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Abstract: The current investigation was based on a simulation employing CFD in COMSOL Mul-
tiphysics. The base fluid that was used in this simulation was blood. The flow was considered
as a laminar, unsteady and incompressible Newtonian fluid, and the Newtonian nature of blood
is acceptable at high shear rate. The behavior of blood flow was analyzed with the objective of
obtaining pressure, temperature and velocity effects through an arterial stenosis. Two types of
nanoparticles were used in this work: silver (Ag) and gold (Au). The equations of mass, momentum
and energy were solved by utilizing the CFD technique. A fine element size mesh was generated
through COMSOL. The results of this analysis show that velocity changes through confined parts of
the artery, the velocity in a diseased region is higher and the velocity decreases before and after the
stenotic region. In the heat transfer feature, the upper and lower boundary temperature was set to
24.85 °C and 27.35 °C, respectively. The nanoparticles affected the physical properties of blood, such
as thermal conductivity, density, dynamic viscosity and specific heat. The addition of gold and silver
nanoparticles prevented overheating because both nanoparticles have a high thermal conductivity,
which has a principal role in dissipating temperature quickly. Nusselt number variations were also
calculated and the results show that the curve decreases inside the stenosis. It could be concluded
that the streamlines show abnormal behavior and recirculation occurs just after the stenosed area at
t=0.7 s and 1 s. These results will help greatly in the treatment of stenosed arteries.

Keywords: Newtonian fluid; unsteady; blood flow; nanoparticles (silver and gold); CFD; stenosed artery

1. Introduction

Nanoparticles help in many diagnostic applications and in the effective treatment of
cardiovascular diseases. The physical properties of nanoparticles, such as shape, surface
and size modifications, provide better treatment strategies and the delivery of nanopar-
ticles into the artery is mostly dependent on these physical properties. T. Hayat and
S. Nadeem [1] studied the enhancement of heat transfer by adding silver and copper ox-
ide nanoparticles into the base fluid water. S. Nadeem and S. Jjaz [2] studied single wall
carbon nanotubes in the flow of blood through multiple stenoses by considering variable
viscosity. Three-dimensional flow models under different effects and with the addition
of nanoparticles have been studied by [3,4]. S. Nadeem et al. [5] analyzed Prandtl mag-
netohydrodynamic nanofluid flow through arterial stenoses. An important and different
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utilization of nanoparticles can be seen in the modern field of medicine. Gold nanoparticles
are the most impactful material in nanomedicine and nanoscience. They are being used
as photovoltaic agents, radio infections, drug carriers and contrast agents. In addition,
there are many properties of gold and silver nanoparticles that are attractive for use in
biomedical diagnosis and treatment. The treatment of arterial diseases using nanoparticles
is still under development. T. Elnaqeeb et al. [6] investigated blood flow through stenosed
vessels and presented results for different flow parameters. They concluded that by adding
gold nanoparticles, the velocity of blood increases and they also compared their results to
Cu and TiO; models. A number of researchers [7-10] have paid attention to the study of
arterial diseases by applying different methods.

Blood vessels are important components in the circulatory system. The primary
objective of the blood circulatory system is to transport oxygen and important nutrients
to active body tissues and remove waste products. The dynamics of blood flow play an
important role in the expansion and formation of cardiovascular diseases. Cardiovascular
diseases are responsible for the majority of deaths in underdeveloped countries. One of the
most serious and common arterial diseases is arterial stenosis. An arterial stenosis blocks
the flow of blood and also affects blood pressure. It is a progressive disease that affects up
to 2.5 million people over the age of 75. The main causes, symptoms and complications of
stenosis are:

Causes Symptoms Complications

Chest pain, heart palpitations,
swollen ankles or feet and
difficulty in walking
short distances.

Birth defects, build-up of
calcium, radiation therapy
and rheumatic fever.

Stroke, heart failure, blood
clots, arrhythmias
and endocarditis.

For problems related to physiological flows, the computational fluid dynamics (CFD)
tool has become useful over recent years. The main purpose of CFD is to numerically simu-
late the motion of fluid and heat transfer by using computational prowess. J. Liu et al. [11]
examined the solutions to problems governing equations numerically by using COMSOL.
A. Hussain et al. [12] studied the heat transfer consequences for laminar and unsteady fluid
flow through distinct elliptic cylinders and found the maximum and minimum values for
temperature, pressure and velocity.

In this article, the behavior of blood flow through a stenosed region is studied. We
assumed blood to be a Newtonian fluid because blood shows Newtonian nature in large
cavities, veins and arteries. The law of conservation of mass, momentum and energy
were solved using COMSOL Multiphysics software and the results were calculated for the
velocity, temperature and pressure of the blood flow inside the affected region by utilizing
CFD. This article introduces the mathematical study of the addition of gold and silver
nanoparticles into the blood flowing through a stenosed region in order to investigate that
how hybrid NPs can help in improving blood flow.

2. Materials and Methods

In this research, blood was assumed to be an incompressible and unsteady Newtonian
fluid flowing through an arterial stenosis. A sketch of the blood flow problem in arterial
stenosis is shown in Figure 1, and the coordinate system was selected in such a way that
the blood flow was along the z-axis and r was taken as perpendicular to the flow.
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Figure 1. The geometry of arterial stenosis.

The width and height of the two-dimensional artery were 1.1 m and 0.8 m, respectively,
with coordinate positions of r = 0.1 and z = 0. The physics of laminar blood flow and heat
transfer was added through the “add physics” feature in COMSOL 5.4. At the boundary
wall, the velocity was zero and the entrance and exit positions were selected. In the laminar
flow and heat transfer, the reference temperature was taken as 19.85 °C. In the heat transfer,
the initial value of temperature was considered as —73.15 °C and at the upper boundary,
temperature 1 was taken as 24.85 °C and at the lower boundary, temperature 2 was 27.35 °C.
The material properties, i.e., thermophysical properties, of blood were added. In the next
step, the time-dependent model governing equations, i.e., mass, momentum [13] and heat
transfer equations, [14] were added.

2.1. Continuity Equation

10 d
;g(m) + E(w) =0, 1)

In COMSOL, the equation of continuity that described the blood mass transport was
expressed as:
Vau=0, 2

where 1 and w are the velocities of the nanofluid denoted in r and z directions, respectively.

2.2. Equation of Motion

ou ou ou\  dp d (dw Ju
Of\ of Tho, TWo7 ) = =5, T\ 57 ~ 37 ) (©)
ow ow ow\  dp 0 1\ /ow du
omf\ 5 T TV ) T e T er\a T )\or a2 ) @
In COMSOL, the model governing the momentum equation was shown as:
ou
s +p(u.V)u=V.[-PI+ K|+ F, (5)

K= y(Vu + (Vu)T>, (6)

where pp,, ¢, fnns and P are the density, viscosity and pressure of the nanofluid, respectively.
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2.3. Energy Equation

) ) 0 2 9 9
(pCp)hnf(at—|—uar+waz)T—khnf(ar2—|-rar+aZZ)T, )

In COMSOL, the governing heat transfer equation was
aT
dzpcpg + dzpcpu-VT +V.q=4d:Q+¢qo+ szp +dzQud, (8)

where q = —d;kVT, g, = ﬁ, Qui = ©.Vu, Qp = ocpT(%—f—i—u.VP), A, = 0.8 m?,

xp = —%%—f, T = —PI + K, d; is the thickness of the fluid, which is equal to 1 m, Q is the
heat source, Q,, is the viscous dissipation heat source, VT shows the temperature gradient,
Cp,nr shows the heat capacitance of the fluid and k;;f is specific heat. The considered initial
values are:

u=w=0,T=T,and P =0. 9)

The thermophysical properties of the hybrid nanofluids were defined as follows [15]:

puny = (1= ¢2) (1= $py + bups, ) + d2ps,,
_ Ky
s = = ¢?5(1 = §)25"
PCnr = (1= $2) (1 = 0)(PC,)s + $1(PCy)s, ) + D2(pCy)s,.
Knng ks, + 2kp — 261 (kr — ks, ) y ks, + 2kng — 25 (kny — ks5,)
ke kg 2k + (ke —ks,) T kg, F 2k + da(kns — k)

(10)

2.4. Boundary Conditions

The boundary conditions contained inlet, outlet, wall and thermal insulation.

2.4.1. The Inlet

The blood flow rate, or velocity, was simulated at the inlet of the artery. The blood
volume could be controlled by the velocity at the inlet and the area of inflow cross-section.
Figure 2 shows how the inlet in the model was defined.
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Figure 2. The geometry of the inlet.
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The inlet boundary condition was:
u(r,z,t) = —Uyn, (11)
where U, is the normal inflow velocity, which is equal to 0.5.

2.4.2. The Outlet

We presented the pressure of the blood flow model at the outlet to add a more realistic
approach to the simulation. Figure 3 represents the outlet that was on the opposite side
from the inlet and was where the blood flowed out.
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Figure 3. The geometry of the outlet.
In COMSOL, the equation at the outlet was given as:
™n = —Pnwhere P = P, (12)

where n = (n,,n;) is the pointing normal outflow velocity and the absolute pressure is
P, =0 Pa.

2.4.3. At the Wall

Blood cannot flow through the wall because it sticks to the wall due to its viscosity.
Thus, at the wall, the boundary conditions were:

u=0, w=0. (13)

and no slip condition was considered. Figure 4 represents the wall of arterial stenosis.
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Figure 4. The wall of arterial stenosis.
2.4.4. Thermal Insulation
The insulated boundaries in the COMSOL heat transfer feature are shown in Figure 5.
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Figure 5. The thermal insulated boundaries of the problem.
The thermal insulation equation used in COMSOL was:
—ng=0 (14)

2.5. Computational Mesh

Mesh is one of the important factors in computational fluid dynamics. The rate of
convergence and the accuracy of the solution can be determined by the quality of the mesh.
The “physics controlled mesh” function in COMSOL automatically generates mesh. Fine
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element size mesh produces more accurate results and provides better performance than
the normal size. Figures 6 and 7 show “normal” and “fine” element size meshes, and it
was observed that the mesh was more refined in the stenosed region, as can be seen by the
stenosed area, and was less refined when far away from the stenosis.
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Figure 6. Normal element size mesh.
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Figure 7. Fine element size mesh.

3. Validation

For the accuracy of this problem, the obtained results with the addition of hybrid
nanoparticles were compared to those of [15]. They selected the initial velocities of 0.1 and
0.05. In our simulation, we considered an initial velocity of 0.5. The other conditions were
same, but in our simulation addition of nanoparticles improved the results for velocity,
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which can be seen from the obtained results. The current results have a good agreement
with [15].

4. Results

The mathematical study of blood flow in the arteries is an essential and challenging
problem. In the arterial system, the most common disease is the contraction and hardening
of the walls of blood vessels, which is called arterial stenosis. A mathematical model to
find the velocity, temperature and pressure of the blood through arteries in the presence of
stenosis when adding hybrid nanoparticles was studied. The addition of hybrid nanopar-
ticles affected the physical properties of blood, such as dynamic viscosity, specific heat,
density and thermal conductivity, resulting in a change in the simulation results. The heat
transfer phenomenon was observed by investigating Nusselt number variation.

Figure 1 shows the two-dimensional sketch of the problem. Figure 2 represents the
inlet point of the blood flow and the velocity of the fluid was also defined by this boundary
condition. Figure 3 shows the outlet point of the blood flow and was where the fluid flowed
out. Figures 4 and 5 show the wall and thermal insulation boundaries of the problem
respectively. The thermal insulation boundary conditions implied that the conditions were
not affected by the heat source in the simulation.

In Figures 6 and 7, normal and fine element size meshes are shown, and we studied
their effects on the results. The mesh vertices of the normal element size were 948, the total
triangles were 1315, the quad entities were 214, the maximum element size was 0.0737,
the minimum element size was 3.3 x 10~* and the total number of elements was 1529.
The mesh vertices of the fine element size were 1195, the total triangles were 1747, the
quad entities were 234, the vertex elements were 8, the total number of elements was 1981,
the minimum element size was 8 x 10, the maximum element size was 0.028 and the
resolution of the narrow region was 1. The fine element size had a better performance and
provided more accurate results.

Figures 8-21 display the variations of time at f = 0.1 s, 0.7 s and 1 s for velocity,
pressure, temperature, isothermal contours and streamlines. Figures 8-10 describe the
consequences of the velocity profile. In Figure 8, the velocity is 1.59 m/s att = 0.1 s. In
Figure 9, the maximum velocity is 1.57 m/s at 0.7 s. In Figure 10, the maximum velocity
is 1.58 m/s at 1 s. The results show that the maximum velocity was found att =0.1 s, i.e,,
1.59 m/s. It can be seen that the flow pattern at the inlet was smooth. It is also noted that the
diseased region had a higher velocity compared to before and after the stenosis. This was
anticipated because Bernoulli’s equation results prove that the velocity of the narrow region
should be higher. Figures 11-13 show the profiles of temperature for the heat transfer. The
temperature varied at different times but the maximum and minimum temperature limit
remained the same with respect to time at 26.85 °C and —73.15 °C, respectively. The results
show that the addition of nanoparticles effectively enhanced the heat transfer ratio.

Figures 14-16 show the pressure profiles, and the maximum and minimum values of
the pressure were observed at t = 1 s. The maximum pressure was obtained just before the
stenosed region and the minimum pressure was at the end of the stenosis. Figures 17-19
show the isothermal contours for the temperature profiles. The maximum range of the
isothermal contours remained the same and the minimum contours were found at t = 0.1 s.
The contour pattern scattered and moving away from the narrow region. Figures 20-22
display the streamlines that recirculated after the stenosis. The overall heat transfer was
examined with the help of the Nusselt number (Nu). In the present problem, Figure 23
depicts the varying Nu,y number with respect to time. It can be clearly observed that the
Nusselt number dropped when the fluid flow reached the stenosis boundaries and also
that the average Nusselt number increased before and after that point, with varying times.
Figure 24 is for the validation of the current model.
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Figure 8. The velocity profile at t = 0.1 s.
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Figure 9. The velocity profile at t = 0.7 s.
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Figure 10. The velocity profile at t =1s.
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Figure 12. The temperature profile at t = 0.7 s.
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Figure 14. The pressure profile at t = 0.1 s.
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Figure 16. The pressure profile at ¢ = 1 s.
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Figure 17. The isothermal contour profile at t = 0.1 s.
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Figure 18. The isothermal contour profile at f = 0.7 s.
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Figure 19. The isothermal contour profile atf =1s.
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Figure 23. The Nusselt number variation with time.

Table 1 represents the computed mesh element size and area for the normal and fine
options in m?. We used the fine element size mesh for more accurate results and better
performance. Table 2 shows the description of the mesh statistics for the mesh elements,
quality of elements, mesh area, total number of entities of triangles and quadrilaterals
and total number of elements. Table 3 shows the mesh size of the stenosed artery, i.e.,
the maximum and minimum mesh element size, resolution of narrow region, maximum
element growth rate, geometric entity level and curvature factor. The quality and resolution
of the mesh elements are important aspects of the simulation. In Table 4, the properties of
the blood base fluid and gold and silver nanoparticles are utilized to find the solution, and
these properties affected the dynamic viscosity, thermal conductivity, heat capacity and
density of the blood.

Table 1. The mesh elements computed using COMSOL.

Elements Element Size Mesh Area
Mesh 1 Normal 0.5949 m?
Present study Mesh 2 Fine 0.5948 m?
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Figure 24. The validation figures with [17] and our obtained results.

Table 2. A description of the mesh statistics.

1.
II.H
1.4

0.2

Property Value
Mesh vertices 1195
Edge elements 173
Quadrilateral entities 234
Triangles 1747
Vertex elements 8
Average element quality 0.8291
Minimum element quality 0.3539
Mesh area 0.5948 m?
Total no. of elements 1981
Ratio area of element 0.06767
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Table 3. A description of the mesh sizes.

Property Value
Maximum element growth rate 1.13
Maximum element size 0.028
Minimum element size 8 x 1074
Curvature factor 0.3
Resolution of narrow region 1
Geometric entity level Entire geometry

Table 4. The thermophysical properties of the blood base fluid and the silver and gold nanoparticles [16].

Property Variable Blood Gold Silver Unit
Dynamic viscosity U 0.003 0.00464 0.005 Pa.s
Heat capacity Cp 3746 129 235 J/(kg. K)
Thermal conductivity K 0.52 310 429 W/(m. K)
Density o 1063 19,300 10,500 Kg/m?

5. Conclusions

We investigated the consequences of using hybrid nanoparticles in the blood flow
through a diseased artery. The main objective of this study was to describe the CFD results
for the velocity, temperature and pressure through the narrow area of the artery. From
the results, it can be observed that the addition of gold and silver nanoparticles prevented
overheating and disfavored the maximum velocity. Our simulations could be used to
obtain a finer image of hemodynamics. Some of the main results were:

e  The laminar flow study showed that the velocity of the blood flow varies throughout
the model due to arterial plaque. The maximum velocity of the blood flow was
1.59m/satt=0.1s;

e  The streamlines showed abnormal behavior near the stenosis area and that recircula-
tion occurred as the intensity of the stenosis increased; however, the flow was normal
when nanoparticles were added;

e  The isothermal contours displayed the results clearly on colored surfaces at t = 0.1, 0.7
and 1s;

The temperature and Nusselt number curves varied for slight variations of time;
The pressure profiles also manifested clear patterns near the stenosed region;

We can further study the physical qualities, such as skin friction coefficient, and also
analyze the problem using radiation and magnetohydrodynamic effects to understand
the reasons for stenosis, which may help in the treatment of arterial stenosis.
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