[image: image1]The significance of ternary hybrid cross bio-nanofluid model in expanding/contracting cylinder with inclined magnetic field

		ORIGINAL RESEARCH
published: 19 September 2023
doi: 10.3389/fmats.2023.1242085


[image: image2]
The significance of ternary hybrid cross bio-nanofluid model in expanding/contracting cylinder with inclined magnetic field
Ibrahim Alraddadi1, Assad Ayub2,3, Syed Modassir Hussain1, Umair Khan4,5,6, Syed Zahir Hussain Shah2 and Ahmed M. Hassan7*
1Department of Mathematics, Faculty of Science, Islamic University of Madinah, Madinah, Saudi Arabia
2Department of Mathematics & Statistics, Hazara University, Manshera, Pakistan
3Department of Mathematics, Government Post Graduate College Manshera, Manshera, Pakistan
4Department of Mathematical Sciences, Faculty of Science and Technology, Universiti Kebangsaan Malaysia, Bangi, Malaysia
5Department of Computer Science and Mathematics, Lebanese American University, Byblos, Lebanon
6Department of Mathematics and Social Sciences, Sukkur IBA University, Sukkur, Pakistan
7Faculty of Engineering, Future University in Egypt, New Cairo, Egypt
Edited by:
Noor Saeed Khan, University of Education Lahore, Pakistan
Reviewed by:
Katta Ramesh, Sunway University, Malaysia
Wasim Jamshed, Capital University of Science & Technology, Pakistan
* Correspondence: Ahmed M. Hassan, ahmed.hassan.res@fue.edu.eg
Received: 18 June 2023
Accepted: 31 August 2023
Published: 19 September 2023
Citation: Alraddadi I, Ayub A, Hussain SM, Khan U, Hussain Shah SZ and Hassan AM (2023) The significance of ternary hybrid cross bio-nanofluid model in expanding/contracting cylinder with inclined magnetic field. Front. Mater. 10:1242085. doi: 10.3389/fmats.2023.1242085

Significance: Bio-nanofluids have achieved rapid attention due to their potential and vital role in various fields like biotechnology and energy, as well as in medicine such as in drug delivery, imaging, providing scaffolds for tissue engineering, and providing suitable environments for cell growth, as well as being used as coolants in various energy systems, wastewater treatment, and delivery of nutrients to plants.
Objective: The present study proposes a novel mathematical model for the ternary hybrid cross bio-nanofluid model to analyse the behaviour of blood that passes through a stenosed artery under the influence of an inclined magnetic field. The model considers the effect of expanding/contracting cylinder, infinite shear rate viscosity, and bio-nanofluids.
Methodology: The considered model of the problem is bounded in the form of governing equations such as PDEs. These PDEs are transformed into ODEs with the help of similarity transformations and then solved numerically with the help of the bvp4c method.
Findings: The results show that the flow rate and velocity decrease as the inclination angle of the magnetic field increases. Additionally, research has found that the presence of nanoparticles in the bio-nanofluid has a significant impact on the velocity and flow rate. Therefore, the flow rate decreases, in general, as the stenosis becomes more severe.
Advantages of the study: The results obtained from this study may provide insights into the behaviour of blood flow in stenosed arteries and may be useful in the design of medical devices and therapies for the treatment of cardiovascular diseases.
Keywords: numerical solutions, magnetohydrodynamics, expanding/contracting cylinder, ternary hybrid nanofluid (THN), cross fluid model
1 INTRODUCTION
Bio-nanofluids are a generally modern range of inquiries within the field of biomedicine, and they have been pulled into critical consideration due to their potential applications in well-dignified conveyance, imaging, and detecting. Specifically, the use of bio-nanofluids within the setting of blood has gotten much consideration as these liquids have the potential to upgrade the transport of drugs and other helpful operators within the circulatory system. Bio-nanofluids and suspension of nanoparticles in a natural liquid, such as blood, can essentially modify the physical and chemical properties of the liquid. The involvement of nanoparticles within bio-fluidity can improve the thickness of the liquid and modify the surface properties of the blood cells, which can influence their aptitude with other cells and with the dividers of blood vessels. Moreover, bio-nanofluids can improve the solvency and bio-availability of drugs and other restorative specialists, which can enhance their adequacy and decrease their side impacts. Bio-nanofluids have been utilized to upgrade blood stream in totally different ways. Therefore, it has been shown that adding nanoparticles, such as gold nanoparticles or carbon nanotubes, to the blood can reduce its viscosity and improve blood flow (Conrad and Wang, 2021). This can be achieved by reducing the interparticle spacing and increasing the Brownian motion of the particles. Another method is to modify the surface properties of the blood vessels. Bio-nanoparticles, such as liposomes and dendrimers, can be used to modify the surface properties of the blood vessels, which can reduce the resistance of the blood flow and improve its velocity (Ali et al., 2021). Ige et al. (Ige et al., 2023) made a numerical analysis related to mixed convection of blood flow with the hybrid fluid model under the influence of bio nanoparticles. In this study, Boussinesq approximation and transient Regime are incorporated. Latest studies regarding bio-nanoparticles in blood flow and their characteristics are investigated by (Ige et al., 2022; Yadav et al., 2022; Fatima et al., 2023).
The contracting/expanding stenosed arteries could be a common event in blood vessel maladies, such as atherosclerosis, where the supply route dividers thicken and limit the bloodstream. The harshness of the supply route leads to an increment in speed and turbulence of the bloodstream, which can cause different cardiovascular diseases, including myocardial dead tissue and stroke. Exact modelling of the bloodstream in stenosed courses is, hence, basic for understanding the instruments of these illnesses and creating viable treatment procedures. In the past, numerical models have been created to recreate the bloodstream in stenosed courses and explore the impacts of different components, such as the consistency of blood, the shape and estimate of the stenosis, and the nearness of attractive areas or nanoparticles. Stenosis has been broadly considered within the past few decades, and different computational models have been created to explore its impacts on the bloodstream. We utilised a computational show to re-enact expanding/contracting stenosis in a human carotid course and found that the degree of stenosis and the sufficiency of altered vessel breadth altogether influenced the speed and divider shear stretch of the bloodstream (Bath et al., 1999). Alghamdi et al. (Alghamdi et al., 2023) investigated a hybrid nanofluid to explore the effects of multiple ferromagnetic nanoparticles in co-axial disks for magnetized fluid. A computational study with Oldroyd-B nanofluid flow and magnetized gold-blood particles passing through the blood was conducted by (Tang et al., 2023a). Furthermore, literature regarding magnetized gold-blood nanofluid stenosis narrow arteries, blood flow via arteries with overlapping shaped stenosis, and vertical porous multiple stenoses can be traced by (Zain and Ismail, 2023a; Tang et al., 2023b; El Kot and Abd Elmaboud, 2023).
The magnetic field has appeared to have a critical effect on the conduct of the bloodstream in courses. In the past, we have found that the application of an attractive magnetic field to stenosed courses can improve the bloodstream and decrease the hazard of cardiovascular maladies. The reason behind this enhancement is credited to the impact of attractive areas on the attractive properties of blood cells, which changes the stream conduct of the blood. When an attractive magnetic field is connected at a point to the supply route, the speed and stream rate of blood are influenced, driving changes within the shear push and weight dispersion. These changes can have both positive and negative impacts on the cardiovascular framework, depending on the greatness and course of the attractive field. Hence, it is basic to consider the impacts of slanted attractive areas on the bloodstream in stenosed courses to get the superior potential benefits and dangers of using attractive areas within the treatment of cardiovascular diseases. In the past, there has been developing intrigue in considering the impact of a slanted attractive field on the bloodstream. A few considerations have illustrated that an attractive field can impact the rheological properties of blood, counting its thickness and stream characteristics. For example, a study by Dolui et al. (Dolui et al., 2023) found that an inclined magnetic field could reduce the resistance to flow in blood vessels, potentially improving circulation in patients with cardiovascular disease. Furthermore, Varshney et al. (Varshney et al., 2010) showed that a magnetic field applied at an angle to the direction of blood flow could alter the orientation of red blood cells, leading to changes in their deformation and aggregation behaviour. These findings suggest that an inclined magnetic field could have important implications for the diagnosis and treatment of various cardiovascular disorders. Zain et al. (Zain and Ismail, 2023b) explored the numerical results regarding the effects of MHD on blood flow by taking the mathematical model of power and the law fluid model. The latest study related to the influence of MHD, Dufour, and Soret effects on blood through a stenosed artery and keeping variable viscosity is established by Mishra et al. (Mishra et al., 2023).
1.1 Motivation
The inspiration for the “ternary hybrid cross bio-nanofluid in expanding/contracting stenosed arteries with interminable shear rate thickness and magnetic field” is to create a comprehensive numerical demonstration that considers numerous components that can influence the bloodstream in requisite posited stenosed supply routes. The motivation behind using a cross nanofluid is because of its capability to investigate the flow behaviour at a very high and low shear rate. The behavior of bloodstream flow in stenosed arteries became more understandable via adding the effects of expanding/contracting stenosis geometry, infinite shear rate consistency, and inclined magnetic field. Furthermore, thinking about the bio-nanofluid stream in stenosed supply routes may give bits of knowledge into the conduct of the bloodstream at the nanoscale level and the potential benefits of utilizing nanoparticles within the treatment of cardiovascular illnesses.
1.2 Novelty
The “ternary hybrid cross bio-nanofluid model” considers various factors affecting blood flow in requisite posited stenosed arteries. The stenosis, viscosity, bio-nanofluid flow, and magnetic field influence have been simultaneously explored in the given model. This examination offers a novel model that sheds light on blood flow in narrowed arteries and the advantages of utilizing ternary nanofluids and magnetic fields to treat cardiovascular illnesses.
2 MATHEMATICAL FORMULATION
Let us consider the two-dimensional stagnation-point flow of a ternary hybrid cross bio-nanofluids over a permeable expanding/contracting cylinder with influences of the inclined magnetic field. Also, the liquid (blood) is initiated by extension and withdrawal of a stenosed artery having a time-dependent radius [image: image]. So, [image: image] is called the constant of the expansion/contraction strength parameter, and the positive consistent b0 incorporates a length measurement. However, when [image: image] is positive, the artery’s sweep decreases over time, whereas in the case that [image: image] is negative, the radius develops as a result. Moreover, the problem is bounded by the corresponding x-axis and r-axis, as delineated in Figure 1. In this situation, the supply route is accepted to be contracting or developing at a rate determined by the time-dependent velocity [image: image], where c may be a positive constant of dimension (time)−1 and the x-axis is the horizontal surface of the cylinder. It is assumed that [image: image] is the surface (body) temperature of the cylinder, and [image: image] is the temperature of the free stream. A non-uniform transverse attractive magnetic field [image: image] is applied perpendicular to the surface of the cylinder. The induced magnetic field is negligible due to a very small Reynolds number. The free stream velocity is denoted by [image: image] where [image: image] is a positive acceleration and deceleration parameter.
[image: Figure 1]FIGURE 1 | Physical shape of the flow problem.
The velocity and temperature field vectors are defined as:
[image: image]
Furthermore, using the above-stated assumptions, the leading governing equations can take place as follows (see (Sumner et al., 1999; Ali et al., 2020a; Waqas, 2020; Ayub et al., 2022a)):
[image: image]
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along with boundary conditions are (see (Ayub et al., 2022a)):
[image: image]
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Here, [image: image] is the infinite shear rate viscosity parameter, [image: image] and [image: image] refer to the velocity components of blood along the axial and radial direction, respectively, [image: image] is the temperature of the THN, [image: image] is the suction parameter, [image: image] is the positive constant, and [image: image] is called the stretching/shrinking rates. In addition, [image: image] denotes the viscosity of the ternary hybrid nanofluid (THN), [image: image] refers to the electrical conductivity of the THN, [image: image] represents the density of the THN, and [image: image] is the variable thermal conductivity (TCN) of the THN model. Also, the term [image: image] is the specific heat. The variable TCN is defined as (see (Kaleem et al., 2022; Nazir et al., 2022; Babu et al., 2023; Bafakeeh et al., 2023)):
[image: image]
where [image: image] is the TCN of the THN and its correlation is defined later in the given section, while [image: image] is the thermal conductivity parameter.
Furthermore, the thermo-physical characteristics of the ternary nanofluid model are given as follows:
[image: image]
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and the electrical conductivity
[image: image]
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Here, in Equations 8–16, the solid nanoparticles volume fraction is denoted by [image: image] where [image: image]. For this particular case, [image: image]; the equations are reduced to the regular base fluid. Moreover, the subscripts [image: image], [image: image], [image: image], [image: image], and [image: image] refer to the THNF, HNF, NF, base fluid, and the solid nanoparticles, respectively. The experimentation physical data of the base (blood) fluid and the three distinct nanoparticles are given in Table 1, see (Das et al., 2021; Tripathi et al., 2021; Sajid et al., 2023a).
TABLE 1 | The thermophysical characteristics of base (blood) fluid and Au, TiO2, and Al2O3 nanoparticles.
[image: Table 1]3 SOLUTION PROCEDURE
Furthermore, to ease the investigation of the problem, the following similarity variants are introduced for the conversion of PDEs into ODEs as:
[image: image]
Substituting Equation 17 in Equations 3, 4, we get the following reduced form of ODEs as:
[image: image]
[image: image]
with BCs are:
[image: image]
In addition, many different dimensionless parameters that are commonly used in this study are “We” (Weissenberg number), “Re” (Reynold number), “A” (unsteadiness parameter), “s” (suction parameter), and “Pr” (Prandtl number). The parameter obtained due to the ratio between the initial velocity and free stream velocity is [image: image]; if [image: image], it is called the shrinking case of the cylinder and [image: image] is the stretching case of the cylinder.
[image: image]
The skin friction coefficient [image: image] and local Nusselt number [image: image] for the practical point of view are defined as:
[image: image]
where [image: image] exposes the wall shear stress and [image: image] is the wall heat flux, and both are defined as:
[image: image]
Implementing the similarity transformations in the above-stated equations, we get the reduced form of the skin friction and heat transfer rate as follows:
[image: image]
In which:
[image: image]
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4 NUMERICAL SCHEME
This portion of the work demonstrates the numerical solution procedure and the accuracy of the code. There are several numerical schemes (Shah et al., 2021; Ayub et al., 2022b; Darvesh et al., 2022; El Din et al., 2022; Khan et al., 2022; Sajid et al., 2022; Wang et al., 2022; Darvesh et al., 2023) used to fetch the numerical results. To investigate such a framework, the bvp4c (Khan et al., 2023; Haider et al., 2021; Ayub et al., 2021a; Ayub et al., 2021b; han et al., 2022; Shah et al., 2021; Ayub et al., 2020) MATLAB command/function is utilized. To begin the process of the code, the boundary value problem (BVP) is changed into the initial value problem (IVP) and after that, bvp4c is utilized to get the unavailable results. This scheme is further based on the RK-4 method (Zaib et al., 2019; Ali et al., 2020b; Botmart et al., 2022a; Botmart et al., 2022b; Ayub et al., 2022c; Goud et al., 2022; Rasool et al., 2022) or finite difference scheme, which is only applicable to solve the initial value problems. Before starting the procedure, the MATLAB syntax is written with the help of the following substitution: [image: image], [image: image], [image: image], [image: image], and [image: image]. The MATLAB syntax is written as:
[image: image]
and appropriate boundary conditions become:
[image: image]
The procedure mentioned is used to solve Eqs. 28, 29 to find the missing slopes. The step size between two mesh points is 0.01 and the point [image: image] representing infinity is chosen appropriately such that BCs are attained in an asymptotic manner. From the figures, it can be seen that all BCs are attained asymptotically, which is a sign of the convergence of results. For further details of the method considered that have been documented by various researchers, see refs. (Shahzad et al., 2022; AlBaidani et al., 2023; Althoey et al., 2023; Assiri et al., 2023; Sajid et al., 2023b; Rafique et al., 2023). Moreover, the authors have utilized the mentioned numerical method for the following reasons:
a) The bvp4c is a robust method capable of solving varied nonlinear differential equations and initial conditions. It uses the finite difference method for stiff problems.
b) The user can adjust the error tolerance as needed when employing this technique.
c) It efficiently solves systems that are challenging to address using analytical methods.
d) Compared to other known methods, this approach significantly cuts the time required to find the solution.
4.1 Validity of the scheme
The current scheme intersects with old literature while fixing some of the influential parameters such as [image: image]. This attempt shows that the validity of the mathematical model and numerical scheme used to solve this model are correct. The outcomes of the given work with prior research work are shown in Table 2.
TABLE 2 | The validity of the current model with old literature for limiting cases.
[image: Table 2]5 RESULTS AND DISCUSSION
The ternary hybrid cross bio-nanofluid model is a promising approach for studying the fluid dynamics of expanding/contracting cylinders with inclined magnetic field effects. This model combines the three different types of nanoparticles (Cu, Al2O3, and TiO2) with biological components (blood) to create a unique bio-nanofluid. The model also considers the effects of stenosis (narrowing of the artery) and the expansion/contraction of the cylinder, which are important factors that can affect blood flow and lead to considerable cardiovascular diseases. By incorporating these elements, the ternary hybrid cross bio-nanofluid model provides a more realistic and comprehensive understanding of blood flow in stenosed arteries. Furthermore, this model has the potential to inform the development of novel therapies and interventions for cardiovascular diseases, by providing insights into the mechanisms underlying blood flow abnormalities. Overall, the ternary hybrid cross bio-nanofluid model is a valid and valuable tool for studying the fluid dynamics of expanding/contracting stenosed arteries.
This section investigates the impact of several involved physical parameters on the velocity and temperature of the blood flow in the presence and absence of the infinite shear rate viscosity parameter [image: image]. Figures 2–7 are established for velocity distribution and Figures 8–10 are presented to discuss the temperature profiles keeping fixed the variation of parameters like [image: image], [image: image], [image: image] and [image: image].
[image: Figure 2]FIGURE 2 | Pictorial interpretation of physically attached parameter [image: image] on f′(η).
[image: Figure 3]FIGURE 3 | Pictorial interpretation of physically attached parameter [image: image] on f′(η).
[image: Figure 4]FIGURE 4 | Pictorial interpretation of physically attached parameter [image: image] on f′(η).
[image: Figure 5]FIGURE 5 | Pictorial interpretation of physically attached parameter [image: image] on f′(η).
[image: Figure 6]FIGURE 6 | Pictorial interpretation of physically attached parameter [image: image] on f′(η).
[image: Figure 7]FIGURE 7 | Pictorial interpretation of physically attached parameter [image: image] on f′(η).
[image: Figure 8]FIGURE 8 | Pictorial interpretation of physically attached parameter [image: image] on θ′(η).
[image: Figure 9]FIGURE 9 | Pictorial interpretation of physically attached parameter ε on θ′(η).
[image: Figure 10]FIGURE 10 | Pictorial interpretation of physically attached parameter of [image: image] on θ′(η).
Figures 2–4 give a pictorial interpretation of the physically attached parameter [image: image] and We on f′(η). From the pictures, it is seen that a greater value of M, We, and n shows a lower velocity in the presence and absence [image: image] of the infinite shear rate viscosity parameter. The magnetic parameter is the strength of the magnetic field. From the physical point of view, the higher magnetic field strengths can lead to a lower blood flow rate as the charged particles in the blood experience Lorentz force and are pushed along more slowly (see Figure 2). However, extremely high magnetic fields can also be harmful to the body, so it is important to use magnetic fields within safe limits.
Figure 3 shows that the impact of the Weissenberg number on the blood flow rate will depend on the specific flow conditions and geometry of the blood vessel being considered. In the current study, higher Weissenberg numbers (indicating more elastic fluids) can lead to more complex flow patterns and changes in blood flow rate, especially in regions where the blood vessel is constricted or curved, and as a result, velocity decreases.
Figure 4 displays that increasing the cross-fluid index (n) by adding a layer of fluid with a higher viscosity to a blood vessel wall can lead to changes in the flow patterns of the blood, including the formation of vortices and eddies, and due to these facts, the velocity of blood decreases. These changes in flow patterns can affect the shear stress experienced by the endothelial cells lining the blood vessel wall, which can in turn impact the development of atherosclerosis and other vascular diseases.
Figure 5 reveals the interpretation of [image: image] on f′(η). When the Reynolds number is low, viscous forces dominate and the flow is characterized as laminar. When the Reynolds number is high, inertial forces dominate and the flow is characterized as turbulent. Blood flow in the human body is laminar, with low Reynolds numbers. However, in certain situations, such as in regions of high flow rate or where blood vessels are narrowed, the Reynolds number may increase, and blood flow may become turbulent.
Figure 6 shows the attachment of [image: image] on f′(η). Inclined angle produces Lorentz force and hence flow rate decreases in the presence and absence [image: image] of infinite shear rate viscosity parameter. Moreover, the solution gap between the curves is slightly better in the given figure compared to other graphs.
Figure 7 presents the impact of [image: image] on f′(η). The unsteadiness of blood flow refers to variations in flow rate and pressure over time. The blood flow in the circulatory system is inherently unsteady due to the pulsatile nature of the heart, as well as other factors such as changes in vessel diameter and blood viscosity. The impact of unsteady flow on blood flow rate is complex and depends on several factors. While unsteady flow is a natural aspect of blood flow, certain conditions, such as disease states or variations in vessel geometry, can lead to increased unsteadiness and potentially negative impacts on the circulatory system.
Figure 8 depicts the impact of [image: image] on θ′(η). Temperature distribution becomes lower as the value of Re increases in the presence and absence [image: image] of infinite shear rate viscosity parameter. Reynolds number has an impact on the temperature profile of blood flow through several mechanisms. When the Reynolds number is high, turbulent flow can cause energy dissipation and mixing within the fluid, leading to decreased heat transfer between the blood and the surrounding tissue. This can result in a more uniform temperature within the fluid.
Figure 9 describes the influence of ε on θ′(η). Increased thermal conductivity parameter causes obvious increases in the temperature of blood flow in the presence and absence [image: image] of infinite shear rate viscosity parameter. Blood has a relatively low thermal conductivity compared to other materials, such as metals or ceramics. This means that blood is a poor conductor of heat, and heat transfer within the fluid is primarily driven by convective processes.
Figure 10 shows the physics of [image: image] on θ′(η). A gradual increase in the inclined angle reduces velocity and, hence, increases the temperature. When charged particles experience the Lorentz force and move through a magnetic field, they transfer some of their kinetic energy to the surrounding fluid as heat. This process can cause localized heating of the fluid, including the blood.
Figures 11, 12 are established for statistical analysis of skin friction and Nusselt number corresponding to Table 3 with different parameters. In blood flow, the Nusselt number can impact the heat transfer between the blood and the vessel walls. This is important because the temperature of the blood can have significant effects on physiological processes, and the heat transfer between blood and the walls of blood vessels can affect the temperature profile. The drag force can impact the flow rate of blood and can have implications for the development of cardiovascular disease. Tabulations of all these results are presented in Table 3. For example, high drag forces can lead to turbulence in the flow of blood, which can increase the likelihood of plaque formation and blockages in blood vessels.
[image: Figure 11]FIGURE 11 | Statistical interpretation for We on the skin friction coefficient.
[image: Figure 12]FIGURE 12 | Statistical interpretation for cross fluid index “n” on the skin friction coefficient.
TABLE 3 | Tabular representation of physical quantities.
[image: Table 3]6 CONCLUSION
The expanding/contracting stenosed artery refers to the narrowing and widening of an artery due to the accumulation of plaque, which can impede blood flow and lead to cardiovascular disease. The inclusion of an infinite shear rate viscosity suggests that the model is accounting for the high levels of shear stress that occur at the site of a stenosis. Additionally, the inclined magnetic field may suggest that the model is considering the effects of magnetic fields on blood flow, which have been shown to have potential therapeutic applications for cardiovascular diseases. The main outcomes of the considered model are given as follows.
1. Greater value of M, We, and n gives lower velocity in ternary nanofluid compared to bi-hybrid nanofluid. Higher magnetic field strengths can lead to lower blood flow rates, as the charged particles in the blood experience Lorentz force and are pushed along more slowly.
2. Gradual increase in inclined angle reduces velocity and hence increases the temperature in ternary nanofluid compared to bi-hybrid nanofluid.
3. Heat transport is rapid in ternary nanofluid compared to bi-hybrid nanofluid.
4. Higher Weissenberg numbers (indicating more elastic fluids) can lead to more complex flow patterns and changes in blood flow rate.
5. When the Reynolds number is low, viscous forces dominate and the fluid flow is characterized as laminar.
6. The inclined angle produces Lorentz force and hence flow rate decreases.
7. When the Reynolds number is high, turbulent flow can cause energy dissipation and mixing within the fluid, leading to decreased heat transfer between the blood and the surrounding tissue.
6.1 Advantages of the significant outcomes

i. Greater heat transport regulates the physiological functions in the human body like temperature regulation (distribution of excess heat generated during physical activity), prevention of overheating, and improved oxygen delivery.
ii. Parameters like M, We, and n give lower velocity of blood and slower blood flow rate within capillaries allowing for more efficient exchange of nutrients, gases, and waste products between the blood and surrounding tissues, and lower blood velocity requires less energy expenditure from the heart.
6.2 Future direction
The current study considers the effects of multiple physical parameters on blood flow in stenosed arteries, but there are many other factors that could also be investigated in future research work which are as follows.
1. The effects of blood rheology, flow rate, and vessel compliance could be explored to gain a more complete understanding of the Casson and Power Law fluidic model.
2. Future research could launch the accuracy and predictive power of the ternary hybrid cross/Carreau bio-nanofluid model with the numerical technique of artificial neural networks.
3. The entropy generation for the non-Newtonian models can also be implemented in future research work.
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