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The significance of Ree-Eyring ternary hybrid nanofluid flow lies in its potential applications in various fields. By incorporating three 
different types of nanoparticles into a base fluid using the Ree-Eyring model, this innovative fluid offers enhanced thermal conductivity, 
heat transfer efficiency, and rheological properties. These characteristics are particularly valuable in industries such as electronics 
cooling, solar energy systems, and heat exchangers, where efficient heat management is crucial. Additionally, the unique rheological 
behavior of Ree-Eyring nanofluids can provide advantages in processes like drilling, lubrication, and drug delivery. Under Thompson-
Troian boundary conditions, this study aims to theoretically analyse 2D radiative flow of the Ree-Eyring ternary hybrid nanofluid over 
an angled sheet with Cattaneo-Christov heat flux and higher order chemical reaction parameters. In order to express them as ordinary 
differential equations (ODEs), flow-driven equations undergo suitable similarity transformations. The ensuing system is resolved by 
employing a bvp4c approach. The main takeaway from this study is that the thermal relaxation parameter reduces the width of the 
temperature profile and the fluid velocity is minimized by adjusting the slip parameter. The concentration profile is minimized by the 
chemical reaction parameter and the Ree-Eyring fluid parameter increases with the same (fluid velocity). In addition, we found that 
the skin friction coefficient is strongly correlated negatively with the Ree-Eyring fluid parameter, positively with the (thermal) 
relaxation parameter, and significantly correlated positively with the chemical reaction through the Nusselt number. When Brinkman 
number increases, Bejan number drops. Furthermore, a rise in thermal radiation parameter leads to the escalation in both entropy 
generation and Bejan number. We observed a worthy agreement when we checked the outcomes of this investigation with prior effects. 
Keywords: Viscous dissipation; Thermal Radiation; MHD; Non-Fourier Heat Flux; Nanofluid 
PACS: 47.15.-x, 47.50.-d 

Nomenclature 𝑢, 𝑣 – Components of velocity in 𝑥,𝑦 
directions respectively 𝜌 – Fluid density 𝜇 – Dynamic viscosity 𝑔 – Acceleration due to gravity 𝛼 – Angle of inclination 𝜈௪ – Permeability of porous surface 𝜎 – Electric conductivity 𝑇 – Fluid temperature (dimensional) 𝜉∗ - Critical shear rate  𝛽, 𝑐 – fluid constants 𝛽் – Thermal expansion coefficient 𝛽  – Concentration expansion coefficient 𝐶 – Specific heat capacity 𝑘 – Chemical reaction parameter 𝐵 – Initial magnetic strength 𝑀 – Magnetic field parameter 

𝛾∗- Navier’s slip length  𝜈 – Kinematic viscosity 𝐶 – Fluid concentration (dimensional) 𝑘∗ - Mean absorption coefficient 𝜎∗ - Stefan-Boltzmann constant 𝐷 – Molecular diffusivity 𝛬 – Thermal relaxation parameter 𝑆𝑐 – Schmidt number 𝑊𝑒 – Ree-Eyring fluid parameter 𝜆ଵ – Mixed convection parameter 𝜆ଵ∗ – Buoyancy ratio parameter 𝑅 – Radiation parameter 𝐸 – Eckert number 𝐵𝑛 – Bejan number 𝐵𝑟 – Brinkman number 𝜃 – Fluid temperature (non-dimensional) 𝜙 – Fluid concentration (non-dimensional) 

1. INTRODUCTION
Nanofluids are the colloidal mixtures of ordinary liquid particles having a dimension of less than one nanometre. 

These particles will enhance the thermal properties of typical liquids with low thermal conductivity. The latest generations 
have used a number of innovative techniques to increase the heat transfer rates, which has allowed them to achieve 
different degrees of thermal adeptness. Enhancing heat conduction is necessary to do this. Thus, many attempts were 
made to increase heat conductivity in the liquids by dispersing higher, solid thermally conductive components throughout 
them. The goal of developing nanofluids to meet industrial demands has been attempted multiple times. While efforts to 
develop a superior fluid are still on, researchers and experts in energy use might discover that nanofluids meet their 
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requirements. For instance, Sheikholeslami and Rokni [1] has been studied the behaviour of heat transfer of a nanofluid 
along with magnetic effect. Ganvir et al. [2] discussed the characteristics of transmission of heat in a nanofluid. 
Revathi et al. [3] conducted research on the flow of Darcy–Forchheimer power-law (Ostwald-de Waele type) nanofluid 
past an inclined plate subject to the influences of thermal radiation, activation energy. Recently, Rasool et al. [4] reported 
the results for the MHD radiative Darcy-Forchheimer nanofluid flow. Along a porous rotating disk, a stagnant Maxwell 
nanofluid flow and heat transfer is another study of Li et al. [5]. Radiative motion of a Water-Al2O3 based nanoliquid past 
a Riga surface with thermal radiation is reported by Madhukesh et al. [6]. Modelling of nanofluids with a mixture of two 
or more special types of nanoparticles treating as hybrid as well as ternary hybrid nanofluids based on their greater heat 
transfer production is another interesting aspect in the present literature. Huge amount of research can be observed from 
the recent literature on it. For instance, Yasir et al. [7] conducted research on a mixed convective radiative Hybrid 
nanofluid with heat generation/absorption impacts. Kho et al. [8] discussed the impacts of viscous dissipation and thermal 
radiation in a MHD flow of hybrid nanofluid. Abbas et al. [9] presented the numerical findings on a convective motion 
of a hybrid nanofluid along an infinite disk. Focusing on the very recent articles Khan et al. [10], Mishra and Pathak [11], 
Najafpour et al. [12], Farooq et al. [13], Mahboobtosi et al. [14] and Mohanty et al. [15], one can notice the similar 
attempts which are noteworthy. 

The Cattaneo-Christov heat flux model is a mathematical approach, which can be utilized to describe transfer of 
heat in fluids and materials. It represents an improvement over the classical Fourier's law on conduction of heat. In contrast 
to the instantaneous heat transmission assumed by Fourier's law, the Cattaneo-Christov model includes a thermal 
relaxation time. This time constant reflects the finite time it takes for a material's temperature to adjust to a change in heat 
flux. This is particularly important for studying heat transfer at the microscopic level or in situations with rapid 
temperature variations. The model is used to analyze heat transfer in boundary layer flows, where thin layers of fluid 
develop near surfaces with different temperatures. This is applicable in various engineering contexts like heat ex-changers 
and fluid flow over objects. Most relevant applications of said model particularly occurs in engineering and biomedical 
processes. Metal spinning, nuclear reactor cooling, magnetic drug targeting, hot rolling, drawing copper wires, heat 
conduction in tissues and in energy production etc. Hayat et al. [16] included Cattaneo-Christov (C-C) mass flux model 
to scrutinize the features of heat transmission in the investigation of non-Newtonian fluid flow. Ahmad et al. [17] 
considered a wedge and numerically examined micropolar fluid flow by using bvp4c technique in MATLAB with thermal 
relaxation time and observed that it alleviates fluid temperature. Ibrahim and Gadisa [18] considered CCHF and examined 
the Oldroyd-B fluid flow by an irregular elongating sheet. They emphasized that this fluid model is good at examining 
the dilute polymetric solutions for visco-elastic behaviour. Reddy et al. [19] and Gireesha et al. [20] discussed various 
dusty fluid flows by a stretching sheet with CCHF model. They identified the fact that radiation parameter is predominant 
in cooling procedure and observed that the melting parameter lessens fluid temperature. Ali et al. [21] applied variational 
FEM (finite element method) to unriddle the mathematical model in the rotational Casson fluid flow examination through 
an extendable surface with double diffusive Cattaneo-Christov and detected diminution in secondary velocity with larger 
magnetic field parameter. Tassaddiq [22] considered elastic body and elucidated a micropolar-hybrid fluid flow with 
CCHF and Ohmic heating. Jakeer et al. [23] identified that the larger Darcy number ameliorates the fluid velocity in the 
scrutiny of HNF within a porous cavity with CCHF model. Examination of HNF (water with graphene and silver) flow 
among rotating disks with CCHF is done by Mahesh et al. [24] and amelioration in tangential velocity with larger 
Reynolds number is one of their results. Ali et al. [25] utilized Galerkin technique to theoretically examine the rotational 
nanofluid flow by an elastic surface and discovered that the Lewis number escalates the value of Sherwood number. 
Recently, several authors [26-33] considered various geometries and scrutinised diverse fluid flows with CCHF model. 

Surface stretching mechanism in flow dynamical problems has become widely accepted in many industrial and 
technological processes. In particular, the quantity and quality of industrial processes heavily rely on the stretching of 
sheets. Rubber sheeting, hot rolling, glass blowing, drawing of wires, manufacturing of glass, processes like 
polymerization of sheets are some of the usages of stretching mechanisms. By using numerical simulations, 
Khan et al. [34] were able to observe that the Soret effect improves the concentration profile when MHD nanofluid flows 
through an extending sheet. Activation energy included Nanofluid flow was studied by Rasool et al. [35], who found that 
it reduces the mass flux rate. Abbas et al. [36] applied HAM method to elucidate MHD flow of Carreau fluid with varying 
thermal conductivity. Yasmin et al. [37] examined the features of heat transfer in the flow of MHD micropolar fluid by a 
tilted stretchable surface and detected that fluid velocity is minified with larger curvature parameter. Sankar Giri et al. 
[38] considered stretching cylinder and scrutinized MHD nanofluid (CNT nanoparticles) flow with chemical reaction. 
Gayatri et al. [39] considered nonuniform elongating sheet and discussed MHD dissipative Carreau fluid flow with Ohmic 
heating. Kumar et al. [40] used FEM to unriddle the mathematical model in their study on MHD fluid flows with various 
spherical nanoparticles by a vertical plate and noticed an inverse relationship among magnetic field parameter and Nusselt 
number. Newly, several researchers [41-52] discussed various MHD fluid flows through a variety of stretchable 
geometries. 

Upon reviewing the aforementioned literature, it became apparent that the Ree-Eyring ternary hybrid nanofluid flow 
across an angled stretchable sheet subjected to Thompson-Troian boundary conditions has not been previously 
investigated. The originality of this study is in its examination of the dissipative magnetohydrodynamic Ree-Eyring 
ternary hybrid nanofluid flow via an angled plate with boundary conditions imposed by Thompson Troian theory. Entropy 
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optimization and Bejan number calculation were also included in this study. Two events, suction and injection, are 
depicted graphically to show the consequences. Findings of this study are well agreed with already published results 
which was shown in validation section. 

 
2. FORMULATION 

A radiative and chemically reactive motion of a Ree-Eyring ternary hybrid nanofluid across an elastic surface 
(angled) in addition to Thompson-Troian boundary conditions is investigated theoretically in the present analysis. The 
following hypotheses form the basis of the current inquiry: 
(i) The utilisation of non-Fourier heat flux is aptly applied in the examination of thermal 
conduction processes. 
(ii) kindly see Table 1 for exact numerical calculations of the thermo-physical properties of water (𝐻ଶ𝑂), 𝐺𝑟𝑎𝑝ℎ𝑒𝑛𝑒, 𝑆𝑖𝑂ଶ, and 𝐶𝑢𝑂. 
(iii) Sheet is inclined by an angle α  (observe Fig. 1). 
(iv) An external magnetic field applied vertically with an intensity 0B  influences the flow. 
(v) In this work, the influence of induced magnetic fields is ignored. 

 
Figure 1 Schematic representation of the present situation 

Table 1. Key parameters' values of 2H O , 𝐺𝑟𝑎𝑝ℎ𝑒𝑛𝑒, 𝑆𝑖𝑂ଶ, and 𝐶𝑢𝑂 

S. No. Properties 2H O ( )f  𝐺𝑟𝑎𝑝ℎ𝑒𝑛𝑒 ( )GΦ  𝑆𝑖𝑂ଶ ( )SΦ  𝐶𝑢𝑂 ( )CΦ  

1 ( )/S mσ  0.005 107 10ିଶହ 2.7 ൈ 10ି଼ 

2 ( )/  k W m K  0.613 2500 1.38 76.5 

3 ( )3/Kg mρ  997.1 2250 2200 6320 

4 ( )/  pC J Kg K  4179 2100 703 531.8 

Here are the conditions (prerequisites) and basic equations required for the study, based on these presumptions: 
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The following similarity transmutations for transforming controlling equations were offered by Rafique et al. [54]:  
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Through the use of (6), the continuity equation (1) is satisfied in a straightforward manner. Then (6) was skilfully 
used to alter (2, 3, 4 and 5) in the following procedure: 
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Friction factor, Nusselt and Sherwood numbers are outlined as: 

 ( ) ( )

3

2
0

0 0

*161
3 *

, , .1
2

x

thnfthnf
m

f x x
f w m w yw

y y

Tk
kc Du v T CC Nu x Sh x

y x k T T y D C C yu

σ
μ

β

ρ

∞

∞ ∞ =

= =

   ++     ∂ ∂ ∂ ∂   = + = − = − ∂ ∂ − ∂ − ∂ 
 (11) 

Equation (6) allows us to rewrite (11) as 
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2.1. Entropy generation and Bejan number 

The formula below constitutes the dimensional representation used to calculate the entropy generation in the current work: 
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By applying (6), equation (12) can be rewritten as follows:  

( ) 2 2 2 21
4 3

2

1' '' ' ' ' ',aEG Brf S MBrf J J
S

S R βαθ φ φ θ
α

= + + + ++  (13) 

where: 

( ) ( )
( )2

1

, , ,

, .

g w mw

w w f

w w

T S R C C Du
EG Br J

T T k T T k k
C C T T

C T

b
υ μ

β α

∞ ∞

∞ ∞ ∞ ∞

∞ ∞

∞ ∞

−
= = = − − 


− − = = 

 

The mathematical expression to find the Bejan number is:  
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3. VALIDATION 

We verified our results with previous results under specific conditions (e.g., 0We = ) and found a satisfactory 
agreement (see Table 2).  

Table 2. Consistency with prior findings for ( )'' 0f  and ( )' 0θ−  to validate our findings 

M  
( )'' 0f  ( )' 0θ−  

Devi and Kumar [55] Current result Devi and Kumar [55] Current result 
0 -0.5608 -0.56081123 1.0873 1.08733452 

0.1 -0.5659 -0.56590213 1.0863 1.08633192 
0.2 -0.5810 -0.58101087 1.0833 1.08337829 
0.5 -0.6830 -0.68300657 1.0630 1.06300176 
1 -1.0000 -1.00000000 1 1 
2 -1.8968 -1.89687214 0.8311 0.83118274 
5 -4.9155 -4.91554536 0.4703 0.47030201 
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4. RESULTS AND DISCUSSION 
Equations (7-9) along with (10) are puzzled out with the bvp4c solver. In this study, solutions are rendered for 

suction and injection cases. 
 

4.1. Velocity profile 
As displayed in Fig. 2, the fluid velocity declines as M upsurges. The Lorentz force grows in amplitude in proportion 

to the strength of the magnetic field. It leads to a greater reduction in the fluid's velocity. The increment in the Ree-Eyring 
fluid parameter corresponds to a decrement in the fluid's effective viscosity at higher shear rates. This reduction in 
viscosity lowers the resistance to flow, allowing the fluid to move more freely and resulting in an increase in fluid velocity 
[see Fig. 3]. The rise in the volume fraction of nanoparticles in a fluid causes to a rise in viscosity, enhanced inertia, 
increased drag, and potential microstructure formation. These factors collectively increase the resistance to flow, thereby 
reducing the overall velocity of the fluid [see Fig. 4]. 

Figure 2. Situation in which ( )'f η  is impacted by Gφ  Figure 3. Situation in which ( )'f η  is impacted by M  

 
Figure 4. Situation in which ( )'f η  is impacted by We  

 
4.2. Temperature profile 

A rise in the Eckert number corresponds to a hike in the relative importance of kinetic energy compared to thermal 
energy. This results in more kinetic energy being converted into heat through viscous dissipation, causes to a rise in the 
fluid's temperature [see Fig. 5]. A rise in the thermal relaxation parameter causes the fluid to respond more slowly to 
thermal disturbances, reducing the rate of heat conduction and energy dispersal within the fluid. As a result, there is a 
reduction in temperature [see Fig. 6]. An increase in the thermal radiation parameter enhances the amount of radiant 
energy absorbed by the fluid. This absorbed energy raises the internal energy of the fluid, resulting in a higher temperature 
[see Fig. 7]. The effect is particularly significant in systems where thermal radiation plays a major role in the heat transfer 
process, such as in high-temperature applications or in fluids with strong radiative properties. 
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Figure 5. Situation in which ( )θ η  is impacted by cE  Figure 6. Situation in which ( )θ η  is impacted by Λ  

 
Figure 7. Situation in which ( )θ η  is impacted by aR  

 
4.3. Concentration profile 

Raising the value of Sc  causes the fluid's concentration to decline, as can be seen in Fig. 8. An increment in the 
parameter of chemical reaction accelerates the rate at which reactants are altered into products. This heightened reaction 
rate leads to a more rapid depletion of the reactants, thereby reducing their concentration in the fluid. The balance between 
mass transfer and chemical reaction shifts towards greater consumption, resulting in a lower overall concentration of the 
reactant species in the fluid (see Fig. 9). 

  

Figure 8. Situation in which ( )φ η  is impacted by Sc  Figure 9. Situation in which ( )φ η  is impacted by Γ  
 

4.4. Engineering quantities of interest 
Figs. 10-15 explains the impression of pertinent parameters on heat transmission rate, surface friction drag and mass 

transmission rate. 
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Figure 10. Situation in which friction factor is impacted by We  Figure 11. Situation in which friction factor is impacted by M  

It is detected that both Ree-Eyring fluid parameter, magnetic field parameters minimize the surface friction drag 
(Fig. 10-11). As the Ree-Eyring fluid parameter increases, the fluid exhibits more pronounced shear-thinning behaviour, 
leading to a reduction in viscosity near the wall where shear rates are high. This reduction in viscosity lowers the wall 
shear stress, which directly reduces the skin friction coefficient. An increase in the Eckert number enhances viscous 
dissipation in the fluid, which generates additional heat and reduces the temperature gradient between the heated surface 
and the fluid. This reduction in the temperature gradient weakens the convective heat transfer, leading to a lower Nusselt 
number. In essence, the higher the Eckert number, the less efficient the heat transfer becomes, resulting in a reduced 
Nusselt number (Fig. 12). Rise in thermal relaxation parameter enhances the heat transmission rate as seen in Fig. 13. 
Furthermore, it is seen that chemical reaction and Schmidt numbers are cooperative to improve mass transmission rate of 
the fluid (Figs. 14-15).  

  

Figure 12. Situation in which Nusselt number is impacted by cE  Figure 13. Situation in which Nusselt number is impacted by Λ  

  

Figure 14. Situation in which Sherwood number is impacted by Γ  Figure 15. Situation in which Sherwood number is impacted 
by Sc  
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4.5. Bejan number and other profiles 
As the Brinkman number rises, indicating a higher ratio of viscous dissipation to thermal conduction, the internal 

heat generation in the fluid increases. This results in larger temperature gradients and greater irreversibility in the heat 
transfer processes, leading to increased entropy generation (see Fig. 16). 

  
Figure 16. Situation in which entropy generation is impacted 

by Br  
Figure 17. Situation in which Bejan number is impacted by 

Br  
An increase in the Brinkman number highlights the growing significance of viscous dissipation within the fluid, 

leading to greater irreversibility associated with fluid flow. This shift in the balance of irreversibility reduces the Bejan 
number, indicating that viscous dissipation becomes the dominant source of entropy generation in the system, 
overshadowing the irreversibility due to heat transfer (see Fig. 17). From Figs. 18-19, it is clear that the rise in thermal 
radiation parameter leads to the escalation in both entropy generation and Bejan number. 

  
Figure 18. Situation in which entropy generation is impacted 

by aR  
Figure 19. Situation in which Bejan number is impacted 

by aR  
 

5. CONCLUSIONS 
Entropy generation optimization in Ree-Eyring ternary hybrid nanofluid flow across an angled stretched sheet 

subject to Thompson Troian boundary conditions has been investigated numerically. Careful observations from the 
numerical results, the following are the main takeaways from this study:  
• Ree-Eyring parameter elevates fluid velocity. 
• Raise in the slip parameter of velocity leads to the decrement in fluid velocity. 
• Eckert number and thermal relaxation parameter exhibited different influences on temperature. 
• Concentration profile contracts with bigger chemical reaction parameter. 
• Friction factor is bearing a considerable negative connection with We . 
• Sherwood number is bearing a significant progressive correlation with ,Sc Γ . 
• When Br enhances, Viscous dissipation's contribution to overall irreversibility becomes increasingly noticeable. 

So that Bejan number declines.  
• Enhanced thermal radiation parameter causes to the escalation in both entropy generation and Bejan number. 
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Значення потрійного гібридного потоку нанорідин Ree-Eyring полягає в його потенційному застосуванні в різних областях. 
Завдяки введенню трьох різних типів наночастинок в базову рідину за допомогою моделі Рі-Айрінга ця інноваційна рідина 
забезпечує покращену теплопровідність, ефективність теплопередачі та реологічні властивості. Ці характеристики особливо 
цінні в таких галузях, як охолодження електроніки, сонячні енергетичні системи та теплообмінники, де ефективне керування 
теплом має вирішальне значення. Крім того, унікальна реологічна поведінка нанофлюїдів Рі-Айрінга може забезпечити 
переваги в таких процесах, як свердління, змащення та доставка ліків. У граничних умовах Томпсона-Трояна це дослідження 
має на меті теоретично проаналізувати двовимірний радіаційний потік потрійної гібридної нанорідини Рі-Айрінга над 
кутовим листом з тепловим потоком Каттанео-Крістова та параметрами хімічної реакції вищого порядку. Щоб виразити їх як 
звичайні диференціальні рівняння (ОДУ), рівняння, керовані потоком, зазнають відповідних перетворень подібності. 
Наступна система вирішується за допомогою підходу bvp4c. Основний висновок цього дослідження полягає в тому, що 
параметр теплової релаксації зменшує ширину температурного профілю, а швидкість рідини мінімізується шляхом 
регулювання параметра ковзання. Профіль концентрації мінімізується параметром хімічної реакції, а параметр рідини Рі-
Айрінга зростає з тим самим (швидкістю рідини). Крім того, ми виявили, що коефіцієнт шкірного тертя сильно негативно 
корелює з параметром рідини Рі-Айрінга, позитивно з параметром (термічної) релаксації та значно позитивно корелює з 
хімічною реакцією через число Нуссельта. Коли число Брінкмана збільшується, число Бежана падає. Крім того, підвищення 
параметра теплового випромінювання призводить до ескалації як генерації ентропії, так і числа Бежана. Ми помітили гідну 
згоду, коли перевіряли результати цього розслідування з попередніми наслідками. 
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