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Abstract. In this paper, the behavior of blood ow through several consecutive and
relatively close clogs inside the vessel is investigated by modeling blood vessels. The
used clogs are dual-channel and single-channel currents, which are naturally very close.
Consecutive clogs with equal intervals and di�erent clogs of 30%, 50%, and 70% are
considered. The inow to the clogged area is in the form of a real pulse, the same as
the pulse of blood ow in a vein. For this purpose, the Navier-Stokes equations are solved
numerically in an unstable state, while the continuity equation in the capillary coordinate
system is solved by the numerical method. The distribution of ow velocity and distribution
of shear and vertical stresses in the vessel wall in three states of the ow cycle are related to
the acute conditions of the cyclic blood ow. The results show that the rate of increase in
shear stresses and the rate of decrease in vertical stresses become much more severe upon
increasing the rate of clamping. These changes are more severe at distances of 17 mm for
two channels and 25 mm for single channels, which have a maximum blood ow rate.

© 2023 Sharif University of Technology. All rights reserved.

1. Introduction

In order to prevent and treat heart disease, simula-
tion and modeling of the heart and coronary arteries
are of signi�cance in medical engineering. Software
and computational techniques such as Finite Element
Method (FEM) are employed to evaluate the blood ow
and heart performance. Therefore, it is important to
apply FEM to clogged arteries [1{5]. Arteries are thick-
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walled and carry oxygen-rich blood to vital tissues and
organs. The arterial branches get smaller and smaller
to become capillaries, which form only one cell. The
capillary bed is where the blood exchanges oxygen and
nutrients with the body's tissues and collects waste
products. The return of blood from the capillaries to
the heart is done through the veins [6]. Veins have
a thinner vascular wall than the arteries and the ow
of blood in them is low. Arteries and veins often run
in parallel and opposite directions and are not directly
related to each other. In fact, they are separated by
capillary networks in body tissues, and there are special
control systems that prevent the formation of untimely
arterial connections. Venous artery malformation is a
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set of abnormally intertwined vessels fed by arteries
and drained by veins without capillaries interfering. As
a result, a signi�cant low-resistance ow occurs that
directs blood from the arterial system directly to the
venous system [7,8]. The veins are unable to control the
high-pressure blood entering the arteries and become
larger and larger as they accept more blood. As a result,
the veins weaken over time and the risk of rupture and
bleeding increases.

Di�erent studies [9{12] evaluated the blood ow
in the vein to predict the pressure and health of
human. Assuming blood ow as a non-Newtonian uid,
they proposed a mathematical model for blood ow
along the artery. They considered the artery to be
inelastic and the geometry to be clogged independent
of time. In this study, blood ow is assumed to be
pulsed, incompressible, and symmetrically centered,
and the governing equations of ow are solved by the
perturbation method. In [13], blood ow was consid-
ered to be non-Newtonian, pulsed, and non-continuous
uid. The arteries assumed in this study were assumed
elastic, and the governing equations of blood ow were
solved using the �nite di�erence method. Blood as a
Newtonian uid does not have the ability to accurately
describe the properties of blood ow. The assumption
that blood ow is Newtonian for ow with high shear
strain is acceptable, which is true for ow along vessels
with an inner diameter greater than one millimeter. In
[14], considering a catheter in the cone vein, micropolar
uid was used for the vein with mild obstruction.
Authors in [15] used the hypothesis of mild occlusion
in their study of the mathematical modeling of pulsed
blood ow in an asymmetric occlusion vessel with a
catheter, the e�ect of a conical angle, and the slip
velocity.

Several numerical simulations [16{20] were per-
formed with the aim of investigating blood ow and
shear stresses in the adjacent wall of mono-stenosis
at di�erent degrees involved in the main, lateral, and
terminal branches, as well as observing the pulsating
blood ow inside. The results obtained in [20] illus-
trated that blood ow in the arterial areas in the range
of rheological e�ects, especially in the case of 90%
obstruction, had non-Newtonian properties. Numerical
simulations of blood ow at di�erent viscosities were
performed in [21]. This explains the completed simula-
tions with 10 to 80% occlusions at di�erent Reynolds
numbers of 50, 100, 500, 1000, and 4000. The results
demonstrate how these parameters might change in the
critical condition stage due to clogged arteries. In [22],
an analytical solution for the deformation of human
arteries was presented. The blood vessel was modeled
as a homogeneous isotropic cylinder in which its incom-
pressible stress-strain behavior was investigated. Their
results include changes in diameter and thickness with
stress distribution for both monolayer and bilayer mod-

els, indicating a major di�erence between monolayer
and bilayer models in stress distribution. In [23], the
stress distribution in the abdominal aortic aneurismal
wall was investigated using �nite element modeling.
The results of this study indicate that in addition to
the size of the aneurysm, mechanical properties and
blood ow may also signi�cantly a�ect the stress dis-
tribution in the aneurismal wall. In [24], hemodynamic
analysis, complete coronary artery bypass grafting with
elastic walls, and di�erent percentages of stenosis were
investigated numerically. The e�ects of wall tension,
current pulsability, and stenosis percentage on ow
con�guration, Wall Shear Stress (WSS), and rotational
currents were presented. Their results indicate that
WSS produces lower values in the toe, heel, and bed of
the branching host vessel in the elastic state, which
is closer to reality. It is also concluded that upon
increasing the percentage of stenosis, the probability
of rotational ow increases.

Modeling blood ow in the human vascular sys-
tem helps physicians to understand vascular disease
better and how it develops and to make important
decisions before surgery [25{27]. One of the methods
of modeling blood ow in the vascular system of
the human body and related diseases is mechanical
modeling and using blood ow simulation. One of
the new researches in the �eld of simulation of blood
ow in arteries and related diseases is the use of
blood ow simulation technology and bypass method.
In this study, numerical simulation of blood ow in
arterial disease of clogged arteries for a real geometry
using computational dynamics technology and ow
�eld variables will be investigated.

2. CFD Modelling

2.1. Fluid ow equations
CFD was used for the numerical solution in the present
research. The averaged three-dimensional, steady-
state, and compressible Navier-Stokes equations and
the mass conservation equations, represented by
Eqs. (1) and (2), were solved using the �nite volume
method [28].
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In these equations, Ui denotes the average component
of the ow velocity, Ui uctuating component of ow
velocity, and �(UiUj) Re stress tensors, SM the sum
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of the body forces, and �eff is the e�ective viscosity.
The above equation system was completed for the
numerical solution by modeling the stresses via the
shear stress transport turbulence model.

2.2. Modeling a clogged vessel
In the present study, a red blood vessel with a diameter
of 6 mm and a length of 11 cm was selected to evaluate
the movement of blood and clots in partially clogged
arteries. Table 1 presents the simulation results.

In order to consider the e�ect of clogging, two
types of clogging with cylindrical and cubic platelets
are examined. Clogged artery is assumed that there is
a symmetrical clogging at a distance of 4 cm from the
entrance of this vessel. The geometry of the desired
vessel is produced by CAD model and Figure 1 shows
an example of this created geometry.

Blood is a uid tissue consisting of 55% plasma
and 45% blood cells. These components have di�erent
densities, the density of blood cells is 1025 kg/m3,
and the density of blood cells is 1125 kg/m3. In the
present study, the density value for the whole blood
was considered 1060 kg/m3. The boundary walls are
not movable and no slippage is observed on the walls;
therefore, the velocity in the wall is assumed to be
negligible. On the inner side, the ow is fully developed
and the pressure on the outside is assumed to be
zero. For analysis, the type of solvent is selected based
on pressure. In this study, the ow equations are
discretized by the volume control method and solved
by the SIMPLE algorithm. In the discretization of

Table 1. Speci�cation of a clogged vessel with a stent.

Vein length 30 mm

Vein height 5 mm

Blood velocity 0.2 m/s

Blood density 1060 kg/m3

Blood viscosity 3:5� 10�3 Pa.s

Type of ow Laminar

Including gravity Yes

the equations, the central di�erence approximation
and hybrid approximation are used for in�ltration and
displacement sentences, respectively, while the latter
is used here. In the pressure sentence approximation,
the central di�erence approximation is used in the
momentum equation. The convergence criterion is
considered for the components of velocity 10{9 and
pressure 7{10, and the sub-release coe�cients for the
components of velocity and pressure are 0.6 and 0.3,
respectively.

2.3. Boundary condition
This study considers symmetrical-axial, pulsed, non-
continuous, two-dimensional, and fully dilated blood
ows along the artery. The type of clamp is considered
asymmetrical with respect to the axial direction, but
symmetrical with respect to the radial direction. The
artery wall is considered elastic and the blood ow
is modeled as a bilayer uid. Dimensional geometry
depending on the clogging time in the lateral layer is
expressed as Eq. (3) [29{31]:

R(z; t) =

8><>:a1(t) OW
1�A[ln�1

0 (z � d)(z � d)n]a1(t);
d � z � d+ l0

(3)

where R and A are the radii of the vessel blocked in
lateral and central parts, respectively, In addition, L,
l0, and d are the desired vessel length, the length of
the blockage, and the length of the upstream area,
respectively.

In this two-equation turbulence model, the turbu-
lence kinetic energy and frequency equations are given
in Eqs. (4) and (5) [32,33]:
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Figure 1. The geometry of a cube-shaped platelet created.
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The Re stresses are computed in this model using the
Boussinesq approximation [34] according to Eq. (6):
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The turbulence kinematic viscosity in this relationship
is determined using Eq. (7):
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The blending functions F1 and F2 were obtained
through Eqs. (8), (9), and (10):
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In CFD, the uid domain of the impeller was de�ned
as a rotating domain at a speed of 85907 RPM, and
the other domains (inlet and outlet extensions and the
di�user levels [35]) were de�ned as stationary ones.
All the rigid walls were modeled using the smooth
wall and no-slip boundary conditions, and the surface
roughness e�ects were ignored. For further simpli�ca-
tion and to ensure a reduction in the computational
costs, the rotating domain of the impeller was solved
alternatively. The general connection interface was
used at the joints between the stationary components,
and the frozen rotor interface was used at the joints
between the rotating and stationary components. It

is worth noting that the alternating fan interface was
set to a rotational periodicity interface. Moreover, the
mass ow rate and pressure boundary conditions were
considered at the inlet and outlet of the fan. The
working uid was assumed to be air at 25�C with a
dynamic viscosity of 0.00001825 Pa.s and under ideal
gas conditions. The advection and turbulence terms
were discretized using the high-resolution scheme, and
the convergence criterion of the mass and momentum
conservation equations was set to 10e�5 in CFD.

3. Results

The outcomes of CFD analyses performed on vessels
with cubic and cylindrical platelets in which the stent
is placed are reviewed. In the previous section, how to
perform modeling in CFD with border conditions and
entry speed and blood characteristics was explained,
while in this section, the e�ect of clogging and its
type on the characteristics of intravenous blood ow
is investigated.

3.1. The convergence of results and the
independence of the network

In the process of examining the solution independence
from the network, the goal is to �nd the largest network
that can be used to simulate the desired function
with good accuracy. Therefore, the accuracy of the
solution depends entirely on the structure and size
of the network and the mesh, and as the number
of network cells increases, the computational volume
and time required for the simulation increase. The
properties of the meshed model are presented in Table 2
and Figure 2.

The �rst step in examining the independence of
the solution from the network is to generate a large-
sized network and perform simulations using it. Under
these conditions, after the convergence of the solution,
the desired result (such as shear strain) is recorded.
Here, the desired result is a parameter that is to be
compared between di�erent networks in examining the
process of solution independence from the network.
Figure 3 shows the process of checking the solution
independence of the lattice for a cube-plate plate

Table 2. Properties of the meshed model.

Mesh type Number of
meshes

Average
mesh

quality

Pressure
(Pa)

Di�erence
percentage (%)

Extremely coarse 2431 0.7999 28.6 70.2

Coarser 3484 0.839 23.5 67.5

Coarse 5548 0.8641 19.1 13.6

Normal 10224 0.884 17.2 2.3

Fine 25066 0.9297 16.8 0
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Figure 2. Meshing size of the proposed models.

Figure 3. Process of checking the solution independence
of the lattice for a cube-shaped plate without a stent.

without a stent. As can be seen, upon increasing the
number of elements from about 0.7 million elements,
the shear strain results converge to 200 and accordingly,
in the analysis of the present study, this number of
elements is used.

3.2. E�ect of clogged percentile
In this section, the present problem simulates blood
ow in a clogged artery. The operating uid used in
the simulation process is blood, which has a density
of 1060 kg/m3 and a viscosity of 0.35 kg/m3. The
ow rate of blood entering the artery from both inlet
branches is 0.0024 kg/s, and the vessel wall is assumed
to be stationary. A function related to the curvature
line is used to de�ne and plot the clogged area inside the
vessel. This function represents a set of points x and
y forming a curvature line obtained using this relation
(y = 0:0002475 cos((� x)=0:001). It is 30{50%, which
means that the ratio of the diameter of the vessel in
the clogged area to the total diameter of the vessel is
0.7-0.5-0.3, as presented in Figures 4 and 5.

To compare the e�ects of clogging on the velocity
and pressure disturbance, their variation over the vessel
length is presented in Figure 6. As shown, the pressure
drops by 40% in the clogged arteries of 0.7, whilst its
variation in the clogged condition of 0.3 is close to 5%.
It can be found that increase in blockage rate will a�ect
the vein blood ow, which can cause a serious problem.

The hemodynamics of the artery was explained

in terms of maximum pressure and velocity through
the vein length. Consecutively, there was the addition
of di�erent percentages of asymmetric blockages set
at parameters of 30%, 50%, and 70% for a straight
vein. The pressure drop and velocity variation in
the blockage part are evident, which can be a serious
problem in blood ow. One method for solving
the clogged problem is bypass which is simulated in
Figures 7 and 8.

The hemodynamics of the artery has been ex-
plained in term of maximum pressure and velocity
through the vein length. Consecutively, there was ad-
dition of di�erent percentage of asymmetric blockages
set at parameters of 30%, 50%, and 70% for straight
vein. The pressure drop and velocity variation in the
blockage part is evident, which can be serious problem
in blood ow. For solving this clogged one method is
bypass which simulated in Figures 7 and 8.

The two-vein simulation was considered. For
this simulation, the model for the heart vessel was
considered �rst and the e�ect of the two channels
was compared. As shown in Figure 7, the maximum
velocity occurs at 28 mm (0.31 m/s) of the length as
the starting point of the channel, whereas the pressure
drops up to 14 pa.

4. Conclusion

In this simulation, blood ow as a non-neon uid within
an artery was modeled and simulated by the compu-
tational dynamics method to investigate the e�ect of
clogged arteries and blood ow in the bypass method.
In order to simulate as much as possible, the real
condition of the artery and the type of blockage were
considered in the direction of blood ow. The equations
governing blood ow along the hypothetical artery were
solved using the �nite di�erence method. According
to the e�ect of dynamic characteristics of blood ow
in cardiovascular diseases, velocity pro�le and pressure
against ow were obtained and the e�ects of various
factors such as clogging rate and geometrical parameter
were discussed. In order to validate the obtained
numerical results, the present results were compared
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Figure 4. E�ect of clogging on blood velocity variation through the vein.

Figure 5. E�ect of clogging on blood pressure variation through the vein.



36 W. Long et al./Scientia Iranica, Transactions B: Mechanical Engineering 30 (2023) 30{38

Figure 6. Comparison of the pressure and velocity at di�erent clogging percentiles.

Figure 7. Pressure disturbance by Bypath approach.

Figure 8. Pressure disturbance by Bypath approach.

with the existing analytical results and good agreement
was reached between them. Furthermore, the vessel
bypass method was proposed to prevent clogging in
arteries, and its results and e�ect on the rate of clogging
in the two-channel state were investigated. As the
intensity of clogging increased, the values of rotational
velocity and ow resistance increased, while the values
of axial velocity, radial velocity, and volumetric ow
were reduced.
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