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In this study, some key new developments in nanoscience which highlight the problem of nanoparticles in blood flow through mild stenosis in the presence of a blood clot have been presented. The blood flow behavior through the stenosed artery is considered using the Prandlt fluid model and the flow of blood is considered as suspension of nanoparticles. An appropriate non-linear system of equations governing blood flow is represented in a cylindrical coordinate system and solved exactly under mild stenotic conditions using the geometry of the stenotic artery in the presence of a clot. Heat transfer phenomena have been examined for the physical features of the flow of blood through a stenosed artery, which is tapered in shape and with the presence of a clot. The temperature profile has been discussed with graphs for several different parameters of clot size, stenosis height, heat source, and sink parameter. Tapering phenomena has been analyzed for temperature profile. It is examined that in converging tapering the temperature provides greater values as estimated together with the non-tapered arteries and diverging tapering arteries. In this work, it is also analyzed that with a rise in the clot size (σ) the temperature (θ) increases, whereas the radius of the artery with stenosis h(z) decreases and heat source and sink parameter (D) increases.
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INTRODUCTION

Heart disease is sometimes called coronary heart disease. It is the leading cause of death among adults all over the world. Learning about the causes and risk factors of this disease may help to avoid heart problems (Akbar and Butt, 2016). According to the WHO's 2016 report, ~17.7 million people died from heart diseases, which makes up 31% of all deaths in that year, with ~7.5 million dying because of Coronary Heart Disease (CHD) and 6.67 million by heart stroke. Coronary heart disease, stroke, and other cardiovascular diseases are the main cause of a lack of oxygen to organs (Ellahi et al., 2013). This occurs when blood is passing through the blood vessels and blood flow passage is reduced, by reducing radius (stenosis), because of the deposition of fatty acids or plaque inside the inner wall of the blood vessels (Young, 1968). Stenosis is an anomalous and an unnatural expansion of cholesterol that grows at several inner layer locations of the cardiovascular system and is responsible for cardiovascular diseases (Fry, 1968). Arterial thrombosis is another form of heart disease, which usually occurs after the erosion or rupture of an atherosclerotic plaque and may hinder blood flow to many of the most important organs. If blood flow in the heart is unexpectedly blocked, then a heart attack occurs in the circulatory system (Dintenfass, 1971). Hemodynamic activities of the blood flow is changed by the existence of arterial stenosis. Many scientists Young and Tsai (1973) and Young (1979) have investigated and created a better interpretation of flow fluid, dynamic of fluid, and rheological blood flow characteristics through arteries in the presence of stenosis, which is essential in the study of cardiovascular diseases. In 2009, Siddiqui et al. (2009) represented the flow of blood by Casson's fluid model in a stenosed artery. Mekheimer and El Kot (2008) studied the axis-symmetric flow of blood in a radially symmetric but axially non-symmetric mild stenosed artery, which is a tapered artery, using blood as a Micropolar fluid model. Mandal (2005) obtained an unsteady flow of blood by remembering that the behavior of blood is like a non-Newtonian fluid, along with an artery that is tapered with mild stenosis. He obtained the numerical solution, expression, and graphical results for the blood flow.

In 2010, Varshney et al. (2010) presented a comprehensive model known as the Power-law fluid model for the flow of blood in blood vessels like arteries and treated blood flow using multiple stenoses. Nadeem et al. (2011) has discussed a model for blood, Power-law fluid, wherein the flow is through a tapered artery with mild stenosis. In 2011, Nadeem and Akbar (2011) again discussed the flow of blood and its analysis in Nadeem et al. (2011) for different fluid models, like Jeffrey fluid model. Mustafa et al. (2011) have investigated and concluded the study for the modified Newtonian fluid blood flow through a pair of arterial mild stenosis which is irregular. Abdullah et al. (2011) have studied the effect of a magnetic field on the flow of blood with an irregular mild stenosis. An annular region has been found in the vessel of blood, between the wall of the stenosis and blood clot. Mekheimer and Elmaboud (2008) studied the Micropolar fluid model in a region which is annular and under a long wavelength. The Reynolds number approximation for peristaltic transport has also been taken into consideration and they assumed the artery as a very small tube with a very small clot and a sinusoidal wave moving down to its wall. Ellahi et al. (2013) calculated mass and heat transfer on blood flow through a mild stenosed artery by using the Homotopy Perturbation method for the Jeffery fluid model with the suspension of nanoparticles. Ajdari et al. (2017) and Akbar and Butt (2016) discussed at which point the stenosis, which starts at a young age with increasing plaque build-up in the major or minor arteries of the human body, such a build-up becomes large enough in the coronary artery. Rahbari et al. (2017) investigated the fluid flow of blood and the effects of the magnetic field and heat transfer with nanoparticles through porous blood vessels.

We have done this work because in several investigations the velocity profile has been discussed but the temperature profile has never been discussed for tapered stenosed artery. So in this work we have aimed to understand the effects of heat transfer phenomenon on the Prandalt fluid model through a tapered stenosed atherosclerotic artery. The non-linear equations governing blood flow are modeled in a cylindrical coordinate system. The convection of heat transfer with a catheterized mild stenotic artery with a clot has been taken into consideration. And the non-linear coupled equations are solved exactly under mild stenotic conditions using the geometry for a mild stenotic artery in the presence of a clot. The heat and mass transfer phenomenon was discussed with distinct values of the temperature profile for some distinct values of flow parameters using graphs. As of now, this model has not been discussed for this kind of blood flow problem.



MATHEMATICAL FORMULATION

This present study aims to examine an nanoparticles in blood flow with a constant viscosity μ and density ρ in two coaxial tubes with length L; the inner tube contains a clot on its wall and the outer tube contains an axially symmetric mild stenosis. The cylindrical coordinate system (r, θ, and z) is chosen such that u and w are the velocity components in the r and z directions, respectively. Mixed convection is used to calculate the heat transfer by assigning the temperature T0 to the wall of the tube. The consideration of the stenosis in the outer tube and clot in the inner tube is defined by the h (z) and ε (z), respectively, and can be delineated as Rahbari et al. (2017):
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In the above equations, d(z) is the radius of the tapered arterial segment in the stenotic region, while R0 is the radius of the artery in the non-stenotic region, ξ is the tapering parameter, b is the length of the stenosis, n ≥ 2 is the parameter determining the shape of the constriction profile and referred to as the shape parameter, a is the stenosis location, and k is given by:
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where δ* is the maximum height of the stenosis located at, [image: image], σ is the maximum height attained by the clot at z = zd + 0.5, c d(z) is the radius of the inner tube, and c<<1 and zd is the axial displacement of the clot as shown in Figure 1.


[image: Figure 1]
FIGURE 1. Tapered stenosed artery geometry.


The constitutive equations for the Prandalt fluid model are given by Akbar et al. (2011)
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The equations for incompressible nanoparticles in blood flow in the presence of body forces are given by
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In the presented equations, p is the fluid pressure, μ is the viscosity of the base fluid, g is gravity, and Q0 is the constant heat absorption or heat generation. To solve the governing equations, we introduce the following dimensionless parameters:-
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where u0 is the average velocity over the section of the channel, A and c1 are material constants for Prandalt fluid model, D is the dimensionless heat source or sinks parameter with the fluid, and Gr is the Grashof number. Using the above non-dimensional parameters along with the additional conditions:-
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Further, we consider three types of arteries, converging tapering (ϕ < 0), non-tapering (ϕ = 0), and diverging tapering arteries (ϕ > 0). To calculate the heat transfer, the general solution for the temperature profile using the boundary conditions is found exactly, which is given by.
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RESULTS AND GRAPHICAL DISCUSSIONS

The system of equations has been solved and the expression (Mustafa et al., 2011) has been plotted to study the outcome of the work. The main aim of this mathematical study is to explore the heat transfer phenomena of blood flow through a tapered stenosed artery along with the clot with the flow of blood using the Prandalt fluid model. The effects of Prandalt fluid parameters tapering angle (ϕ), heat source and sink (D), the stenosis shape parameter (n), and a maximum height of the stenosis (δ) are analyzed for (1) converging tapering, (2) diverging tapering, and (3) non-tapered arteries.

Figures 2–4 explains the heat transfer phenomenon by depicting the changes in temperature profile (θ) for distinct flow parameters graphically. It is obtained here that, due to a rise in the value of the maximum height of the clot (σ), the temperature profile (θ) increases. The temperature profile (θ) shows the identical variation for the maximum height of the stenosis (δ) and the maximum height extended by the clot (σ). The temperature profile (θ) shows quite interesting results for some values of tapering angle (ϕ) and heat source and sink (D).


[image: Figure 2]
FIGURE 2. Temperature (θ) for distinct values of clot size (σ) = 0.2, 0.3, 0.4.


The effect of the radius of the artery with a stenosis is understood, and further results are explored in the case of converging tapered artery for distinct values of clot size in the present study. Figure 2 depicts the variation for temperature profile (θ) with the radius of an artery with stenosis h(z) for distinct values of σ, i.e., the maximum height attained by the clot. It is seen in this figure that, due to a rise in the height of the clot, the temperature profile (θ) increases. However, it is also observed in the figure that at σ = 0.4, the temperature attains a minimum value at stenosis size h(z) = 0.6, and then it starts increasing again after attaining certain values of h(z). Figure 3 depicts the variation for temperature profile (θ) with the radius of an artery with stenosis h(z) for distinct values of δ, i.e., the maximum height of the stenosis. It is seen in this figure that, due to an increase in the height of the stenosis, the temperature profile decreases primarily. Whereas, it is also observed in the figure that after attaining minimum value h(z) = 0.8, it is continuously increasing. These figures also show that an increase in the value of the maximum height attained by the clot (σ) and the maximum height attained by the stenosis (δ) will result in an increase in the amount of heat generated. An increase in the amount of heat generated will raise the blood pressure inside the artery. Higher blood pressure has a strong possibility of creating extra pressure that could make the artery burst. Also in a narrow artery, the risk of being blocked is greater.


[image: Figure 3]
FIGURE 3. Temperature (θ) for distinct values of stenisis height (δ) = 0.3, 0.4, 0.5.


In both cases, the body part that received its blood from that affected artery will not be able to get the energy and oxygen which is essential for that area of the body and then, because of the lack, the cells in the affected area will die in that body part. If the ruptured blood vessels deliver blood to any part of the heart, then that area of heart muscle, due to lack of blood supply, will die, causing the heart attack.

Figure 4 also depicts how the non-tapered, diverging tapering, and converging tapering arteries affect the temperature profile (θ) with a radius of artery and stenosis h(z) for distinct values of tapering angles (ϕ). It is seen here in the figure that for a decrease in the tapering angle the temperature profile decreases up to h(z) = 0.8, and then increases for the greater values of h(z). However, it is also observed in the figure that the temperature attains a minimum value at stenosis size (r) = 0.8, and then it starts increasing after attaining convinced values of (r). It is shown that, for the case of converging tapering, the temperature gives greater values as compared to the case of diverging tapering. And it is observed that the temperature rises in the case of non-tapered arteries as well.


[image: Figure 4]
FIGURE 4. Temperature (θ) for distinct values of tapering angle (ϕ) = (−0.2, 0, 0.2).




CONCLUSION

This study focus on the heat transfer phenomena of blood flow that happens in the human cardiovascular system and the study aims to contribute to a better understanding of the circulatory system in the presence of minor growth of the stenosis in the artery, where the clot is present inside it. So the objective of the study was to explore the influence of Prandalt fluid parameters like tapering angle (ϕ), heat source and sink (D), the stenosis shape parameter (n), and the maximum height of the stenosis (δ) on temperature profile (θ). In this study, the tapering phenomena have been analyzed for temperature profiles especially. It is found that, for converging tapering, the temperature gives greater results as compared to the case of diverging tapering arteries. It is also observed that the temperature gives superior values in the case of non-tapered arteries as well. It has also been examined that, due to a rise in the clot size (σ), the temperature profile (θ) increases while the radius of the artery with stenosis h(z) decreases and the heat source and sink parameter (D) increases.
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