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Abstract

Occlusion of the coronary arteries is one of the most important causes of death and permanent complications in the body.
Stiffening of the vessel wall or atherosclerosis is the main cause of clogged arteries. Therefore, the objective of the current
research was to investigate the influence of coronary artery stenosis on blood flow to the arteriole of the heart through physical
modeling. In the present research, the effect of stenosis in the coronary artery was studied, assuming two types of platelets:
cubic and cylindrical. The modeling and analysis were done using computational fluid dynamics (CFD) simulations. Blood
was considered a non-Newtonian fluid, and the hypotheses of a fully developed area at the vessel entrance were used. Then,
the influence of different parameters, such as platelet type and the presence of stents, on the characteristics of intravascular
blood flow, including pressure distribution, shear stress, and blood velocity, was studied. The results show that the type of
platelets and the presence of stents have a significant effect on the characteristics of intravenous blood flow. The maximum
pressure created in a stent with a cube-shaped platelet and cylindrical platelets is 180 Pa and 172 Pa, respectively, and the
maximum pressure in the case of cylindrical platelets is about 5% less than the presence of a cubic platelet. Furthermore,
due to the higher amount of shear stress in the cube-shaped platelet artery, it can be said that the occurrence of this clogging
in the vessel has much more serious risks and the risk of cardiovascular disease increases.
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Introduction

Mathematical models have a very significant role in the field
of medicine. In medicine, decisions are traditionally based
on population research, the medical history of the patient,
and the experiences of the doctor. These factors are consid-
ered in determining the most appropriate treatment for each
patient. Recently, mathematical models based on physical
laws have proved to be a very valuable and reliable resource
for doctors. The use of simulation software and computa-
tional methods such as the finite element method and com-
putational fluid dynamics (CFD) will be useful in investi-
gating the structural-fluid interaction of heart performance
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(Malinauskas et al. 2017). Developing a computational
model that accounts for the geometry and anatomy of an
artery the mechanical properties of vessel tissue, and inves-
tigating structure-fluid interaction using the built-in mod-
els can prove to be a valuable tool for medical applications
(Bluestein et al. 2013). Hence, it is essential for providing
CFD simulations of clogged arteries (Suzuki et al. 2020;
Wells and Marvin 2021).

Fluid flow into different ducts has been studied by
many researchers using analytical and numerical methods
(Rezaee and Arab Maleki 2012, 2017, 2019; Eslami et al.
2016; Rezaee and Maleki 2015). Peskin (1977) proposed
a new model with focused parameters for cardiovascular
dynamics. Van Loon et al. (2006) investigated the model
of fluid—solid interaction with solid—solid contact for heart
valves. This composition is especially vital for studying the
dynamics as well as heart rate of the valves. Taylor et al.
(2013) investigated the fluid—solid interaction simulation in
the aortic valves. In their study, two finite element models
have been used to study the interaction of fluid flow with
aortic valve function. A three-dimensional pattern of the left
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ventricle with wall displacement to generate data was used
for the spatiotemporal profile of velocity in the aortic valve.
Wigmond et al. (2008) investigated the impact of bundle
branch closure on cardiac outputs. According to the study,
the heart is controlled electronically by the fluid pump that
works by mechanical contractions. Li et al. (2018) evaluated
the simulation of blood flow in a flexible clogged artery. In
this study, non-permanent blood flow and the performance
of arterial walls were modeled for the true geometry of the
abdominal aorta and leg branches in different positions.
Blood is assumed to be non-Newtonian, incompressible, and
viscous, and the solid wall tissue is homogeneous, elastic,
and isotropic. Some work treats blood as Newtonian flow
(Fraser et al. 2012), and some treat it as Non-Newtonian (Li
et al. 2020).

In general, simulation, when done correctly, can be the
main method of recognizing and analyzing any real phe-
nomenon. Nowadays, the science of simulation is used
in a variety of fields (Sadeqi et al. 2021; Fatholahi et al.
2021; Maghami et al. 2021; Nabavi et al. 2021a, 2021b).
For example, medical engineering has tools that allow
the simulation of biological phenomena inside the human
body. Studies using CFD techniques to simulate left ven-
tricular blood flow have each been representative of the
true model of the left ventricle. In the study of Long et al.
(2008), while creating a simple geometric model for the
left ventricle to model the mitral valve, an oval platelet
with an area of three square centimeters was used for all
phases. In their study, fluid flow was performed using
ANSYS CFX and considering blood as a Newtonian fluid
via constant viscosity and incompressible. Due to the fact
that experimental methods are invasive methods and it is
not possible to create laboratory conditions for prediction
in most cases, numerical simulation has been used as a
useful tool to understand this more accurately (Zhao et al.
2021; Skopalik et al. 2021).

The presence of clogging in the blood vessels increases
the shear stress (SS), which causes the inner wall of the
arteries to thicken and increases the amount of clogging
due to the separation of blood from the wall. Using CFD
simulations, Kot and Abbas (2017) examined a hard-
walled, symmetrically occluded blood vessel. In their
study, the equations governing the speed of blood flow, the
stresses on the vessel wall, and how red blood cells pass in
two normal states with the attendance of clots have been
studied. Devi and Vijaya (2017) investigated the nanofluid
flow of blood inside clogged coronary arteries. Prasad
et al. (2017) studied the impact of occlusion of the branch-
ing carotid artery of the neck on blood flow features, such
as shear stress of the wall, using ANSIS-Fluent software.
Blood flow is considered smooth, incompressible, stable,
Newtonian, and rigid, and the constant pressure differ-
ence between the outer and inner sides of the vessel is

considered. They considered the vessel once without clog-
ging and again with 75% clogging and the results of the
two cases were compared with each other, and the valida-
tion of the results was checked. The results showed that
clogging reduces the inlet flow rate and increases the shear
stress of the vessel wall. Leng et al. (2017) numerically
examined the nanofluid flow of blood inside the clogged
coronary arteries. Kamada et al. (2017) examined the
pulsed flow of blood in narrowed ducts using non-New-
tonian fluid and Newtonian for parabolic clogging. Bidel
et al. (2014) investigated the relationship between risk fac-
tors and coronary artery stenosis in patients referred to
the angiography center in Mehran. Using CFD, Bahadori
et al. (2017) investigated a hard-walled blood vessel with
symmetrical occlusion. Zang et al. (2018) performed a
simulation of blood flow and hemodynamic parameters in
a carotid artery with a porous and flexible double-walled
wall using a finite element solution for porous fluid—solid
interaction. Liu et al. (2018) numerically studied the mass
transfer of low-density lipoproteins in the primary part
of the cerebral carotid artery called the common carotid
artery. For this purpose, numerical modeling of blood flow
and mass transfer of lipoprotein particles in an artery with
a four-layer wall has been studied. Navier—Stokes equa-
tions and mass transfer in the arterial canal area and flow
and mass transfer equations related to the porous body
were used to simulate the processes. In the study, Zhu
et al. (2019) investigated the instability of blood flow
due to small blockages in the vessel wall that are on the
verge of formation and growth. Blood flow is modeled as a
Newtonian pulsed fluid flow in a two-dimensional channel
with local occlusion. Moshfegh et al. (2018) investigated
the biomechanical damage to the pulsed blood flow in a
clogged artery using ADINA software. To solve the turbu-
lent flow, the K-¢ RNG turbulence model was used, which
was better adapted to the laboratory work compared to the
numerical work of other K-e Standard models and was bet-
ter able to show the return flow region. Nejad et al. (2018)
simulated the pulsed fluid flow of intravenous blood that
has clogged and the effect of clogging geometry and physi-
cal features of the patient’s vessel on the physical charac-
teristics of blood flow and vessel wall in the presence of
the clogged vessel were reported.

As mentioned, coronary artery occlusion is one of the most
important causes of death and permanent complications in the
body. Stiffening of the vessel wall or atherosclerosis is the
main cause of stenosis arteries. Hence, the aim of this study
was to evaluate the influence of stenosis severity on the vessel
wall and also the presence of coronary artery occlusion on the
blood flow to the arterioles of the heart through physical mod-
eling. Furthermore, in recent years, the use of artery-opening
devices such as stents to relieve clogged arteries has developed
a lot. When using a stent, a cubic narrowing is created in the
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vessel, so the effect of this type of narrowing and stenosis on
the blood flow characteristics and hemodynamics has been
studied for the first time in this study. In this study, an attempt
was made to investigate the effect of the presence of conges-
tion in the coronary artery on the flow characteristics of the
lower arm and identify areas prone to congestion in the pres-
ence of congestion in the coronary artery. Real geometry and
boundary conditions are used for modeling, and the commer-
cial CFD software, Fluent software, was applied to simulate
the flow flows in the arterial stenosis. Blood will be assumed
to be non-Newtonian fluid, and the effect of two types of cube-
shaped and cylindrical clogging on flow parameters will be
studied.

CFD modelling
Fluid flow equations

The arbitrary Lagrangian—Eulerian (ALE) Navier—Stokes
equations are used, which are obtained by substituting the
relative velocity for the velocity transfer terms in the origi-
nal velocity equation. The integral form of the Navier—Stokes
equation (Durst 2008):

4 ch+/p(v—vs).nds=0. (1)

datfy s

d

E/pvdv + /(pv(v — VS) +pl — 7).nds =0, )
v K

where v is the fluid velocity, v, is border velocity, s is the
control volume, n represents the perpendicular to the surface
of the fluid boundary, p is pressure, / is the identity tensor,
and 7 is the deviatoric stress tensor.

Non-Newtonian fluid model of blood
Some of the different models for simulating blood flow are:

e Blood can be described as a Newtonian fluid (Fraser et al.
2012).

e Consider non-Newtonian fluid blood and use a power
model (Mandal et al. 2007).

e Let blood as a non-Newtonian fluid and use the Carreau
model (Akbar and Nadeem 2014).

If blood is regarded to be a non-Newtonian fluid and mod-
eled via the power law model, we will have (Husain et al.
2013):

p = 1050kg/m* (7) = Ky

3
n=0.7755;K = 0.01467 mPa s; ©)
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where n is the power law model index, and K is the compat-
ibility index. For substances that have a thinning property,
such as blood, the value of n is less than one.

Modeling a clogged vessel

A red blood vessel with a diameter of 6 mm and a length of
11 cm was used to measure the blood’s movement and clots
in partially clogged arteries. Figure 1 shows an example of
the actual model of a clogged vessel with a stent.

Two kinds of clogging with cylindrical and cubic plate-
lets are explored to examine the impacts of clogging. An
artery that is clogged is supposed to have a symmetrical
clog at a space of four centimeters from its entrance. The
basic model of a clogged vessel and the stent is developed
using Solidworks software and imported to ANSYS soft-
ware. Figures 2 and 3 show an example of clogged vessel
and stent geometry.

The blood vessel model (with dimensions), including its
stenosis, is shown in Fig. 2 as a three-dimensional straight
tube for numerical blood flow analysis. The cosine function
defines the geometry of stenosis for cylindrical clogging as
follows:

r(x)

LS. 6[1 + COS(?UC/D)],

= -D<x<D 4)

x and r(x) are the axial and radial coordinates, respectively.
R and D represent the radius and diameter of un-stenosed
arteries, respectively. 8 is a constant and takes the values of
0.2 and 0.4, resulting in 30% and 60% diameter reduction at
the stenosis throat, as displayed in Fig. 2.

The geometric model of the stand is shown in Fig. 3a.
The focus of the present study is to investigate the effects
of stents on the characteristics of intravenous blood flow.
Therefore, using the non-slip boundary condition on the
surfaces, CFD analyses are performed by placing the
stent in a clogged artery. Figure 3b, c show the geometric
model of the clogged vessels in the presence of the stand.

Plasma cells make up 56% of the blood, while blood cells
make up 45%. Both plasma cells and blood cells have differ-
ent densities, with plasma cells having a density of 1012 kg/
m® and blood cells having a density of 1105 kg/m*. A density
value of 1050 kg/m> was used in the present study for whole
blood. In the absence of slippage on the boundary walls and
the non-movability of the boundary walls, the velocity in the
wall is supposed to be negligible (Hariharan et al. 2015). A
zero relative pressure was then specified at the domain outlet,
and a fully developed velocity profile was specified at the inlet.
Solvent types are selected based on pressure when performing
an analysis. A volume control method is used in this study to
discretize the flow equations, and the SIMPLE algorithm is
used to solve them. For the infiltration sentences, the central
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Fig.1 A real model of a
clogged vessel with a stent
(Gudino et al. 2017)

Fig.2 Mathematical model of
blood flows through an arteriole
with stenosis a cubic stenosis
geometry and b cylindrical
stenosis geometry

Closed stent

Inlet
0.4 m/s

Inlet
0.4 m/s

) 200 mm -
: 40 mm . 15mm !
Outlet
3 mm 2.1 mm
(a)
) 200 mm -
: 40 mm . 15mm !
- \ - y Outlet
3 mm 2.1 mm
N
(b)
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Fig.3 a An actual stent used in
CFD simulation, b cubic ste-
nosis geometry with stent, and
¢ cylindrical stenosis geometry
with stent

difference approximation is used in the discretization of the
equations. During the displacement sentence approximation,
the hybrid approximation is applied, as well as the central
difference approximation is used for the pressure sentence
approximation. A sub-release coefficient for the velocity and
pressure are 0.66 and 0.34, respectively, and a convergence
criterion is taken into account for each component of velocity
10e—8 and pressure 10e—6. Tetrahedral elements were used for
meshing. A mesh independence investigation was performed
before determining the maximum element size used in this
study to eliminate the potential effect of maximal element size
on the CFD simulation outcomes. The numerical simulation
is considered to be a steady-state solution since blood flow in
an arteriole is quasi-steady and most articles consider blood
flow to be steady. Because if the blood flow in the blood ves-
sels is supposed to be unsteady flow, the human body experi-
ences different states during the day and night. Furthermore,
Steady-state flow simulations can provide information about
the average behavior of blood flow over time. This information
is still useful for understanding the overall hemodynamics and
identifying potential issues or abnormalities. It is important to
note that while steady-state simulations have their advantages,
they may not capture certain transient or dynamic phenomena
accurately. Therefore, it is essential to consider the limitations
and assumptions made when interpreting the results and draw-
ing conclusions from steady-state simulations.

Boundary condition

In this research, the boundary condition of the input speed
with a fully developed profile is used at the entrance of the

@ Springer

vessel equal to 0.4 m/s. The outflow with constant static
pressure and no-slip boundary conditions were employed
to outlet and wall boundary conditions, respectively. Also,
the output distance from the end of the block is 40 mm,
and the block length is 15 mm. Therefore, the output area is
approximately ten times the length of the clogging, so the
clogging has no effect on the output, and the condition of the
developed current in the output can be used. In addition, the
slip boundary condition is used in the walls. Also, due to the
separate diameter at the inlet, the house is assumed to be a
non-Newtonian and incompressible fluid. The bird-Carreau
model has been used to model the non-Newtonian perfor-
mance of blood. In this model, the viscosity limit at high
and low shear rates is defined by constants. According to
this model, fluid viscosity is defined as follows (Bai 2015):

1= po+ (Ho — Heo)(1 +Ay?)", o)

where A = 10.976, u,, = 0.0035Pas, y; = 0.056Pas and
n = —0.3216. Of course, this shear rate is completely higher
than the accepted rate. Cho and Kensey (1991) have also stated
that this model is in good consistency with experimental data.

Results

This paper discusses the results of CFD analyses performed
on vessels with cylindrical as well as cubic platelets in which
stents are placed. In the prior part, we described how to model
using ANSYS software with border conditions, blood, and
entry speed properties. In this section, we look at how the
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parameters of intravenous blood flow are affected by the pres-
ence of clogging and the kind of clogging.

Convergence and mesh independence study

In determining whether the solution is independent of the net-
work, the objective is to find the largest network that could
accurately simulate the desired function (e.g., shear strain
rate). Thus, the accuracy of the solution is completely depend-
ent upon the network structure and mesh size. A simulation
becomes more computationally intensive and time-consuming
as the number of network cells increases. Performing simula-
tions using a large-scale network is the first step in assess-
ing the independence of the solution from the network. The
desired outcome (like shear strain) is recorded after the solu-
tion convergence under these conditions. In the context of

Fig.4 a Mesh independence

mesh independence from the network, the desired outcome is
a parameter to be compared among various meshing sizes. Fig-
ure 4 shows an example of the method of checking the cube-
shaped platelets’ solution independence without using a stent.
The shear strain results converged to 200 by raising the number
of elements from roughly 0.7 million. As a result, this number
of elements is employed in the analysis of the current study.

Effect of the stent

To investigate the influence of stents on the characteristics of
intravenous blood flow, the condition of vessels with cylindri-
cal platelets is first assessed. Figure 5 illustrates a comparison
of pressure distributions in a vessel with a cylindrical platelet
in two states with and without the presence of a stent. The
results of this investigation show that the presence of stents
has a significant influence on the distribution of pressure

{
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Fig.5 Effect of a stent on the
pressure distribution in a vessel
with cylindrical platelets with-
out stent and b with stent
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within vessels. The maximum pressure created in a vessel
with platelets in the presence of stents and the absence of
stents averaged 140 Pa and 172.7 Pa, respectively. According
to these results, stent implanting leads to an increase of 26%
in the maximum pressure inside the vessel, which should be
considered when using stents on patients. By implanting the
stent in the vessel, the high-speed fluxes are increased in num-
ber and magnitude. As a result, the pressure drop in coronary
arteries with stents is less than that of vessels without stents.
Stent implantation can prevent the reduction of flow loss asso-
ciated with arterial clogging, which leads to a decrease in
pressure and flow after the clogging site.

The effect of platelet type
The impact of platelet kind on the feature of intravenous

blood flow is determined. Figure 6 shows the pressure
distribution for the vessel in two forms, plate-shaped,

@ Springer

ANSYS

R16.2

ANSYS

R16.2

(b)

cube-shaped, and cylindrical, in the absence of stent use.
According to the equation, it can be seen that the pressure
at the beginning of the vessel has the highest value, and
this maximum value continues until near stenosis. There is
the greatest decrease in pressure in the stenosis, and after
passing through the stenosis, its amount gradually increases.
The maximum pressure for a cube and cylindrical platelet
vessel is 180 Pa and 140 Pa, respectively. These results show
that the maximum pressure in the cylindrical platelet state is
about 28% lower than the maximum cubic platelet pressure.

In the following, the results of pressure distribution in a
stented vessel with two types of cube-shaped and cylinder
platelets are studied and displayed in Fig. 7. According to the
outcomes, it can be seen that the maximum pressure is lower
in the presence of cylindrical platelets, which is due to the
gradual decrease in the lateral area of the vessel compared to
the presence of cubic platelets in which the lateral area of the
vessel suddenly decreases. The maximum tension created in
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Fig.6 Pressure distribution for
a vessel in two states a cube-
shaped platelets and b cylindri-
cal platelets in the absence of
the stent
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the vessel increases. The results show that the maximum pres-
sure created in the vessel with a stent with a cube-shaped plate
and cylindrical plate is 180 Pa and 172 Pa, respectively, and
that the maximum pressure in the case of a cylindrical plate is
about 5% less than the presence of a cube plate.

Another important parameter in a vessel with platelets is
the shear stress, which can cause the vessel to rupture if the
amount is higher. Figure 8 shows the shear stress distribution
for a vessel without a stent in cubic and cylindrical platelets.
As the results show, platelet type shows the main impact on
the shear stress distribution as well as its maximum value. In
a cube-shaped plate with cylindrical platelets, the maximum
shear stress is 7 Pa and 1.5 Pa, respectively, as the maxi-
mum shear stress in a vessel with cubic platelets is about 78%
higher than in a vessel with cylindrical platelets.

Examination of shear stress distribution in vessels with
cubic and cylindrical platelets shows that the distribution of
shear stress in vessels with cubic platelets is more critical,

ANSYS

R16.2

(a)
ANSYS

R16.2

(b)

and in most areas before vessel occlusion, the shear stress
is maximum. According to Fig. 8, it is seen that the shear
stress first excess at the site of the blockage, which occurs
due to the increase in velocity at the site of the blockage,
and after passing through the blockage, since the decrease
in flow velocity behind the blockage, the shear stress also
decreases. It should be noted that with the change of the type
of clogging, the way of shear stress changes, and in the case
of cylindrical plate-shaped vessels, due to the gradual change
of blood velocity, the shear stress is less. It should be noted
that increasing the shear stress causes the vessel to deform
and increase in diameter, so increasing the diameter of the
vessel and the passage of large volumes of blood is not only
very effective on the mechanism of mass transfer but can also
cause shock in the body. Shear stress due to damage to the
endothelial layer changes in penetration and mass deposition
inside the vessel can be considered a factor in the formation
of fat plaques and an important factor in the development
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Fig.7 Pressure distribution in a
vessel with a stent a cubic plate-
lets and b cylindrical platelets
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=

of heart disease. Therefore, note the higher amount of shear
stress in the cube-shaped plate artery. It can be said that the
occurrence of this clogging in the vessel has much more seri-
ous risks and the risk of cardiovascular disease increases.
Figure 9 depicts the effect of using a stent on the shear stress
distribution in a vessel. Comparing these results with the
results shown in Figs. 5, 6 and 7, it can be seen that although
the use of stents does not cause any change in the maximum
shear stress, it has a nominate impact on the distribution of
SS. The results show that if a stent is used, areas with maxi-
mum shear stress are transferred to the site of vessel occlu-
sion, and in these areas, the highest amount of shear stress
occurs. These findings show that the maximum shear stress
for the vessel with cubic platelets and cylindrical platelets is
7MPa and 1.5MPa, respectively, which indicates that in the
presence of cubic platelets in the vessel, the maximum shear
stress increases by about 78%. This outcome indicates that
the clogged artery in the form of a cubic platelet is critical,
which can cause the vessel to rupture.
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Next, the velocity distribution of the fluid in the ves-
sel is studied. Figure 10 indicates the velocity distribution
of blood in a stent-bearing vessel in two forms: platelet-
shaped and cylindrical platelets. The results show that the
maximum blood velocity in the vessel with cubic plate and
cylindrical platelets is equal to 0.4 and 0.46 m/s, respec-
tively. It is more and, as a result, is less likely to cause
cardiovascular disease in this condition.

Conclusion

To examine the impact of clogged arteries on blood flow
characteristics, CFD analysis on clogged vessels was stud-
ied. In this study, blood was simulated as a non-Newtonian
fluid, and the effect of two types of platelets, cubic and cylin-
drical, along with the use of stents on the pressure distri-
bution as well as shear stress, were investigated. The key
findings can be summed up as follows:
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e According to the findings, it can be seen that the pres-

sure at the beginning of the vessel has the highest value,
and this maximum value continues until near the throat.
There is the greatest decrease in pressure in the throat,
and after passing through the throat, its amount gradually
increases.

The maximum amount of pressure for a vessel with
cubic platelets and cylinders without stents is 180 Pa
and 140 Pa, respectively. These results show that the
maximum pressure in the cylindrical platelet state is
about 28% lower than the maximum cubic platelet
pressure. The results show that the maximum pres-
sure created in the vessel has a stent with a cube-
shaped plate and cylindrical plate is 180 Pa and 172

(@

(b)

ANSYS

R16.2

ANSYS

R16.2

Fig. 8 Distribution of shear stress in the absence of stents for platelets with a cubic and b cylindrical geometry

Pa, respectively. The maximum pressure in the case of
a cylindrical plate is about 5% less than the presence
of a cube plate.

The results show that platelet type shows a dominant
impact on the distribution of shear stress as well as its
maximum value. In a cube-shaped plate with cylindri-
cal platelets, the maximum shear stress is 7 Pa and
1.5 Pa, respectively. Although the use of stents does
not cause any change in the maximum shear stress, it
shows a dominant impact on how the shear stress is
distributed. The results show that if a stent is used,
areas with maximum shear stress are transferred to the
site of vessel occlusion, and in these areas, the highest
amount of shear stress occurs.
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Fig.9 Displays the effect of
stent application on the shear
stress distribution in the vessel
a of cubic platelets and b of
cylindrical platelets
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Fig. 10 Blood velocity distribu-
tion in a stent-bearing vessel in
two states: a cube-shaped plate-
lets and b cylindrical-shaped
platelets
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