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Abstract Cardiovascular diseases are unfortunately one of the leading causes of death in today’s

society. It is important to analyze blood flow in various parts of the circulatory system. The coro-

nary artery is made up of four main arteries, and the left coronary artery is responsible for deliv-

ering blood to the heart muscle. This research utilizes computational fluid dynamics and finite

element methods to investigate and analyze coronary vessels by studying changes in blood charac-

teristics. The aim of this study is to analyze and model the flow of blood under different conditions

of the coronary vessels, with a particular focus on the vessels on the left side. This is in response to

changes in hematocrit, which can cause an increase or decrease in blood viscosity ðlpÞ (N.s/m2). In

general, by applying condition flexibility for the vessel, it is possible to reduce pressure distribution

on the wall when compared to the rigid model. When considering changes in viscosity ðlÞ (kg/m. s),

such as an increase from 0.0029 to 0.0067, this can lead to changes in the shear stress distribution

(N/m2) on the wall. Specifically, this increase in blood viscosity ðlpÞ (N.s/m2) causes maximum ten-

sion, resulting in the wall shear WSS (N/m2) rising from 60 to 154 Pascal’s, which is a 140%

increase. Based on the current data, it appears that there is a high flow pressure in the artery, result-

ing in maximum relative pressure values of 6300 and 6450 Pascal’s for the rigid and flexible models,

respectively, at the separating joint of the bifurcation.
� 2023 THE AUTHORS. Published by Elsevier BV on behalf of Faculty of Engineering, Alexandria

University. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/

licenses/by-nc-nd/4.0/).
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Nomenclature

CFD Computational fluid dynamics

U Velocity vector (m/s)
Re Reynolds number
r Nabla operator
T Cauchy stress tensor (N/m2)

f Volumetric force of fluid (N)
c Cutting rate
D Strain rate

HCT Hematocrit
O Solution domain
WSS Wall shear stress (N/m2)

FSI Structure and fluid interaction
E Modulus of elasticity

t Time (s)

q Density (kg/m3)
m Dynamic viscosity (kg/m. s)
P Pressure (pa)
I Identity matrix

lp Blood plasma viscosity(N.s/m2)
qw Arterial density
vni Displacement vector

r Radius of the vessel
x Current pulse frequency
v Poisson’s ratio
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1. Introduction

The presence of vascular diseases can result in irregular flow
dynamics and increased stress on cells and plaques, which
can contribute to disease complexity. Understanding the rheo-

logical behavior of blood in these circumstances is crucial for
comprehending blood flow dynamics and its role the develop-
ment of blood components. Until 1960, it was theorized that

hemodynamics could play a role in atherosclerosis, but the the-
ory was not yet fully formulated. Hemodynamic parameters,
such as blood flow velocity, blood pressure, and wall shear

stress, are directly related to the pathophysiology of vascular
diseases. Therefore, it is necessary to examine the dynamic
properties of the fluid and take decision-making about treat-
ment approaches into consideration. With the remarkable pro-

gress of numerical solution methods in modeling and 3D
imaging techniques, a wide range of applications for the
mechanical study of the cardiovascular system according to

the particular models of each patient have become possible
[1]. These methods make it possible to examine the details of
flow dynamics, which are of great importance in determining

the health and pathology of individuals, designing medical
instruments and diagnoses, and deciding on the best treatment
method [2]. Hematocrit is a standard that indicates the ratio of
the volume of red blood cells to the total blood volume, and it

can increase blood viscosity. Red blood cells have a significant
impact on blood viscosity, as they are transient and determine
the rheological properties of blood. Many studies have shown

the importance of blood viscosity in the physiological function
of tissues and organs [3]. In a study by González and Moraga
[4], two models of Casson and Newton were used in an artery

without occlusion, which revealed that the shear stress index in
non-Newtonian and Newtonian states differed by only 5%.
Therefore, the assumption of a Newtonian fluid is acceptable

for simulating blood. Silveira and his colleagues [5] conducted
research to determine whether complex geometries are truly
necessary. Nardi and his colleagues [6] studied the hemody-
namic behavior of blood flow in the branching part of the

coronary artery and the three standard treatment methods
available. The results were validated using flexible and trans-
parent laboratory models [7]. Recent research has specifically

investigated the effect of vessel flexibility on hemodynamics.
In other words, the interaction between vessel structure and
fluid has been studied extensively in the last few years. The
high flexibility of the vessel has been found to impact the flow
of blood, which is why this area of study has garnered signif-

icant interest. Baresi et al. [8] investigated the interaction
between the structure and fluid by narrowing the artificial duct
in the flow path of the coronary arteries. In a similar study,

Meza and colleagues examined the left coronary arteries by
considering the interaction between the system and the fluid
[9]. They caused a 7% blockage in the blood vessel, resulting

in its narrowing. The researchers investigated the hemodynam-
ics of blood flow and the mechanical behavior of the structure.
As a result of the blockage, the velocity and shear stress on the
wall increased. On the other hand, the tensile strain on the wall

has decreased. In their research, Bukač and colleagues investi-
gated the effect of springing on the stresses created on the wall
[10], and found that it had better performance than the other

three models. Roustaei et al. [11] investigated the effect of
blood pressure on the mechanical behavior of the diaphragm
while considering fluid interaction. They thought that the wall

of different vessel layers had different mechanical properties.
In new research, Qiao and colleagues [12] investigate the inter-
action between the vessel wall and the blood fluid. They simu-

lated the vessel’s distribution of red blood cells using the mixed
multiphase model. Hosseinzadeh et al. [13] investigated the
effect of including nanoparticles on blood flow near the mag-
netic field in a porous blood vessel. A novel technique called

the Akbari-Ganji’s Method (AGM) in conjunction with the
differential transformation method (DTM) has been applied
to address this issue. The method considers blood as a third-

grade non-Newtonian fluid and assumes a constant viscosity
for the nanofluid. By using mathematical analysis and data
structures, the field of computational fluid dynamics (CFD)

can study and resolve issues involving fluid flows. Computer
computations are necessary to simulate the free-stream flow
of fluids and their interactions with surfaces constrained by

boundary conditions, including liquids and gases. The best
results are often achieved with high-velocity supercomputers,
which are frequently needed to tackle the most challenging
issues [14–20]. Aerodynamics, aerospace research, hypersonic

technology, weather modeling, natural science, environmental
engineering, industrial process structural analysis, biological
engineering, current flows, and heat exchange are just a few



Fig. 1 Showing changes in blood viscosity according to different

hematocrit values [45].
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examples of the numerous fields of research and industries
where CFD (Computational Fluid Dynamics) is used [20–
28]. Additionally, Ali and his colleagues [29–33] conducted

helpful research in the field of hemodynamic blood flow
through analytical and fluid methods using various nanoparti-
cles. Several researchers have explored the topic of blood flow

calculations in vessels using the fractional model and have
experimented with different nanomaterials to transfer micro
vascular solutes [34–40]. By extracting the simulation results

and analyzing the fluid’s effect on the vessel wall based on
the shear stress values; we can gain a better understanding of
the role of viscosity in flow characteristics [41–49]. As blood
viscosity plays a significant role in the development of vascular

diseases, such as coronary vessels, this research aims to inves-
tigate the impact of different viscosities, both lower and higher
than usual. With the combination of computational fluid

dynamics and finite element methods, this research is limited
to analyzing and examining coronary vessels based on changes
in blood characteristics. This article’s innovation lies in its

investigation and comparison of two states: the rigid and flex-
ible wall. The research discusses changes in pressure, velocity,
shear stress, and other flow and concrete variables. Addition-

ally, all the simulations done with the finite volume method
were solved for the first time for this issue. The subject of this
article is crucial due to the prevalence of cardiovascular dis-
eases in modern societies. As such, analyzing blood flow in var-

ious parts of the human body is essential. The goal of this
research is to model and analyze flow in different conditions
of coronary vessels, particularly the left coronary vessels, due

to changes in hematocrit that can cause an increase or decrease
in blood viscosity.

2. Problem definition

This section presents the equations governing the flow field,
structure, and applied boundary conditions. The influential

variables in the mechanical properties of the fluid are also dis-
played, with the assumption that blood is a Newtonian fluid.
Additionally, numerical solution methods and discretization

are briefly explained.

2.1. Equations governing the flow

The density of blood is approximately 1060 kg/m3, and it is

denser than water due to the accumulation of red blood cells.
The formula for calculating blood density is as follows [28]:

q
@u

@t
þ q u:rð Þu ¼ divT ð1Þ

divu ¼ 0 ð2Þ
In these equations, ’u’ represents the velocity vector, and ’q’

represents the blood density. The Cauchy stress tensor, ’T’, is
calculated from the shear and vertical stresses using the follow-
ing equation [28]:

T ¼ �pIþ 2l:D ð3Þ
P is the fluid pressure, I is the same matrix, dynamic fluid

viscosity is l, and D is the strain rate tensor can be calculated
from the following equation [28]:

D uð Þ ¼ 1

2
ruþru2
� � ð4Þ
2.2. Properties of blood

The density of blood is approximately 1060 kg per cubic meter,
which is due to the accumulation of red blood cells. To calcu-
late blood density, you can use the following formula:

q ¼ 1026þ 67�HCT %ð Þð Þ ð5Þ
Hematocrit (Hct) refers to the volume percentage of red

blood cells in blood density. In this research, we have consid-
ered blood density to be constant and equal to 1060 kg/m3 in
all simulations, in order to better understand the effect of vis-

cosity. Although blood viscosity is strongly dependent on tem-
perature, the constant temperature of the body ensures that
blood temperature remains constant. However, blood viscosity

is subject to changes based on parameters such as hematocrit,
shear rate, and even duct diameter. Although we can ignore
the effects of shear rate on blood when considering its Newto-

nian behavior, there is a strong correlation between blood vis-
cosity and hematocrit, as expressed in equation (6):

l1 ¼ lp½1þ 0:025Ht þ 7:35� 10�4H2
t � ð6Þ

Fig. 1 illustrates the changes in blood viscosity for varying

hematocrit values. As observed in the figure, viscosity values
increase or decrease with an increase or decrease in hematocrit.
This study examined the impact of five distinct blood viscosi-

ties, which are listed in (Table 1):
Table 1 displays the changes in blood viscosity across dif-

ferent states of the human body and vessels. As the condition
becomes more critical, the viscosity of the blood increases from

the normal level.

2.3. Finite element method

The finite element method is a numerical technique that can be
used to solve various engineering problems in different steady,
transient, linear, or nonlinear states. The method revolution-

ized the industry and the world by creating a new way of look-
ing at design and analysis. The finite element method solves the



Table 1 Different states of blood viscosity.

Condition Viscosity Number

Conditions below normal 0.00289 1

Natural conditions 0.003511 2

More than normal conditions 0.004909 3

Close to crisis 0.006877 4

critical 0.009241 5

372 Z.S. Nogourani et al.
differential equations for each element by considering interpo-
lation functions and governing equations extracted from a

component. The governing equations for the entire model
are obtained by combining the equations of each element.
Eventually, the differential equations governing the entire

model are replaced by either linear or non-linear algebraic
equations. The finite element method is used for the following
reasons:

� Ability to model real industrial processes
� Ability of the method to provide reliable results and. . .

2.4. The geometry of the problem

The movement of the artery wall will be determined by solving

the following equation:

qwjvi;n ¼ ri;j; i; j ¼ 1; 2; 3 ð7Þ
Since there is no force acting on the outer wall of the artery:

rij:nj
�� �� ¼ 0 ð8Þ

That qwj is the arterial density,vin is the displacement vector,

and rij is the stress tensor.

The study conducted in this research is on the left coronary

artery. We created this geometry using Katia software (Fig. 2),
and the dimensions of the artery are presented in Table 2.
Additionally, we considered the thickness of the artery wall

to be 0.4 mm throughout the entire domain.
Fig. 2 The geometry prod
2.5. Model networking

To mesh the geometric model, we used an organized mesh, as
shown in Fig. 3. The meshing process was conducted using the
ICEM CFD software, which is known for its powerful grid

generation capabilities. After creating the geometric model in
Catia software, we imported it into ICEM CFD for meshing.
We utilized an organized mesh to mesh the geometric model,
as shown in Fig. 3.

Fig. 4 represents the quality of the generated mesh through
a histogram that plots the number of elements against their
respective quality values, ranging from zero to one on the hor-

izontal axis. The simulation was conducted using Comsol soft-
ware, employing the transient solver, and assuming a slow flow
without heat transfer. Second-order accuracy methods were

used for both the discretization of the momentum equation
and the time discretization of the equations. Furthermore,
the Piezo method was utilized for pressure and velocity cou-

pling. To guarantee the solution’s independence from the time
step, simulations were conducted for time intervals of 0.001
and 0.0005 s.

At the inlet boundary, a mass flux profile was applied over

time. The boundary conditions for input and output are
depicted in Fig. 5, while Table 3 offers further insights into
the mesh quality of the blood flow passing through the left

coronary artery.
By drawing the output static pressure diagram in terms of

Pascal’s (Fig. 6), the minimum output pressure is 8066 Pascal.

Regarding the reference pressure, the simulation outputs
two pressures - relative pressure and reference pressure:

Pst ¼ Pref þ Pg ð9Þ
Regarding the reference pressure, the simulation outputs

two pressures - relative pressure and reference pressure. This
boundary condition specifies the tangential movement of

nodes along the boundary and prevents any vertical move-
ment. Within the joint fluid and structure (inner wall of the
vessel), the compressive forces and shear generated by the

blood flow apply pressure to the arterial structure, causing
the vessel to move.
uced in Katia software.



Table 2 The dimensions of the generated geometric model.

11 mm LM length

4 mm LM(Left main artery) diameter

3.4 mm LAD(left anterior descending) diameter

3 mm LCX (left circumflex artery) diameter

Fig. 3 Geometry grid.

Numerical investigation of the effect of changes in blood viscosity on parameters hemodynamic blood flow 373
3. Validation

Basic fluid equations are typically non-linear and more com-

plex than structural equations. Therefore, it is crucial to utilize
an accurate model for validating the fluid solver. In this study,
the fluid part was validated using a geometric model of the

coronary arteries with a rigid wall. In Fig. 7, a comparison is
made between the shear stress results of the current study
Fig. 4 Mesh qua
and the research presented in [27]. Both graphs show similar
trends, which assure the accuracy of the fluid solver results.
Both numerical and analytical methods confirm that the initial

and final points play a significant role in verifying the accuracy
of the problem solutions. Based on these results, the trends of
changes in both graphs are similar. This is evident from the

accuracy of the solver’s fluid results. The numerical and ana-
lytical methods both demonstrate that the initial and final
points are crucial in verifying the accuracy of the solutions

to these problems.

4. Results and discussion

Fig. 8 presents the maximum vessel wall deformation values in
meters over time for the three networks. The results for net-
works 7e3 and 15e3 exhibit very similar convergence. There-

fore, the 7e3 element mesh will be used as the final mesh for
the rest of the simulations.

The velocity, pressure, and shear stress of the arterial wall
were investigated and analyzed at three critical moments dur-

ing the cardiac cycle, as shown in Fig. 9. These critical
moments are as follows:

t 1: The moment of maximum pressure, t 2: The moment of

maximum velocity, t 3: The moment of the lowest velocity.
Figs. 10, 11, and 12 depict the relative pressure distribution

during a cardiac cycle for two wall models: rigid and flexible.

The simulations were conducted using a viscosity of 0.0035,
representing normal conditions. At the beginning of the car-
diac cycle, the pressure at the entrance increases. After opening
the valve in the aorta, the blood flow accelerates throughout

the artery. As shown in Fig. 10, at a specific moment, the flow
pressure in the artery reaches high values, with the maximum
relative pressure of 6300 and 6450 Pascal for the rigid and flex-

ible wall models, respectively, at the separating joint of the
bifurcation. Furthermore, the pressure values are consistently
higher on the rigid wall as compared to the flexible wall, at

all times. In a flexible wall, a part of the fluid pressure is uti-
lized to bend the wall and increase the volume of the fluid
region. As the volume of the fluid region expands, the fluid

pressure decreases.
As time progresses, the flow pressure in the vessel decreases.

However, the pressure difference between the inlet and outlet
increases until it reaches its maximum value at the moment

when the flow velocity is highest (refer to Fig. 11).This process
of pressure reduction continues until it reaches its lowest value
at the end of the cardiac cycle. Fig. 12 illustrates that the vessel
lity histogram.



Fig. 5 Boundary conditions of the problem; Verdi of mass flow

and outputs according to pressure [28].

Table 3 Specifications of the network related to blood flow in

the left coronary artery.

Mesh Specifications

Method: Patch Conforming, Tetrahedrons

Body Size Type: Element Size

Size Function: Curvature

Quality: Medium

Medium Mesh: Elements: 14,755,425

Nodes: 2,666,941

Fig. 6 Output pressure (Pascal) according to time.

Fig. 7 Validation of the solution method by comparing the

obtained results with the experimental results of the study [27].

Fig. 8 Diagram of independence from the network.
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exhibits minimal pressure differences, resulting in a uniform
distribution.

Fig. 13 displays the average wall pressure over time for both
models. As depicted in this figure, the pressure on the rigid wall

is generally higher than on the flexible wall during the cycle.
For a more precise understanding of the velocity field while
considering the artery wall’s flexibility, Fig. 14 to Fig. 16 illus-

trate the velocity field for two states of the rigid and flexible
wall. Fig. 14 shows the flow velocity distribution in coronary
artery sections. In the rigid wall of the main branch of the ves-

sel, the flow concentration is in the vessel’s center and the flow
velocity is very low near the wall. However, in high-velocity
branches, the flow is diverted toward the inner walls of the
components. In contrast, the flexible wall model results in a
significantly different flow field. The change in the shape of
the wall will ultimately bring the flow field under the radius,
causing an increase in fluid velocity near the wall. This means

that the velocity of the fluid will be placed under the velocity
radius of the wall, leading to an increase in velocity in its vicin-
ity. At moment t2 for models (Fig. 15), flow movement and

concentration of high flow velocities are visible. The flow
velocity in the center of the artery reaches around 0.7 m/s
for the rigid wall model. However, when considering the flex-

ibility of the wall, the cross-sectional diameter of the fluid pas-
sage increases due to the application of shear and compressive
stress from the fluid to the wall. As a result, compared to the

rigid model with the assumption of a constant flow rate, the
velocity decreases. Additionally, in the solid model, the flow
velocity near the inner walls is significantly higher in the
branches than in other areas. With the decrease of the input

current, the flow velocity reduces, and its maximum velocity
reaches around 0.3 m/s. The flow velocity distribution at this
moment is depicted in Fig. 16.

Investigating the distribution of wall shear stress is extre-
mely important as it plays a crucial role in the development
and progression of cardiovascular diseases. Therefore, the dis-

tribution of this parameter during different moments of the
cardiac cycle has been studied. A comparison between rigid
and flexible models has been presented for shear stress.
Fig. 17 displays the wall shear stress distribution for both mod-



Fig. 9 The position of critical moments in a cycle of the heart.

Fig. 10 Pressure distribution at moment t1 for viscosity 0.0035pa.s, right: rigid, left: flexible.

Fig. 11 Pressure distribution at moment t2 for viscosity 0.0035pa.s, right: rigid, left: flexible.
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Fig. 12 Pressure distribution at moment t3 for viscosity 0.0035pa.s, right: rigid, left: flexible.

Fig. 13 Average wall pressure in two rigid and flexible wall

models.

Fig. 14 Velocity distribution at moment t1 for
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els. In the case of the rigid model, a minimal cut has been made
to the vessel wall, and only a small area of the connection dis-

plays a significant number of branches for this parameter.
While in the flexible model, the septum’s expansion in the
bifurcation region has increased the forces between the struc-
tures and involved more areas. At the moment t2 (as shown

in Fig. 18), with the increase in flow velocity, the wall’s shear
stress values also increase significantly. As expected, the shear
stress near the inner wall of the branches has increased enor-

mously with the increase of flow velocity. This observation
confirms the direct relationship between flow velocity and wall
shear stress values. In any area where the flow velocity near the

wall is high, the shear stress values on the wall are significant.
With the same reasoning, when the flow velocity reaches its
lowest value, the shear stress values on the wall are minimized

(see Fig. 19). It is worth noting that the shear stress field is sim-
ilar for both the rigid and flexible models, as has been
reported. However, changing the shape of the wall has caused
the area of high tension to either increase or decrease.
viscosity 0.0035pa.s, right: rigid, left: flexible.



Fig. 15 Velocity distribution at moment t2 for viscosity 0.0035pa.s, right: rigid, left: flexible.

Fig. 16 Velocity distribution at moment t3 for viscosity 0.0035pa.s, right: rigid, left: flexible.

Fig. 17 Shear stress distribution at moment t1 for viscosity 0.0035pa.s, right: rigid, left: flexible.
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Fig. 18 Shear stress distribution at moment t2 for viscosity 0.0035pa.s, right: rigid, left: flexible.

Fig. 19 Shear stress distribution at moment t3 for viscosity 0.0035pa.s, right: rigid, left: flexible.
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Fig. 20 displays the flow velocity profile at the main
entrance of the vessel. As you can see from the shape, the
Fig. 20 Flow velocity profile at the inlet boundary at the

moment t2.
velocity is highest at the center of the vessel. The distance from
the center to the walls is designed in such a way that the flow

velocity gradually decreases until it reaches zero at the walls.
At this moment, when the maximum flow velocity occurs at
the entrance, the flow velocity in the center of the vessel

increases as viscosity increases. The maximum flow velocity
values for one heart cycle have been calculated for different
viscosities (see Fig. 21). As shown in the figure, at low veloci-

ties, an increase in viscosity results in a decrease in the maxi-
mum flow velocity. By increasing the flow velocity at the
entrance, the maximum flow velocity increased to its highest
value. With increasing flow velocity, higher viscosities provide

higher velocity values. At peak flow, the maximum flow veloc-
ity for viscosity 0.00924 (Pa.s) is 0.695 m/s and for viscosity
0.00289 (Pa.s) is 0.634 m/s. These values have increased by

6.8% and decreased by 2.53%, respectively, compared to the
normal state.



Fig. 21 The maximum flow rate during one cycle of the heart for

different viscosities.
Fig. 23 The maximum wall shear stress values in one cycle of the

heart for different viscosities.

Fig. 24 Maximum Von Mises stress in the vessel wall.
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The varying flow distribution results in a specific distribu-
tion of shear stress on the wall. To assess the overall impact

of changes in viscosity on shear stress values, the average val-
ues of this parameter on the wall in Fig. 22 were analyzed. It is
evident that an increase in viscosity leads to a remarkable rise
in the average values of shear stress on the artery wall. More-

over, as the inlet flow velocity increases, the difference in shear
stress values also increases for different viscosities. This differ-
ence reaches its maximum value at the peak velocity of the

inlet flow.
Fig. 23 displays the highest values of shear stress during one

heart cycle for various viscosities. It is well-established that

high viscosities lead to a significant increase in shear stress
values.

Fig. 24 illustrates the maximum Von Mises stress that

occurs in the vessel wall. The Von Mises stress is calculated
as follows:

rvon ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðr11 � r22Þ2 þ ðr22 � r33Þ2 þ ðr11 � r33Þ2 þ 6ðr2

12 þ r2
23 þ r2

31Þ
2

s

ð10Þ
Fig. 22 Average shear stress of the wall in one cycle of the heart

for different viscosities.
Von Mises stress provides an average estimate of the stan-
dard and shear stresses experienced by a solid element. As
compressive stress is far more significant than shear stress,

variations in viscosity have minimal impact on the Von Mises
stress. Therefore, only the viscosity diagram for 0.0035 has
been created.

Generally, changes in fluid viscosity have minimal impact
on the shape and shear stress of the vessel wall, as normal
stress (compression) typically dominates over shear stress.

Hence, the flow parameters, particularly the hematocrit per-
centage of the blood, play a crucial role as they directly affect
the viscosity values. This study highlights the significance of

observing this parameter in predicting, diagnosing, and deter-
mining therapeutic measures for coronary arteries. Hence,
such studies can greatly assist doctors in making informed
decisions and adopting the best treatment approach by provid-

ing a thorough comprehension of the flow behavior in their
patients’ vessels. Thus, studies such as this can be crucial in
aiding doctors to make informed decisions and choose the

most effective treatment method by providing a comprehensive
understanding of the flow behavior within their patients’
vessels.
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5. Conclusion

Cardiovascular diseases are unfortunately one of the leading
causes of death in today’s society. It is important to analyze

blood flow in various parts of the circulatory system. The coro-
nary artery is made up of four main arteries, and the left coro-
nary artery is responsible for delivering blood to the heart

muscle. This research utilizes computational fluid dynamics
and finite element methods to investigate and analyze coronary
vessels by studying changes in blood characteristics. The aim
of this study is to analyze and model the flow of blood under

different conditions of the coronary vessels, with a particular
focus on the vessels on the left side. This is in response to
changes in hematocrit, which can cause an increase or decrease

in blood viscosity (measured in N.s/m2). In general, by apply-
ing condition flexibility for the vessel, it is possible to reduce
pressure distribution on the wall when compared to the rigid

model. When considering changes in viscosity, such as an
increase from 0.0029 to 0.0067, this can lead to changes in
the shear stress distribution on the wall. Specifically, this

increase in blood viscosity causes maximum tension, resulting
in the wall shear rising from 60 to 154 Pascal’s, which is a
140% increase. Based on the current data, it appears that there
is a high flow pressure in the artery, resulting in maximum rel-

ative pressure values of 6300 and 6450 Pascal’s for the rigid
and flexible models, respectively, at the separating joint of
the bifurcation.

� Changes in fluid viscosity have little effect on the shape and
shear stress of the vessel wall. This is because normal stress

(compression) dominates over shear stress.
� In areas where the velocity of flow near the wall is high, the
shear stress values on the wall are significant. Similarly,

when the flow velocity reaches its lowest value, the shear
stress values on the wall are minimal.

� Currently, the flow pressure in the artery is at very high val-
ues. As a result, in the separating joint of the bifurcation,

the maximum relative pressure reaches 6300 and 6450 Pas-
cal for the rigid and flexible models, respectively.

� Currently, the flow pressure in the artery is at very high val-

ues. As a result, in the separating joint of the bifurcation,
the maximum relative pressure reaches 6300 and 6450 Pas-
cal for the rigid and flexible models, respectively.
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