛𝑛, ℎ𝑛𝑛𝑛𝑛, 𝑛𝑛𝑛𝑛, 𝑓𝑓, 𝑛𝑛𝑛𝑛1, 𝑛𝑛𝑛𝑛2, 𝑛𝑛𝑛𝑛3, denote ternary mixture 
tiny liquid, mixture tiny liquid, tiny liquid, base liquid, 
solid tiny particles of 𝐶𝐶𝐶𝐶, 𝐴𝐴𝐴𝐴2𝑂𝑂3 and 𝑇𝑇𝑇𝑇𝑂𝑂2 
correspondingly. 

Table 1: Thermo-physical properties of 𝐶𝐶𝐶𝐶, 𝑀𝑀𝑀𝑀𝑀𝑀 and 
𝑇𝑇𝑇𝑇𝑂𝑂2 tiny particles in pure water are presented. 

Physical Properties H2O (base 
fluid) 

Cu(nf1) 

𝜌𝜌(𝐾𝐾𝐾𝐾 𝑚𝑚3⁄ ) 997.1 6510 

𝐶𝐶𝑝𝑝(𝐽𝐽 𝐾𝐾𝐾𝐾𝐾𝐾⁄ ) 4179 540 

𝑘𝑘(𝑊𝑊 𝑚𝑚𝑚𝑚⁄ ) 0.613 18 

𝛽𝛽 × 105(𝐾𝐾−1) 21 0.85 

𝜎𝜎(𝑠𝑠 𝑚𝑚⁄ ) 5.5× 10−6 5.96 × 107 

Physical Properties 𝑀𝑀𝑀𝑀𝑀𝑀 (𝑛𝑛𝑛𝑛2) 𝑇𝑇𝑇𝑇𝑂𝑂2 (𝑛𝑛𝑛𝑛3) 

𝜌𝜌(𝐾𝐾𝐾𝐾 𝑚𝑚3⁄ ) 3560 4250 

𝐶𝐶𝑝𝑝(𝐽𝐽 𝐾𝐾𝐾𝐾𝐾𝐾⁄ ) 955 686.2 

𝑘𝑘(𝑊𝑊 𝑚𝑚𝑚𝑚⁄ ) 45 8.9538 

𝛽𝛽 × 105(𝐾𝐾−1) 1.05 0.9 

𝜎𝜎(𝑠𝑠 𝑚𝑚⁄ ) 8 × 10−6 2.38 × 106 

 
Method of Solution:The outcome produced by 
equations (7), (8), and (9) collectively under borderline 
conditions (10) and (11) is established using a systematic 
numerical approach known as the shooting technique. 
This involves transforming the nonlinear equations into 
first-order ordinary differential equations by assigning 
variables, namely 
𝑓𝑓 = 𝑓𝑓1,  𝑓𝑓′ = 𝑓𝑓2, 𝑓𝑓′′ = 𝑓𝑓3, 𝜃𝜃 = 𝑓𝑓4,  𝜃𝜃′ = 𝑓𝑓5, 𝜙𝜙 = 𝑓𝑓6,  𝜙𝜙′ =
𝑓𝑓7,                                            
Hence, the system of equations becomes 
𝑓𝑓1

′ = 𝑓𝑓2,                                   (18) 
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Table 1: The thermo-physical characteristics of 

trihybrid nanofluid are as follows 

Viscosity 

𝑎𝑎1 =
𝜇𝜇𝑡𝑡ℎ𝑛𝑛𝑛𝑛

𝜇𝜇𝑓𝑓
= 1

(1 − 𝜙𝜙1)2.5(1 − 𝜙𝜙2)2.5(1 − 𝜙𝜙3)2.5 , 

Density 

𝑎𝑎2 =
(𝜌𝜌)𝑡𝑡ℎ𝑛𝑛𝑛𝑛

(𝜌𝜌)𝑓𝑓
= (1

− 𝜙𝜙3) [(1 − 𝜙𝜙2) {1 − 𝜙𝜙1

+ 𝜙𝜙1
(𝜌𝜌)𝑛𝑛𝑓𝑓1
(𝜌𝜌)𝑓𝑓

} + 𝜙𝜙2
(𝜌𝜌)𝑛𝑛𝑓𝑓2
(𝜌𝜌)𝑓𝑓

]

+ 𝜙𝜙3
(𝜌𝜌)𝑛𝑛𝑓𝑓3
(𝜌𝜌)𝑓𝑓

, 

Electrical conductivity 
𝜎𝜎𝑛𝑛𝑛𝑛
𝜎𝜎𝑓𝑓

= [(𝜎𝜎𝑛𝑛𝑓𝑓1+2𝜎𝜎𝑓𝑓)−2𝜙𝜙1(𝜎𝜎𝑓𝑓−𝜎𝜎𝑛𝑛𝑓𝑓1)
(𝜎𝜎𝑛𝑛𝑓𝑓1+2𝜎𝜎𝑓𝑓)+2𝜙𝜙1(𝜎𝜎𝑓𝑓−𝜎𝜎𝑛𝑛𝑓𝑓1)],𝜎𝜎ℎ𝑛𝑛𝑛𝑛

𝜎𝜎𝑛𝑛𝑛𝑛
=

[(𝜎𝜎𝑛𝑛𝑓𝑓2+2𝜎𝜎𝑛𝑛𝑛𝑛)−2𝜙𝜙2(𝜎𝜎𝑛𝑛𝑛𝑛−𝜎𝜎𝑛𝑛𝑓𝑓2)
(𝜎𝜎𝑛𝑛𝑓𝑓2+2𝜎𝜎𝑛𝑛𝑛𝑛)+2𝜙𝜙2(𝜎𝜎𝑛𝑛𝑛𝑛−𝜎𝜎𝑛𝑛𝑓𝑓2)] 

𝜎𝜎𝑡𝑡ℎ𝑛𝑛𝑛𝑛
𝜎𝜎ℎ𝑛𝑛𝑛𝑛

= [(𝜎𝜎𝑛𝑛𝑓𝑓3+2𝜎𝜎ℎ𝑛𝑛𝑛𝑛)−2𝜙𝜙3(𝜎𝜎ℎ𝑛𝑛𝑛𝑛−𝜎𝜎𝑛𝑛𝑓𝑓3)
(𝜎𝜎𝑛𝑛𝑓𝑓3+2𝜎𝜎ℎ𝑛𝑛𝑛𝑛)+2𝜙𝜙3(𝜎𝜎ℎ𝑛𝑛𝑛𝑛−𝜎𝜎𝑛𝑛𝑓𝑓3)], 𝑎𝑎3 = 𝜎𝜎𝑡𝑡ℎ𝑛𝑛𝑛𝑛

𝜎𝜎𝑓𝑓
 

thermal expansion coefficient 

𝑎𝑎4 =
(𝜌𝜌𝛽𝛽𝑇𝑇)𝑡𝑡ℎ𝑛𝑛𝑛𝑛

(𝜌𝜌𝛽𝛽𝑇𝑇)𝑓𝑓
= (1

− 𝜙𝜙3) [(1 − 𝜙𝜙2) (1 − 𝜙𝜙1

+ 𝜙𝜙1
(𝜌𝜌𝛽𝛽𝑇𝑇)𝑛𝑛𝑓𝑓1
(𝜌𝜌𝛽𝛽𝑇𝑇)𝑓𝑓

) + 𝜙𝜙2
(𝜌𝜌𝛽𝛽𝑇𝑇)𝑛𝑛𝑓𝑓2
(𝜌𝜌𝛽𝛽𝑇𝑇)𝑓𝑓

]

+ 𝜙𝜙3
(𝜌𝜌𝛽𝛽𝑇𝑇)𝑛𝑛𝑓𝑓3
(𝜌𝜌𝛽𝛽𝑇𝑇)𝑓𝑓

, 

Thermal conductivity 
𝑘𝑘𝑛𝑛𝑛𝑛
𝑘𝑘𝑓𝑓

= [(𝑘𝑘𝑛𝑛𝑓𝑓1+2𝑘𝑘𝑓𝑓)−2𝜙𝜙1(𝑘𝑘𝑓𝑓−𝑘𝑘𝑛𝑛𝑓𝑓1)
(𝑘𝑘𝑛𝑛𝑓𝑓1+2𝑘𝑘𝑓𝑓)+2𝜙𝜙1(𝑘𝑘𝑓𝑓−𝑘𝑘𝑛𝑛𝑓𝑓1)],𝑘𝑘ℎ𝑛𝑛𝑛𝑛

𝑘𝑘𝑛𝑛𝑛𝑛
=

[(𝑘𝑘𝑛𝑛𝑓𝑓2+2𝑘𝑘𝑛𝑛𝑛𝑛)−2𝜙𝜙2(𝑘𝑘𝑛𝑛𝑛𝑛−𝑘𝑘𝑛𝑛𝑓𝑓2)
(𝑘𝑘𝑛𝑛𝑓𝑓2+2𝑘𝑘𝑛𝑛𝑛𝑛)+2𝜙𝜙2(𝑘𝑘𝑛𝑛𝑛𝑛−𝑘𝑘𝑛𝑛𝑓𝑓2)], 

𝑘𝑘𝑡𝑡ℎ𝑛𝑛𝑛𝑛
𝑘𝑘ℎ𝑛𝑛𝑛𝑛

= [(𝑘𝑘𝑛𝑛𝑓𝑓3+2𝑘𝑘ℎ𝑛𝑛𝑛𝑛)−2𝜙𝜙3(𝑘𝑘ℎ𝑛𝑛𝑛𝑛−𝑘𝑘𝑛𝑛𝑓𝑓3)
(𝑘𝑘𝑛𝑛𝑓𝑓3+2𝑘𝑘ℎ𝑛𝑛𝑛𝑛)+2𝜙𝜙3(𝑘𝑘ℎ𝑛𝑛𝑛𝑛−𝑘𝑘𝑛𝑛𝑓𝑓3)], 𝑎𝑎5 = 𝑘𝑘𝑡𝑡ℎ𝑛𝑛𝑛𝑛

𝑘𝑘𝑓𝑓
, 

Heat Capacity 

𝑎𝑎6 =
(𝜌𝜌𝐶𝐶𝑝𝑝)𝑡𝑡ℎ𝑛𝑛𝑛𝑛

(𝜌𝜌𝐶𝐶𝑝𝑝)𝑓𝑓
= (1

− 𝜙𝜙3) [(1 − 𝜙𝜙2) {1 − 𝜙𝜙1

+ 𝜙𝜙1
(𝜌𝜌𝐶𝐶𝑝𝑝)𝑛𝑛𝑓𝑓1
(𝜌𝜌𝐶𝐶𝑝𝑝)𝑓𝑓

} + 𝜙𝜙2
(𝜌𝜌𝐶𝐶𝑝𝑝)𝑛𝑛𝑓𝑓2
(𝜌𝜌𝐶𝐶𝑝𝑝)𝑓𝑓

]

+ 𝜙𝜙3
(𝜌𝜌𝐶𝐶𝑝𝑝)𝑛𝑛𝑓𝑓3
(𝜌𝜌𝐶𝐶𝑝𝑝)𝑓𝑓

, 

Mass diffusivity 

𝑎𝑎7 =
𝐷𝐷𝑡𝑡ℎ𝑛𝑛𝑛𝑛

𝐷𝐷𝑓𝑓
= ((1 − 𝜙𝜙1)(1 − 𝜙𝜙2)(1 − 𝜙𝜙3))−1, 

       where 𝜙𝜙1, 𝜙𝜙2, 𝜙𝜙3 are volume fraction of 𝐶𝐶𝐶𝐶, 𝐴𝐴𝐴𝐴2𝑂𝑂3 
and 𝑇𝑇𝑇𝑇𝑂𝑂2 tiny particles respectively. The suffixes 
𝑡𝑡ℎ𝑛𝑛𝑛𝑛, ℎ𝑛𝑛𝑛𝑛, 𝑛𝑛𝑛𝑛, 𝑓𝑓, 𝑛𝑛𝑛𝑛1, 𝑛𝑛𝑛𝑛2, 𝑛𝑛𝑛𝑛3, denote ternary mixture 
tiny liquid, mixture tiny liquid, tiny liquid, base liquid, 
solid tiny particles of 𝐶𝐶𝐶𝐶, 𝐴𝐴𝐴𝐴2𝑂𝑂3 and 𝑇𝑇𝑇𝑇𝑂𝑂2 
correspondingly. 

Table 1: Thermo-physical properties of 𝐶𝐶𝐶𝐶, 𝑀𝑀𝑀𝑀𝑀𝑀 and 
𝑇𝑇𝑇𝑇𝑂𝑂2 tiny particles in pure water are presented. 

Physical Properties H2O (base 
fluid) 

Cu(nf1) 

𝜌𝜌(𝐾𝐾𝐾𝐾 𝑚𝑚3⁄ ) 997.1 6510 

𝐶𝐶𝑝𝑝(𝐽𝐽 𝐾𝐾𝐾𝐾𝐾𝐾⁄ ) 4179 540 

𝑘𝑘(𝑊𝑊 𝑚𝑚𝑚𝑚⁄ ) 0.613 18 

𝛽𝛽 × 105(𝐾𝐾−1) 21 0.85 

𝜎𝜎(𝑠𝑠 𝑚𝑚⁄ ) 5.5× 10−6 5.96 × 107 

Physical Properties 𝑀𝑀𝑀𝑀𝑀𝑀 (𝑛𝑛𝑛𝑛2) 𝑇𝑇𝑇𝑇𝑂𝑂2 (𝑛𝑛𝑛𝑛3) 

𝜌𝜌(𝐾𝐾𝐾𝐾 𝑚𝑚3⁄ ) 3560 4250 

𝐶𝐶𝑝𝑝(𝐽𝐽 𝐾𝐾𝐾𝐾𝐾𝐾⁄ ) 955 686.2 

𝑘𝑘(𝑊𝑊 𝑚𝑚𝑚𝑚⁄ ) 45 8.9538 

𝛽𝛽 × 105(𝐾𝐾−1) 1.05 0.9 

𝜎𝜎(𝑠𝑠 𝑚𝑚⁄ ) 8 × 10−6 2.38 × 106 

 
Method of Solution:The outcome produced by 
equations (7), (8), and (9) collectively under borderline 
conditions (10) and (11) is established using a systematic 
numerical approach known as the shooting technique. 
This involves transforming the nonlinear equations into 
first-order ordinary differential equations by assigning 
variables, namely 
𝑓𝑓 = 𝑓𝑓1,  𝑓𝑓′ = 𝑓𝑓2, 𝑓𝑓′′ = 𝑓𝑓3, 𝜃𝜃 = 𝑓𝑓4,  𝜃𝜃′ = 𝑓𝑓5, 𝜙𝜙 = 𝑓𝑓6,  𝜙𝜙′ =
𝑓𝑓7,                                            
Hence, the system of equations becomes 
𝑓𝑓1

′ = 𝑓𝑓2,                                   (18) 
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𝑓𝑓2
′ = 𝑓𝑓3,                         (19) 

𝑓𝑓3
′ = (𝑎𝑎1(1+2𝛾𝛾𝛾𝛾)

𝑎𝑎2 )
−1

[𝑓𝑓2
2 − 𝑓𝑓1𝑓𝑓3 − (2𝑎𝑎1𝛾𝛾

𝑎𝑎2 ) 𝑓𝑓3 + 1
𝑎𝑎2 (𝑎𝑎3𝑀𝑀 +

𝑎𝑎1𝐾𝐾)𝑓𝑓2 − 𝑎𝑎7𝑓𝑓4
𝑎𝑎2 ],                                                      (20) 

𝑓𝑓4
′ = 𝑓𝑓5,                     (21) 

((𝑎𝑎5+𝑅𝑅𝑅𝑅)(1+2𝛾𝛾𝛾𝛾)
𝑎𝑎6𝑃𝑃𝑃𝑃 ) 𝑓𝑓5

′ = {[(𝑓𝑓4 + 𝛿𝛿1)𝑓𝑓2 − 𝑓𝑓1𝑓𝑓5 −
(𝑎𝑎5+𝑅𝑅𝑅𝑅)2𝛾𝛾𝑓𝑓5

𝑎𝑎6𝑃𝑃𝑃𝑃 − 𝑄𝑄𝑓𝑓4
𝑎𝑎6 − 𝑎𝑎1𝐸𝐸𝐸𝐸(1+2𝛾𝛾𝛾𝛾)𝑓𝑓3

2

𝑎𝑎6 − 𝑎𝑎3𝑀𝑀𝑀𝑀𝑀𝑀𝑓𝑓2
2

𝑎𝑎6 −
𝑎𝑎7𝐷𝐷𝐷𝐷(2𝛾𝛾𝑓𝑓7 + (1 + 2𝛾𝛾𝛾𝛾)𝑓𝑓7

′)]}                           (22) 

𝑓𝑓6
′ = 𝑓𝑓7,                   (23) 

𝑓𝑓7
′ = (𝑎𝑎7(1+2𝛾𝛾𝛾𝛾)

𝐿𝐿𝐿𝐿 )
−1

[(𝑓𝑓6 + 𝛿𝛿2)𝑓𝑓2 − 𝑓𝑓1𝑓𝑓7 − 2𝑎𝑎7𝛾𝛾𝑓𝑓7
𝐿𝐿𝐿𝐿 −

𝑎𝑎7𝑆𝑆𝑆𝑆{2𝛾𝛾𝑓𝑓5 + (1 + 2𝛾𝛾𝛾𝛾)𝑓𝑓5
′}]                        (24) 

Under the conditions outlined below, 

𝑓𝑓1(0) = 𝑆𝑆, 𝑓𝑓2(0) = 1, 𝑓𝑓4(0) = 1 − 𝛿𝛿1, 𝑓𝑓6(0) = 1 −
𝛿𝛿2, 𝑎𝑎𝑎𝑎 𝜂𝜂 → 0                                (25) 

𝑓𝑓2(∞) = 0, 𝑓𝑓4(∞) = 0, 𝑓𝑓6(∞) = 0 𝑎𝑎𝑎𝑎 𝜂𝜂 → ∞             (26)              
Result and discussion: The effect of magnetic 
parameter on velocity and temperature is presented in 
Figures 2a–2c. [Fig.2a] shows that velocity f′(η) decreases 
with increasing M across the boundary layer, 
accompanied by a reduction in momentum boundary layer 
thickness. The wall shear stress, proportional to f′′(0), also 
decreases, illustrating that a stronger magnetic field 
retards fluid flow and suppresses convective momentum 
transport. In [Fig.2b], increasing M reduces θ(η) at fixed 
η, thinning the thermal boundary layer. The wall 
temperature gradient θ′(0) rises, so the local Nusselt 
number increases. Hence, in this configuration, a stronger 
magnetic field enhances wall heat transfer by reducing the 
thermal layer thickness. A magnetic field induces electric 
currents in a conducting fluid, generating a Lorentz force 
that opposes the motion and reduces fluid velocity. This 
resistive force compresses the velocity boundary layer 
near the wall. 
As a result, the coupled thermal boundary layer also thins, 
enhancing wall heat transfer. [Fig.2c] reveals that 
magnetic parameter M only slightly reduces ϕ(η), leading 
to a modest thinning of the solutal boundary layer. The 
wall gradient ϕ(0) increases slightly, producing a small 
rise in Sherwood number. The effect is relatively weak 
under the considered parameter set. Figures 3a–3c analyse 
the role of curvature parameter γ. [Fig.3a] shows that 
increasing γ suppresses axial velocity and compresses the 
momentum boundary layer δm. [Fig.3b] indicates that 
higher curvature enhances heat transfer, producing larger 
Nusselt numbers, but at the expense of greater wall shear. 
Conversely, lower curvature (approaching flat plate 
conditions) yields thicker thermal layers, elevated 
temperatures away from the wall, and reduced heat-
transfer rates. Curvature therefore aids near-wall fluid 

cooling. [Fig.3c] demonstrates that higher γ reduces 
solutal concentration across the boundary layer, thinning 
the solutal layer and producing steeper gradients 
ϕ(0).Thus, Sherwood number increases with γ,enhancing 
mass transfer at the wall.The effect of permeability 
parameter K is depicted in Figures 4a–4c. [Fig.4a] 
illustrates that increasing K lowers wall shear stress f′′(0), 
reducing momentum transfer. [Fig.4b] indicates that 
larger K values thin the thermal boundary layer δt, 
enhance the wall gradient θ(0), and therefore increase 
Nusselt number. This corresponds to stronger heat 
extraction at the wall. [Fig.4c] shows that higher K lowers 
ϕ(η) across the boundary layer, producing a thinner solutal 
layer and higher gradient ϕ(0), which enhances mass 
transfer rate at the wall. Figures 5a and 5b highlight the 
effect of radiation parameter. [Fig.5a] shows that θ(η) 
decreases as radiation parameter R increases, leading to 
faster decay of temperature and a thinner thermal 
boundary layer. This signifies stronger radiative heat loss. 
[Fig.5b] shows that concentration ϕ(η) decreases more 
rapidly with increasing Ra, producing thinner 
concentration layers. Radiation accelerates solutal 
diffusion and reduces concentration levels within the 
boundary layer. Figures 6a and 6b explore the effect of 
Prandtl number. [Fig.6a] demonstrates that θ(η) decreases 
more rapidly with Pr, giving a thinner thermal layer. High 
Pr fluids have low thermal diffusivity, confining heat near 
the wall. [Fig.6b] indicates that concentration ϕ(η) decays 
more slowly as Pr rises, leading to a thicker solutal 
boundary layer. Thus, higher Pr enhances solutal retention 
in the boundary layer. The role of heat source parameter 
Q is presented in Figures 7a and 7b. [Fig.7a] shows that 
increasing Q raises θ(η), thickening the thermal boundary 
layer and retaining higher temperatures. [Fig.7b] reveals 
that larger Q reduces ϕ(η), since additional thermal energy 
promotes diffusion and reduces species concentration 
near the surface. The Eckert number effect is given in 
Figures 8a and 8b. [Fig.8a] shows that higher Ec raises 
θ(η) because viscous dissipation converts kinetic energy 
into heat, thickening the thermal boundary layer. [Fig.8b] 
shows that increasing Ec lowers ϕ(η), as viscous heating 
promotes solutal diffusion and reduces concentration. 
Thermal buoyancy effects are highlighted in Figures 9a–
9c. [Fig.9a] shows that velocity f′(η) increases with λ, 
thickening the momentum boundary layer. [Fig.9b] 
indicates that θ(η) decreases with λ, because stronger 
buoyancy enhances convection, removing heat quickly. 
[Fig.9c] shows that concentration ϕ(η) decreases with λ 
due to accelerated mass transfer away from the surface. 
Figures 10a–10c describe the Dufour effect. [Fig.10a] 
shows that velocity f′(η) increases with Du, thickening the 
momentum layer. [Fig.10b] shows that θ(η) rises with Du, 
thickening the thermal layer. [Fig.10c] indicates that 

 
 

concentration ϕ(η) increases with Du, thickening the 
solutal boundary layer. The Dufour effect enhances both 
heat and mass retention within the boundary layer.The 
Lewis number effect is shown in Figures 11b and 11c. 
[Fig.11b] demonstrates that higher Le decreases θ(η), 
thinning the thermal boundary layer. [Fig.11c] shows that 
higher Le increases ϕ(η), thickening the solutal layer. 
Thus, higher Le favors mass retention over heat diffusion. 
Figures 12a and 12b present the Soret effect. [Fig.12a] 
shows that θ(η) increases with Sr, thickening the thermal 
boundary layer. [Fig.12b] indicates that concentration 
ϕ(η) increases with Sr, thickening the solutal boundary 
layer. Thermal diffusion thus enhances both heat and 
mass transport. Figures 13a–13c display the impact of 
stratification δ1. [Fig.13a] shows that higher δ1 increases 
velocity, thickening the momentum layer. [Fig.13b] 
shows that θ(η) increases slightly with δ1, while [Fig.13c] 
shows that ϕ(η) increases with δ1, indicating stronger 
stratification retains both heat and mass near the wall. 
Figures 14a–14c examine the effect of δ2. [Fig.14a] shows 
that velocity decreases with δ2, thinning the momentum 
layer. [Fig.14b] indicates that θ(η) decreases with δ2, 
thinning the thermal layer. [Fig.14c] shows that ϕ(η) 
decreases with δ2, reducing solutal transport. Thus, δ2 
suppresses both heat and mass fields. Figures 15b and 15c 
describe δ3 effects. [Fig.15b] shows that θ(η) increases 
with δ3, strengthening the thermal boundary layer. 
[Fig.15c] indicates that ϕ(η) decreases with δ3, reducing 
solutal concentration near the wall. The role of 
nanoparticle volume fractions is shown in Figures 16–18. 
[Fig.16] shows that increasing Cu volume fraction ϕ1 

decreases θ(η), improving heat transfer. [Fig.17] shows 
that increasing 𝐴𝐴𝐴𝐴2𝑂𝑂3 fraction ϕ2 decreases θ(η), also 
improving thermal conductivity. [Fig.18] shows that 
increasing 𝑇𝑇𝑇𝑇𝑇𝑇2 fraction ϕ3 decreases θ(η), confirming its 
effectiveness in enhancing cooling performance. 

Fig. 2(a). Velocity profiles for distinct 𝑀𝑀 

 

Fig. 2(b). Temperature profiles for distinct 𝑀𝑀

 

Fig. 2(c). Concentration profiles for distinct 𝑀𝑀 
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Fig. 3(a).  Velocity profiles for distinct 𝛾𝛾 

 

Fig. 3(b). Temperature profiles for distinct 𝛾𝛾 

 

Fig. 3(c). Concentration profiles for distinct 𝛾𝛾 

 

Fig. 4(a). Velocity profiles distinct 𝐾𝐾 

 

Fig. 4(b). Temperature profiles for distinct 𝐾𝐾 

 

Fig. 4(c). Concentration profiles for distinct 𝐾𝐾 

 
 

 

Fig. 5(a). Temperature profiles for distinct 𝑅𝑅𝑅𝑅 

 

Fig. 5(b). Concentration profiles for distinct 𝑅𝑅𝑅𝑅

 

Fig. 6(a). Temperature profiles for distinct 𝑃𝑃𝑃𝑃 

 

Fig. 6(b). Concentration profiles for distinct 𝑃𝑃𝑃𝑃 

 

Fig.7(a). Temperature profiles for distinct 𝑄𝑄

 

Fig. 7(b). Concentration profiles for distinct 𝑄𝑄 
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Fig. 5(a). Temperature profiles for distinct 𝑅𝑅𝑅𝑅 

 

Fig. 5(b). Concentration profiles for distinct 𝑅𝑅𝑅𝑅

 

Fig. 6(a). Temperature profiles for distinct 𝑃𝑃𝑃𝑃 

 

Fig. 6(b). Concentration profiles for distinct 𝑃𝑃𝑃𝑃 

 

Fig.7(a). Temperature profiles for distinct 𝑄𝑄

 

Fig. 7(b). Concentration profiles for distinct 𝑄𝑄 
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Fig. 8(a). Temperature profiles for distinct 𝐸𝐸𝐸𝐸 

 

Fig. 8(b). Concentration profiles for distinct 𝐸𝐸𝐸𝐸 

 

Fig. 9(a). Velocity profiles distinct 𝜆𝜆 

 

Fig. 9(b). Temperature profiles for distinct 𝜆𝜆 

 

Fig. 9(c). Concentration profiles for distinct 𝜆𝜆 

 

Fig. 10(a). Velocity profiles distinct 𝐷𝐷𝐷𝐷 

 
 

 

Fig. 10(b). Temperature profiles for distinct 𝐷𝐷𝐷𝐷 
 

 

Fig. 10(c). Concentration profiles for distinct 𝐷𝐷𝐷𝐷 

 

Fig. 11(a). Temperature profiles for distinct 𝐿𝐿𝐿𝐿 

 

Fig. 11(b). Concentration profiles for distinct 𝐿𝐿𝐿𝐿 

 

Fig. 12(a). Temperature profiles for distinct Sr 

 

Fig. 12(b). Concentration profiles for distinct Sr 
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Fig. 10(b). Temperature profiles for distinct 𝐷𝐷𝐷𝐷 
 

 

Fig. 10(c). Concentration profiles for distinct 𝐷𝐷𝐷𝐷 

 

Fig. 11(a). Temperature profiles for distinct 𝐿𝐿𝐿𝐿 

 

Fig. 11(b). Concentration profiles for distinct 𝐿𝐿𝐿𝐿 

 

Fig. 12(a). Temperature profiles for distinct Sr 

 

Fig. 12(b). Concentration profiles for distinct Sr 
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Fig. 13(a). Velocity profiles for distinct S1 

 

Fig. 13(b). Temperature profiles for distinct S1 

 

Fig. 13(c). Concentration profiles for distinct 𝑆𝑆1 

 

Fig. 14(a) Velocity profiles for distinct S2 

 

Fig. 14(b). Temperature profiles for distinct S2 

 

Fig. 14(c). Concentration profiles for distinct S2 

 

 
 

 

Fig. 15(a). Temperature profiles for distinct S3 

 

Fig. 15(b). Concentration profiles for distinct S3. 

 

Fig. 16. Temperature profiles for distinct 𝜙𝜙1. 

 

 

Fig. 17. Temperature profiles for distinct 𝜙𝜙2. 

 

Fig. 18. Temperature profiles for distinct 𝜙𝜙3. 

 

Parameter 

 

𝐶𝐶𝑓𝑓  (𝑅𝑅𝑅𝑅)
−1
2  

𝑁𝑁𝑁𝑁(𝑅𝑅𝑅𝑅)
1
2 

 

 

𝑆𝑆ℎ(𝑅𝑅𝑅𝑅)
1
2 

𝜁𝜁 =  0.4 -1.25515 1.58144 1.54950 

𝜁𝜁 =  0.5 -1.27962 1.95676 1.81886 

𝜁𝜁 =  0.6 -1.30235 2.40044 2.09404 

𝑀𝑀 =  0.5 -1.27962 1.95676 1.81886 

𝑀𝑀 =  2.5 -1.47026 1.85297 1.75954 

𝑀𝑀 =  4.5 -1.59191 1.80465 1.72960 

𝐾𝐾 =  0.5 -1.27962 1.95676 1.81886 

𝐾𝐾 =  2.5 -1.53851 1.83611 1.73425 

𝐾𝐾 =  4.5 -1.68292 1.79021 1.70036 
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Fig. 15(a). Temperature profiles for distinct S3 

 

Fig. 15(b). Concentration profiles for distinct S3. 

 

Fig. 16. Temperature profiles for distinct 𝜙𝜙1. 

 

 

Fig. 17. Temperature profiles for distinct 𝜙𝜙2. 

 

Fig. 18. Temperature profiles for distinct 𝜙𝜙3. 

 

Parameter 

 

𝐶𝐶𝑓𝑓  (𝑅𝑅𝑅𝑅)
−1
2  

𝑁𝑁𝑁𝑁(𝑅𝑅𝑅𝑅)
1
2 

 

 

𝑆𝑆ℎ(𝑅𝑅𝑅𝑅)
1
2 

𝜁𝜁 =  0.4 -1.25515 1.58144 1.54950 

𝜁𝜁 =  0.5 -1.27962 1.95676 1.81886 

𝜁𝜁 =  0.6 -1.30235 2.40044 2.09404 

𝑀𝑀 =  0.5 -1.27962 1.95676 1.81886 

𝑀𝑀 =  2.5 -1.47026 1.85297 1.75954 

𝑀𝑀 =  4.5 -1.59191 1.80465 1.72960 

𝐾𝐾 =  0.5 -1.27962 1.95676 1.81886 

𝐾𝐾 =  2.5 -1.53851 1.83611 1.73425 

𝐾𝐾 =  4.5 -1.68292 1.79021 1.70036 
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𝑅𝑅𝑅𝑅 =  0.4 -1.28049 1.86046 1.75172 

𝑅𝑅𝑅𝑅 =  0.6 -1.27878 2.05296 1.88524 

𝑅𝑅𝑅𝑅 =  0.8 -1.27721 2.24487 2.01596 

𝑃𝑃𝑃𝑃 =  0.4 -1.27581 1.94426 2.14057 

𝑃𝑃𝑃𝑃 =  0.5 -1.27962 1.95676 1.81886 

𝑃𝑃𝑃𝑃 =  0.6 -1.28265 1.96770 1.59435 

𝑄𝑄 =  0.5 -1.27962 1.95676 1.81886 

𝑄𝑄 =  1.5 -1.27719 1.90233 1.87933 

𝑄𝑄 =  2.5 -1.27289 1.83373 1.96640 

𝐸𝐸𝐸𝐸 =  0.5 -1.27962 1.95676 1.81886 

𝐸𝐸𝐸𝐸 =  3.5 -1.27714 1.80458 1.94081 

𝐸𝐸𝐸𝐸 =  6.5 -1.27483 1.69374 2.06238 

𝐷𝐷𝐷𝐷 =  0.5 -1.23087 0.44439 0.88676 

𝐷𝐷𝐷𝐷 
=  1.25 

-1.26813 1.44952 1.61193 

𝐷𝐷𝐷𝐷 =  1.5 -1.27962 1.95676 1.81886 

𝐿𝐿𝐿𝐿 =  0.3 -1.27962 1.95676 1.81886 

𝐿𝐿𝐿𝐿 =  0.4 -1.29018 2.74440 2.36073 

𝐿𝐿𝐿𝐿 =  0.5 -1.29884 3.84900 2.91694 

𝑆𝑆𝑆𝑆 =  0.3 -1.26404 1.28768 1.30385 

𝑆𝑆𝑆𝑆 =  0.4 -1.27237 1.61397 1.57362 

𝑆𝑆𝑆𝑆 =  0.5 -1.27962 1.95676 1.81886 

𝜆𝜆 =  0.5 -1.27962 1.95676 1.81886 

𝜆𝜆 =  1.5 -1.16674 2.01983 1.86184 

𝜆𝜆 =  2.5 -1.06108 2.07388 1.89864 

𝛾𝛾 =  0.5 -1.27962 1.95676 1.81886 

𝛾𝛾 =  1 -1.40074 2.06426 1.89574 

𝛾𝛾 =  1.5 -1.51886 2.19166 1.97840 

𝑆𝑆1  =  0.1 -2.14382 1.09751 1.96744 

𝑆𝑆1  =  0.3 -1.59625 1.40509 1.87699 

𝑆𝑆1  =  0.5 -1.27962 1.95676 1.81886 

𝑆𝑆2  =  0.3 -1.24561 2.19764 1.20825 

𝑆𝑆2  =  0.5 -1.27962 1.95676 1.81886 

𝑆𝑆2  =  0.7 -1.31422 1.70751 3.21418 

𝑆𝑆3  =  0.3 -1.29017 2.53036 2.54426 

𝑆𝑆3  =  0.5 -1.27962 1.95676 1.81886 

𝑆𝑆3  =  0.7 -1.26951 1.43396 1.09131 

𝜙𝜙1  =  0.4 -1.25515 1.58144 1.54950 

𝜙𝜙1  =  0.5 -1.18566 1.48076 1.53242 

𝜙𝜙1  =  0.6 -1.11984 1.38817 1.51839 

𝜙𝜙2 =  0.4 -1.13267 1.39304 1.52144 

𝜙𝜙2 =  0.5 -1.19209 1.48342 1.53406 

𝜙𝜙2 =  0.6 -1.25515 1.58144 1.54950 

𝜙𝜙3  =  0.4 -1.17998 2.04194 2.01628 

𝜙𝜙3  =  0.5 -1.23929 2.21130 2.05322 

𝜙𝜙3  =  0.6 -1.30235 2.40044 2.09404 

Conclusion: 
• The speed distribution exhibits a declining trend 

as the magnetic parameter M, permeability 
parameter K, prandlt number Pr, Dufour 
parameter Du, Soret parameter Sr, thermal 
stratification parameter S_1, and suction 
parameter S are raised. Conversely, it exhibits an 
increasing tendency with high quantities of the 
curvature parameter γ and the thermal generation 
parameter Q, radiation parameter Ra, Ecket 
number Ec, and heat buoyancy parameter λ. 

• The thermal distribution shows a decrease in 
trend when the following measurements are 
measured: Heat generation parameter Q, thermal 
radiation parameter Ra, heat buoyancy 
parameter λ, heat stratification parameter S1, 
concentration stratification parameter S1, 
curvature parameter γ, and Ecket number Ec. 
Levis parameter Le, Dufour parameter Du, and 
Soret parameter The the 𝐶𝐶𝐶𝐶𝐶𝐶 − 𝑀𝑀𝑀𝑀𝑀𝑀 −
𝑇𝑇𝑇𝑇𝑇𝑇2concentration parameters ϕ1, ϕ2, and ϕ3 of 
Sr and nanoparticles rise with the magnetic 

 
 

parameter. M, prandlt number Pr, and 
permeability parameter K. 

• The concentration profile shows a declining 
trend as the concentration stratification 
parameter S2, the Levis parameter Le, the Dufour 
parameter Du, the temperature buoyancy 
parameter λ, and the curvature parameter γ rise. 
On the other hand, it shows an increase as the 
magnetic parameter M, permeability parameter 
K, thermal stratification parameter S1, and 
prandlt number Pr increase. 

• Radiation parameter Ra and thermal buoyancy 
parameter λ increase the rates of skin fraction, 
heat transfer, and Sherwood number; 
permeability parameter K and magnetic 
parameter M have the opposite effect. 

• For heat generation parameters Q and Ec, skin 
friction and Sherwood number increase; yet, for 
thermal stratification factors S1 and Pr, opposite 
behavior is seen. 

• Curvature parameter γ, Dufour parameter Du, 
Levis parameter Le, Soret parameter Sr, and 
nanoparticle the Cuo-Mgo-TiO2 concentration 
parameter ϕ2, ϕ3 are the parameters that lead to 
increases in Nusselt and Sherwood numbers. Yet 
the Cuo-Mgo-TiO2 concentration parameter ϕ1 
has the opposite effect. 

• The concentration stratification parameter 𝑆𝑆2 
reduces rates of skin friction and heat transfer. 
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parameter. M, prandlt number Pr, and 
permeability parameter K. 

• The concentration profile shows a declining 
trend as the concentration stratification 
parameter S2, the Levis parameter Le, the Dufour 
parameter Du, the temperature buoyancy 
parameter λ, and the curvature parameter γ rise. 
On the other hand, it shows an increase as the 
magnetic parameter M, permeability parameter 
K, thermal stratification parameter S1, and 
prandlt number Pr increase. 

• Radiation parameter Ra and thermal buoyancy 
parameter λ increase the rates of skin fraction, 
heat transfer, and Sherwood number; 
permeability parameter K and magnetic 
parameter M have the opposite effect. 

• For heat generation parameters Q and Ec, skin 
friction and Sherwood number increase; yet, for 
thermal stratification factors S1 and Pr, opposite 
behavior is seen. 

• Curvature parameter γ, Dufour parameter Du, 
Levis parameter Le, Soret parameter Sr, and 
nanoparticle the Cuo-Mgo-TiO2 concentration 
parameter ϕ2, ϕ3 are the parameters that lead to 
increases in Nusselt and Sherwood numbers. Yet 
the Cuo-Mgo-TiO2 concentration parameter ϕ1 
has the opposite effect. 

• The concentration stratification parameter 𝑆𝑆2 
reduces rates of skin friction and heat transfer. 
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