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Abstract

:

Nanofluids are extremely useful to investigators due to their greater heat transfer rates, which have significant applications in multiple industries. The primary objective of this article is to look into the effect of viscous dissipation in Sisko nano liquid flow with gold     Au     nanoparticles on a porous stenosis artery. Heat transfer properties were explored. Blood was utilized as a base fluid for nanoparticles. To renovate the governing nonlinear PDEs into nonlinear ODEs, appropriate transformations were used. The bvp4c-based shooting method, via MATLAB, was used to determine the numerical results of the nonlinear ODEs. Furthermore, flow forecasts for each physical quantity were explored. To demonstrate the physical influences of flow constraints versus presumed flow fields, physical explanations were used. The findings demonstrated that the velocity contour improved as the volume fraction, curvature, power law index, and material parameter upsurged. For the Prandtl number, the volume fraction of nanoparticles, the index of the power law, and the temperature profile of the nanofluid declined. Furthermore, the drag force and transfer of the heat were also investigated as explanations for influences on blood flow. Further, the Nusselt number reduced and the drag force enhanced as the curvature parameter values increased. The modeling and numerical solutions play an impressive role in predicting the cause of atherosclerosis.
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1. Introduction


Nanoparticle properties, including surface and shape, are controlled to improve their role in a biological network. A significant amount of nanomaterials have been developed for numerous applications in biomedical science, with few of them demonstrating a tremendous ability for treating diseases or imaging. In nanomedicine and nanoscience, gold     Au     nanoparticles are the most potent materials. In fact, small gold nanoparticles are used in a variety of biomedical applications, such as stimulating blood vessel growth. They are also used to transport drugs. The effects of arterial stenosis on blood (non-Newtonian fluid) with   Au   nanoparticles are discussed in this article. Plaques or narrowings in the human arterial system, identified as arterial stenosis, are quite common. The stenosis disrupts the usual pattern of blood flow over the artery. To filter waste products, our kidneys require a certain amount of blood flow. As a result of artery narrowings, our kidneys cannot attain normal amounts of oxygen-rich blood, resulting in numerous injuries and an escalation in blood pressure. Ellahi et al. [1] used the perturbation method to solve the problem of two-dimensional (2D) blood flows over porous stenosis walls. Ardahaie et al. [2] numerically and analytically examined the blood motion (using a third-grade model) with the nanoparticle concentration on absorbent surfaces. Haghighi et al. [3] characterized a 2D blood flow mathematical model across tapered blood vessels and used FDM to simplify the model. Kanai et al. [4] analytically demonstrated the need for an appropriately sized catheter for each experiment to minimize inaccuracies due to wave reflection at the catheter tip. Leimgruber et al. [5] observed a large mean pressure gradient through the stenosis throughout the balloon angioplasty. Back et al. [6] and Back [7] scrutinized the boost in mean flow opposition during normal and stenosed coronary artery catheterization. Sarkar and Jayaraman [8] addressed how pulsatile blood flow patterns altered in a stenosed catheterized artery. Dash et al. [9] also investigated the issue in a curved stenosed artery. Recently, Sarwar and Hussain [10] explored human blood flow behavior under stenosis presumptions.



One of the prominent issues in the last few decades has been the exploration of non-Newtonian fluids regarding extending surfaces. These fluids have attracted attention because of their numerous modern and unique uses, such as ink-jet printing, polymer handling, geographical streams, etc. Sisko fluid is a non-Newtonian fluid model that is, comparatively, simple and straightforward. It is essentially an extension of the Ostwald de Waele model formulated by Sisko [11] in 1958. The Newtonian and non-Newtonian fluids are combined in the Sisko fluid model. Such fluids are common in nature and have a wide range of new applications; the flow of lubricating oils is a prime example of this type of fluid. Khan et al. [12] recently inspected the geometry of an annular pipe and measured the computational and analytic solutions of 2D, steady flow, as well as the heat transfer characteristics, of the Sisko fluid. They discovered that the velocity of viscous fluids was much lower than that of the Sisko fluid. They discovered that boosting the flow behavior index strengthens the strong shear thickening influence. Nadeem et al. [13] investigated the qualities of Sisko fluid peristaltic pumping in a consistent tube. They tested the liquid model for distinct flow behavior quantiles and unearthed that viscous fluid has the ideal peristaltic pumping qualities. Munir et al. [14] evaluated the floatation consequences of Sisko fluid over a surface that is isothermally stretched, both favorably and unfavorably. Hayat et al. [15] used the Sisko fluid model to simulate flow in an absorbent medium. Sari et al. [16] explored the dynamic flow of Sisko liquid close to a stagnation point using the Lie group theory.



The utilization of nanofluid as an effective cooling channel in nuclear power plants signifies that the operating coolant can be utilized to cool heated surfaces more efficiently. In nanofluid uses, a heat valve is utilized to handle the heat flow. Their ability to quickly transfer heat could be used to cool down research objects. Medical oncologists treat cancer sufferers by injecting medications and radiation into a computer made of nanofluid with iron as the foundation. Because of the countless usages of the latest innovation’s transfer of heat and energy cycles, nanotechnology has, in recent times, piqued the interest of experts. It has significantly advanced heat transfer science by designing new liquids, known as nanofluids, which reduce the size of heat transfer gear while improving energy efficiency. Choi and Eastman [17] investigated the nanostructure’s possibility of diffraction in the base fluid. Hatami et al. [18] inspected the transfer of the nanofluid heat properties in leaky media using multiple analytic techniques. Akbari et al. [19] explored magnetized transference of the third-degree, blood-based   A u   nanoparticles over porous arteries using Flex PDE programming. Srinivas et al. [20] reviewed the rate of heat transport of Au nanoparticles in blood on the surface medium. Hady et al. [21] looked into the transfer of heat properties of nanoparticles in permeable media. As stated by Buongiorno [22], nanofluids are more stable than ordinary liquids and have better spreading, wetting, and scattering functionality around the outer layer of solids. Hady et al. [23] studied nanofluid flow in the existence of yield stress. In this case, the surface is dispersed nonlinearly. In the existence of first-order chemical reactions, thermal radiations, stagnation points, and heat absorption/generation impacts, Khalil et al. [24] evaluated the transfer of heat through a double sampling of stratification in non-Newtonian magnetized fluid flow to inclined stretched surfaces. They used the shooting method, along with Runge–Kutta methods, to find the numerical solution. The most recent essential outcomes on non-Newtonian flow in numerous patterns can be found in references [25,26,27,28,29].



The current study’s purpose was to investigate the Sisko nanofluid flow containing Au NPs through porous stenosed arteries. Blood was used as a base fluid for nanoparticles. The heat transfer properties with viscous dissipation were investigated. The influences of several parameters, such as the volume fraction, the Prandtl number, and the blood flow parameter, are discussed, and the findings are reported in figures and tables. The article is organized as follows: first, the governing equations are tackled, and then a numerical result is acquired using Shooting Scheme bvp4c via MATLAB software. Second, the physical quantities of various parameters are explained by plotting figures. Finally, closing remarks are provided. The present investigation is significant for a variety of biomedical applications.




2. Mathematical Formulation


We assumed, in the present issue, that blood behaves as a steady, incompressible, porous, non-Newtonian Sisko fluid flow via the length of an arterial stenosis        L 0   2   . The coordinate system was chosen so that blood flow along the  x -  axis   and  r -  axis   could be chosen to take perpendicular blood flow. In the problem’s schematic diagram, blood flows through an artery to a cosine shape stenosis with an unimpeded width, where   2  R 0   ,   R  x    is the radius of the artery and  λ  is the highest possible height of the stenosis. The following profile was selected for the stenosed region:


  R  x  =  R 0  −  λ 2    1 + C o s     4 π x    L 0        ,   −    L 0   4  < x <    L 0   4  =  R 0    O t h e r w i s e  



(1)







With these suppositions, the steady boundary layer equations governing the flow and heat transfer of non-Newtonian Sisko nanofluid were defined as follows [10,29]:


    ∂   r u     ∂ x   +   ∂   r v     ∂ r   = 0  



(2)






   ρ  n f     u   ∂ u   ∂ x   + v   ∂ u   ∂ r     =    μ  n f    r   ∂  ∂ r     r   ∂ u   ∂ r     −  α r   ∂  ∂ r     r     −   ∂ u   ∂ r      n    −    μ  n f    K  u  



(3)






      ρ  C p      n f     u   ∂ T   ∂ x   + v   ∂ T   ∂ r     =    k  n f    r   ∂  ∂ r     r   ∂ u   ∂ r     +  μ  n f       −   ∂ u   ∂ r      2  + α     −   ∂ u   ∂ r       n + 1    



(4)




as well as boundary conditions:


      u =  u 0  ,     v = 0 ,     T =  T w      a t     r = R       u → 0 ,     T →  T ∞        a t       r → ∞      



(5)




where    μ  n f   ,    ρ  n f   ,       ρ  C p      n f     , a n d      k  n f     were defined as [10]. The physical properties of base fluid (blood) and nanoparticle are given in Table 1.


             μ  n f   =  μ f      1 − ϕ     − 2.5          ρ  n f   =  ρ f    1 − ϕ   + ϕ  ρ s            ρ  c p      n f   =     ρ  c p     f    1 − ϕ   + ϕ     ρ  c p     s             k  n f   =  k f       k s  + 2  k f  − 2 ϕ    k f  −  k s       k s  + 2  k f  + 2 ϕ    k f  −  k s               



(6)







We took into consideration the following transformation:


  u =    u 0  x    L 0     F ′   η  ,   v = −  R r       u 0   υ f     L 0      F  η  ,   θ  η  =   T −  T ∞     T w  −  T ∞    ,   η =    r 2  −  R 2    2 R        u 0     υ f   L 0       



(7)







After implementing the similarity transformation, the continuity Equation (2) was satisfied and Equations (3) and (4) took the following form:


        1 + 2 η γ    F ‴  + 2 γ  F ″  +  φ 1  S     1 + 2 η γ       n − 1  2      n   1 + 2 η γ       −  F ″      n − 1    F ‴  − γ     −  F ″     n          − β  F ′  −  φ 1   φ 2      F ′  2  − F  F ″    = 0      



(8)






       φ 4      1 + 2 η γ    θ ″  + 2 γ  θ ′    +  φ 3  P r F  θ ′        + P r E c       1 + 2 η γ      φ 1      F ″  2  + S     1 + 2 η γ       n + 1  2        −  F ″     n    = 0      



(9)







Nondimensional boundary conditions were defined as:


      F  0  = 0 ,      F ′   0  = 1 ,     θ  0  = 1        F ′   η  → 0 ,     θ  η  → 0 ,     a s     η → ∞      



(10)







In Equations (8) and (9), the dimensionless parameters were:


  S =  α   μ f           u 0  x    L 0         u 0     υ f   L 0          n − 1   ,   γ =      υ f   L 0     u 0   R 2      ,   β =    μ f   L 0     ρ f   u 0  K   ,   P r =       ρ  C p      n f    υ f     k f    ,   E c =    u 0    2   x 2     C p     T w  −  T ∞     L 0    2     



(11)







Also, we take


       φ 1  =     1 − ϕ     2.5   ,    φ 2  =   1 − ϕ   + ϕ    ρ s     ρ f    ,    φ 3  =   1 − ϕ   + ϕ       ρ  C p     s        ρ  C p     f    ,        φ 4  =    k s  + 2  k f  − 2 ϕ    k f  −  k s       k s  + 2  k f  + 2 ϕ    k f  −  k s           



(12)







The physical quantities of the flow field, namely the skin friction coefficient    C f    and the heat transfer coefficient   N  u x   , were classified as follows:


       C f  =   2  τ w     ρ f   u w    2          N u =   x  q w     k f     T w  −  T ∞           



(13)







The shear stress    τ w    and heat flux    q w    was defined as:


       τ w  =        μ  n f     ∂ u   ∂ r   − α     −   ∂ u   ∂ r      n        r = R          q w  = −  k  n f         ∂ T   ∂ r       r = R        



(14)







The non-dimensional forms of Equations (13) and (14) were:


      R  e x     1 / 2    C f  =  1   φ 1     F ″   0  − S     −  F ″   0     n        R  e x     − 1 / 2   N  u x  = −    k  n f      k f     θ ′   0       



(15)








3. Numerical Method


This section computes the solution framework for the constructed model using the bvp4c method (shooting scheme). The MATLAB tool’s bvp4c method (shooting scheme) was employed to numerically solve the ODEs (8)–(9) via (10). For this methodology, we first converted a higher-order system into a first-order system. We took the steps listed below to accomplish this:


      F =  z 1  ,    F ′  =  z 2  ,    F ″  =  z 3  ,    F ‴  =  z 3 ′        θ =  z 4  ,    θ ′  =  z 5  ,    θ ″  =  z 5 ′       



(16)






   z 3 ′  =    φ 1  S     1 + 2 η γ       n − 1  2    γ     −  z 3     n  − 2 γ  z 3  + β  z 2  +  φ 1   φ 2     z 2    2  −  z 1   z 3        1 + 2 η γ     1 +  φ 1  S n     1 + 2 η γ       n − 1  2        −  z 3      n − 1        



(17)






      z 5 ′  =  1    1 + 2 η γ       [ − 2 γ  z 5        −  1   φ 4    (  φ 3  P r  z 1   z 5        + P r E c (     1 + 2 η γ      φ 1     z 3    2  + S     1 + 2 η γ       n + 1  2        −  z 3     n  ) ) ]     



(18)




with boundary conditions:


       z 1   0  = 0 ,    z 2   0  = 1 ,    z 4   0  = 1        z 2   η  → 0 ,    z 4   η  → 0 ,   a s   η → ∞      



(19)








4. Results and Discussion


This section explains the effects of various parameters in great detail. Normal blood vessels and blood vessels with plaque are depicted in the graphical abstract. The geometrical structure of an artery is depicted in Figure 1. Gold     Au     nanoparticles and blood as the base fluid were used to measure the flow and transfer of heat qualities of stenosed arteries. The influences of relating flow constraints on the temperature and velocity fields were physically examined and displayed. Figure 2, Figure 3, Figure 4, Figure 5, Figure 6, Figure 7, Figure 8, Figure 9, Figure 10 and Figure 11 have been mapped for this purpose. To obtain numerical solutions for the ODEs, the bvp4c (shooting) technique was utilized.



4.1. Velocity Profile


Figure 2 indicates the influence of the volume fraction of gold nanoparticles,  ϕ , on the velocity profile,    F ′   η   . The variation was checked on four different values of  ϕ , while other parameters were fixed. The outcomes indicated that the velocity profile improved as the gold nanoparticles’ volume fraction increased, implying that utilizing gold nanoparticles can strengthen blood velocity in stenosed arteries. Furthermore, the blood velocity has been shown to be rapid in the center of the vessel and least efficient at the vessel wall. Figure 3 demonstrates the inspiration of the power law index,  n , on the velocity profile,    F ′   η   . It has been perceived that an uptick in the power law index,  n , causes a growth in velocity. The physical cause for this phenomenon is that shear-thinning fluid encounters less resistance, owing to its poor viscosity, and leads to a rise in the fluid. Figure 4 depicts the behavior of the velocity profile,    F ′   η   , for different Sisko fluid material parameter values, S. It was demonstrated that raising the fluid parameter, S, improved the velocity profile. S is described as the viscosity of a high rate of shear to the index of the consistency ratio. Since raising S improves the initial forces of the fluid, resulting in a decrement in viscous forces, a boost in velocity occurs. Figure 5 displays the stimulus of curvature parameter,  γ , on velocity,    F ′   η   . This figure shows that the velocity improved with rises in the curvature parameter. It has been determined that as the curvature parameter rises, the velocity field improves because the radius of the curvature declines, thus leading to a reduction in the contact area between the fluid and the cylinder. As a result, the cylinder’s surface offers less resistance to fluid motion. Figure 6 depicts the consequences of the porosity parameter,  β , on the blood flow velocity profile. The figure shows that as the porosity parameter was increased, the velocity profile diminished. As a result, for a given value of  β , the velocity reaches an extreme point in the middle of the artery and begins to decrease near the artery’s wall. The velocity profile with the  β  demonstrated this behavior, which may be due to the fact that as the fraction of void volume over total volume is boosted, fluid movement in the artery becomes incredibly hard. As a result, as  β  improved, the velocity through a porous stenosed artery was reduced.




4.2. Temperature Profile


Figure 7 depicts the effect of the volume fraction of gold nanoparticles on the temperature profile,   θ  η   . The graph shows that boosting the nanofluid volume fraction,  ϕ , reduced temperature. This reduction is due to gold nanoparticles’ high thermal conductivity, which plays a significant role in rapidly dissipating temperature. Figure 8 demonstrates the stimulus of the power law index,  n , on the temperature profile,   θ  η   . The physical cause for this phenomenon is that shear-thinning fluid encounters less resistance owing to its poor viscosity, thus resulting in augmented fluid velocity and diminished fluid temperature. Figure 9 describes the consequence of the curvature parameter,  γ , on temperature distribution, revealing that temperature demonstrates an inciting trend via  γ . An uptick in  γ  diminishes the surface link area of the liquid particles, resulting in less opposition and an upswing in velocity. Since the Kelvin temperature is described by average kinetic energy, the temperature rises. Figure 10 depicts the effect of the temperature profile,   θ  η   , versus the Prandtl number,   P r  . It can be seen that as   P r   upturned, the temperature of the fluid decreased. This is because the thermal boundary thickness was reduced as the   P r   grew. This signifies that an uptick in   P r   is related to an upsurge in the heat transfer rate at the blood arterial wall. When blood has an advanced   P r  , its thermal conductivity declines; thus, its capacity for heat conduction is significantly reduced, and the fluid temperature is reduced. Figure 11 portrays the disparity in fluid temperature caused by fluctuations in the Eckert number,   E c  . The graph shows that as the value of   E c   upswung, so did the fluid temperature. Because of frictional heating, heat was created in the fluid as the value of   E c   upsurged.   E c   is usually physically defined as the ratio of kinetic energy to the specific enthalpy variance between the wall and the fluid. Consequently, an upsurge in the   E c   findings in the conversion of kinetic energy into internal energy via work was conducted against viscous fluid stresses. Therefore, raising the   E c   resulted in an upsurge of the fluid temperature.





5. Physical Quantities


The effects of the gold nanoparticles’ volume fraction, Sisko fluid parameter, curvature parameter, and porosity parameter on the skin friction coefficient are portrayed in Table 2. The skin friction coefficient declined as the numbers for the volume friction, Sisko fluid parameter, and porosity parameter increased, whereas the skin friction coefficient rose as the curvature parameter was enhanced. Table 3 shows how the Nusselt number changed as the physical parameters’ volume fractions, curvature parameters, and Eckert numbers changed. The Nusselt number grows when large values are awarded to volume fraction rises. On the other hand, as the values of the physical parameters   E c   and  γ  boost, the local Nusselt number declines. The findings were compared to existing data and were found to be in satisfactory agreement, as shown in Table 4.




6. Conclusions


The primary objective of this research was to look into the effect of Sisko nanofluid flow with   A u   nanoparticles on a porous stenosed artery. The heat transfer properties, together with viscous dissipation, were investigated. Blood was used as a base fluid for nanoparticles. To renovate the governing PDEs into nonlinear ODEs, appropriate transformations were used. The shooting method (bvp4c) via MATLAB was used to determine the numerical solutions for the nonlinear ODEs. The following are the main findings of the present study:




	
When the volume fraction, fluid parameter, power law index, and curvature parameter were increased, the velocity profile decreased.



	
When the porosity parameter was augmented, the velocity profile was diminished.



	
The temperature profile was reduced as the volume fraction, power law index, and Prandtl number values were increased.



	
The temperature profile was boosted as the curvature parameter and the Eckert number upsurged.



	
The skin friction coefficient declined as the volume friction, Sisko fluid parameter, and porosity parameter increased, while the skin friction coefficient rose as the curvature parameter was enhanced.



	
The Nusselt number grew when large value increases were attained in the volume fraction. Instead, as the values of the physical parameters   E c   and  γ  were boosted, the local Nusselt number declined.
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Nomenclature




	
    C p    

	
Specific heat transfer      J    / kg / K    




	
   E c   

	
Eckert number




	
  k  

	
Thermal conduction        W   m    − 1        K    − 1      




	
  K  

	
Porousness medium




	
  n  

	
Power law index




	
   P r   

	
Prandtl number




	
  S  

	
Dimensionless Fluid parameter




	
  T  

	
Temperature




	
   u ,   v   

	
Components of velocity        m   s    − 1      




	
   r ,   θ ,   x   

	
Coordinates axis    m   




	
Greek Letter




	
  α  

	
Fluid parameter




	
  β  

	
Porosity parameter




	
  γ  

	
Curvature parameter




	
  ϕ  

	
volume fraction parameter




	
  η  

	
Independent coordinate




	
  μ  

	
Dynamic viscosity




	
  υ  

	
Kinematic viscosity




	
  ρ  

	
Density     kg    m  − 3      




	
   ρ  C p    

	
Heat capacitance




	
Subscripts




	
  f  

	
Base fluid




	
  s  

	
Solid nanoparticle




	
   n f   

	
Nanoparticle




	
  w  

	
Wall




	
  ∞  

	
Free-Stream
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Figure 1. Geometry of the problem. 






Figure 1. Geometry of the problem.
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Figure 2. Modification of    F ′   η    versus  ϕ . 
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Figure 3. Modification of    F ′   η    versus  n . 
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Figure 4. Modification of    F ′   η    versus  S . 
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Figure 5. Modification of    F ′   η    versus  γ . 






Figure 5. Modification of    F ′   η    versus  γ .



[image: Micromachines 13 01303 g005]







[image: Micromachines 13 01303 g006 550] 





Figure 6. Modification of    F ′   η    versus  β . 
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Figure 7. Modification of   θ  η    versus  ϕ . 
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Figure 8. Modification of   θ  η    versus  n . 
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Figure 9. Modification of   θ  η    versus  γ . 
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Figure 10. Modification of   θ  η    versus   P r  . 
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Figure 11. Modification of   θ  η    versus   E c  . 
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Table 1. Base fluid (blood) and nanoparticle experimental values [10].
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	Material
	Symbol
	    ρ    k g  /   m  3       
	     C p     J  /  k g     K       
	    k        W  /  m     K       





	Blood
	--
	1050
	3617
	0.52



	Gold
	   A u   
	19,300
	129
	318
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Table 2. Skin friction coefficient variations for various parameters.
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	   ϕ   
	   S   
	   γ   
	   β   
	    R  e x     1 / 2    C f     





	0.01
	0.1
	0.1
	0.1
	−1.053197



	0.05
	
	
	
	−1.094823



	0.1
	
	
	
	−1.155339



	0.01
	0.1
	
	
	−1.053197



	
	0.3
	
	
	−1.16986



	
	0.5
	
	
	−1.278185



	
	0.1
	0.1
	
	−1.053197



	
	
	0.2
	
	−0.9924828



	
	
	0.3
	
	−0.9448766



	
	
	0.1
	0.1
	−1.053197



	
	
	
	0.3
	−1.138746



	
	
	
	0.5
	−1.218283
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Table 3. Nusselt number variations for various parameters.
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	   ϕ   
	   γ   
	    E c    
	    R  e x     − 1 / 2   N  u x     





	0.01
	0.1
	0.1
	3.928399



	0.05
	
	
	7.487721



	0.1
	
	
	10.59055



	0.01
	0.1
	
	3.928399



	
	0.2
	
	3.744353



	
	0.3
	
	3.573028



	
	0.1
	0.1
	3.928399



	
	
	0.2
	3.183704



	
	
	0.3
	2.43899
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Table 4. Comparisons with a previous study, when   S = 0 ,     β = 0  .
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	   γ   
	   ϕ   
	Present Paper

   R  e x     1 / 2    C f    
	L. Sarwar and A. Hussain [10]

   R  e x     1 / 2    C f    





	0.1
	0.0
	−0.93947
	−0.939968



	0.12
	
	−0.9295648
	−0.924794



	0.14
	
	−0.9180573
	−0.911311



	0.1
	0.0
	−0.93947
	−0.939968



	
	0.05
	−1.323752
	−1.329552



	
	0.1
	−1.714007
	−1.715985
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