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Abstract

This work presents simulation of arterial stenosis utilizing ANSYS (Fluent) Computational Fluid Dynamics (CFD)
software package for better understanding of blood flow dynamics and to estimate the risk of complication. The
aim of the paper is to investigate and study the effects of low and high Reynold’s number on recirculation zone
length in arteries with varying levels of double stenosis. Blood flow was numerically simulated to predict the
recirculation zone length and wall shear stress. An artery with double stenosis was studied and for the purpose of
this investigation, stenosis levels of 15/15%, 75/75%, 15/75%, 75/15%, 15/60%, 20/60%, 45/60% 60/60%, and
75/60% in terms of proximal and distal stenosis are studied over the Reynolds number ranging from 150 to 3000.
Blood was a Newtonian fluid flowing as a steady, three-dimensional, incompressible fluid. The velocity flow
streamlines, and wall shear stress contours are presented. Results revealed that when varying both distal and
proximal stenosis, as Reynolds number increases, recirculation zone length decreases in lower levels of stenosis
between 15/60% and 45/60% while it remains relatively constant for higher levels of stenosis 60/60% and 75/60%.
It was also revealed that when varying both distal and proximal stenosis, as Reynolds number increases, maximum
wall shear stress increases gradually at lower levels of stenosis with almost equal values. At higher levels of
stenosis, there was rapid increase in maximum wall shear stress as Reynolds number increases.

Keywords: Numerical simulation, double stenosis, distal stenosis, proximal stenosis, recirculation zone length, wall
shear stress.

Nomenclature

Symbols Description Unit
Z axial direction rad

] circumferential direction rad
P density of blood kg/m3
Yo destruction term J

Yi destruction term J

H dynamic viscosity kg/m.s
T'eATo effective diffusivity m?/s
Gr,Go generation terms Jfm?
P Pressure N/m?
r radial direction m

w specific dissipation rate m?/s3
Sij Strain-rate tensor st

k turbulence kinetic energy m?/s?

1.0 INTRODUCTION

In the last few years, cardiovascular diseases (CVD) have become the most common cause of

death across the globe, with a total of 18million deaths, according to Dattani et al. (2021). In
recent times, some lifestyle factors that individuals engage in have contributed to the
development of obstructed arteries, some of which are smoking, high blood cholesterol levels,
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and potentially genetic predisposition (Koosha et al.., 2024). Stenosis is a kind of cardiovascular
disease (CVD) that involves the accumulation of plaque on the artery’s inner wall, this leads to
artery narrowing and unusual blood flow patterns. Plaques are substances made up of
cholesterol and fat, that are found in unhealthy foods like bacon, sausages, French fries, etc
(Mount Sinai, 2024). Formation of plague in blood vessels is one of the major causes of
reduction in blood flow in arteries, which results in minimized transfer of blood to different
human organs. The segment of the blood vessel where the stenosis is located generates a high
pressure, resulting in an increase in velocity around that region. Over the years, several
experimental and numerical studies have been carried out to study the effects of stenosis on
haemodynamic indicators.

Mojra et al. (2007) carried out computational study of asymmetric arterial stenosis with an
application of fluid-solid interaction. The study reviewed simulations of plaque severity and
analyzed the eccentricity impacts of atherosclerotic carotid arteries with stenoses that are
asymmetric on haemodynamic parameters in models. The findings of the simulation showed
that the increase in severity of stenosis will lead to a non-linear increase in pressure at the inlet
and becomes critical at a severity level of 78% when the pressure at the upstream rises to
about 100 mmHg.

Alshare et al. (2013) performed simulations of steady blood flow in an axisymmetric artery
with multi-stenoses that are exposed to a static magnetic field with an assumption of a laminar
flow. The study aimed at examining the effects of size of artery, strength of magnetic field, and
non-Newtonian blood behavior on the wall shear stress of the artery as well as pressure drop
around the stenotic zone. It was discovered that wall shear stress and pressure drop increases
as artery size decreases.

Meanwhile, Doutel et al. (2018) introduced a new method called the diffusional method, to
create three-dimensional models of irregular stenotic arteries. They carried out a
computational study that used a simple and efficient method to create an irregular stenotic
artery for numerical and in vitro hemodynamic studies. This method deduced the part of the
artery that is susceptible to stenoses by identifying regions with having minimal wall shear
stress.

Alshare et al. (2015) decided to carry the research further by considering multiple stenosis.
They carried out simulations using ANSYS Fluent considering blood as a non-Newtonian fluid
flowing in a pulsatile manner in an artery with axisymmetric multi-stenosis. The artery is
exposed to a static magnetic field. The effects of size of artery and intensity of magnetic field
on transient wall shear stress, mean shear stress, and pressure reduction were reviewed on
healthy, diabetic and anemic blood. It was discovered that there will be a 15% pressure drop if
the magnetic field is raised.

Dwidmuthe et al. (2015) took a different approach and developed a quantitative relationship
that permits easy analysis of flow dynamics in arterial stenosis by examining wall shear stress
using CFD and Response Surface Methodology. Different stenosis severity levels were studied:
10%, 25%, 50%, 75%, 90%. Dimensionless parameter, D/Ls which represents the diameter of
artery/length of stenosis was also considered and the values varied from 0.2, 0.3, 0.4, 0.5, to
0.6. To evaluate the influence of these factors, pressure drop and Wall Shear Stress across the
stenotic zones were analyzed as response variables.

Putting nanoparticles into consideration, Fetuga et al. (2023) also carried out a computational
study of blood flowing through an artery that is affected by both aneurysm and stenosis in the
presence of metallic nanoparticles as well as non-metallic nanoparticles suspended in blood.
The effects of various nanoparticles such as Aluminum Oxide, Copper (Il) oxide, Silicon dioxide
as well as Zinc oxide, the concentration of all these with varying diameters on blood flow
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parameters (velocity distribution, temperature distribution, Nusselt number, skin friction
coefficient, etc.) was studied. The results showed that the velocity of blood flow was highly
decreased when a 4.0% concentration of Copper (ll) oxide was used, as opposed to other
nanoparticles.

Carvalho et al. (2020) analyzed and compared numerically using CFD, the behaviour of blood
flow, with the application of the k-w SST model and the assumption of laminar flow. Study of
the impacts of Newtonian and non-Newtonian models was also carried out.

Shaikh et al. (2023) studied the characteristics of blood flowing through an artery that has been
affected by a single stenosis as well as multiple stenoses. A thorough analysis was carried out
on flow patterns and results showed a change in blood flow pattern from laminar to turbulent
for 30% and 50% level of stenosis for single stenosis and 30% level for multiple stenosis. The
results showed that blood flow is laminar in 30% stenotic level for single stenosis. The study
also predicted the excess pressure reduction over the stenotic zone and the rise in the velocity
is noticed at the middle of the artery.

In an in-depth study that was carried out by Nadeem et al. (2023), blood was simulated as a
non-Newtonian fluid in an idealized stenotic artery. Proper examination was done on 50%-80%
levels of stenosis in the arteries in area reduction. For a 50-70% level of the stenosis, the
lowest pressure was noticed in Newtonian fluid, and the maximum pressure was recorded in
Casson, while Quemada lied in between them. It was also discovered that pressure drop
around the stenotic zone is more significant.

Koosha et al. (2023) explored the role of hybrid nanofluids by studying its impact on transfer of
heat and pulsatile flow of Newtonian blood through 3D occluded artery. The nanoparticles
utilized for the nanofluid were silver and gold. The aim of the study was to study the effects of
pulsating velocity of blood on transfer of heat within biological systems, focusing on blood flow
in stenotic arteries. Zhao et al. (2023) carried out time-resolved simulation of blood flow
through descending coronary artery located at the left anterior. They investigated the
influence of varying level of stenosis on the haemodynamic features in descending coronary
artery located at the left anterior. There was no significant change in haemodynamic
parameters in the cases where stenosis level was less than 50% while there were sudden and
notable changes in haemodynamics when the level of stenosis rose from 60 to 70%. When the
level of stenosis rose beyond 70%, a significant difference in pressure, WSS, and blood flow
velocity at the point of the stenosis was noticed. Although OSI and RRT rose as the level of
stenosis increased, some abnormalities were noticed, even in mild stenosis.

In another study carried out by Kabir et al. (2018), numerical simulation was done with varying
Reynolds numbers (Re) to study the effect of stenosis on spiral blood flow in an artery. The
simulation was performed utilizing the standard k-w model and an artery with a 75% level of
single stenosis was considered. The maximum Turbulent Kinetic Energy (TKE) was found to be
at the stenotic center and it increased with an increase in Reynolds number. Similarly, wall
shear stress also reached its peak at the stenotic point and increased as Reynolds number
increased.

Mamun et al. (2018) investigated blood flow behaviour in carotid arteries while taking blood as
a non-Newtonian fluid. It was observed that Reynolds number increased unusually at peak
systole at the region of the throat for an 85% level of stenosis in the carotid artery. According
to them, a healthy artery does not have its flow disturbed at the whole cardiac cycle with an
exception at early diastole. The paper revealed that the reason behind this is unsteady flow
conditions. Meanwhile, a moderate flow disturbance was observed in the 65% level of stenosis
in the carotid artery at the whole cardiac cycle with exception at the early systole. In the 85%
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stenotic carotid artery, a very similar disturbance in the flow was noticed but it was more
severe. In summary, flow disturbance increases as the level of stenosis increases.

Moawad et al. (2022) studied the influence of double-diffusion convection through an artery
that is curved with stenosis and aneurysm. It was observed that the velocity of blood flow is
improved in the presence of the electro-osmotic field. It was also noticed that the axial velocity
reduced greatly as the number of Grashof nanoparticles increased while the axial velocity
increased as the number of Grashof solutes and Grashof thermals increased.

Kabir et al. (2021) carried out another research on pulsatile transitional blood flowing through
an artery with varying levels of symmetric stenosis. The study was carried out on a normal
artery, arteries with single stenosis and arteries with double stenosis. It was discovered that at
the stenotic region for both single and double stenosis, axial velocity increased with increasing
level of stenosis (in terms of area reduction). Upon investigation on the pressure variation, it
was also found that as the level of stenosis increased, the pressure reduction increased and a
maximum pressure reduction of 70Pa was recorded for a 75-75% stenotic artery. Hence, the
higher the stenotic level, the higher the pressure drops. Results showed that Wall Shear Stress
increased with increasing level of stenosis.

Song et al. (2020) explored topology of flow and hemodynamics on tortuous coronary artery
that have symmetrical and asymmetrical stenosis. The study showed that larger artery surface
of time averaged wall shear stress below critical value is generally associated with pulse rates
that are smaller, higher severity of stenosis and an increased distance between point of
stenosis and tortuousity both for arteries that are curved and spiral. However, some exceptions
were found in the cases of 6 mm distance in curved artery that has symmetrical stenosis and
stenosis level of 50% in spiral artery.

Tabe et al. (2020) focused on detecting laminar-to-turbulence and re-laminarization zones for
low Reynolds number turbulent flow of blood in arteries with large stenoses. In this study, the
major focus was on the impact of narrowing in the field of flow in a distinctive way. The results
of this study showed that the part-by-part simulation is an appropriate method for the study of
arterial stenosis and can also be applied to computational simulation of narrowed tubes in
various applications with low Reynolds number that can lead to a transition from laminar to
turbulence and re-laminarization.

Changdar et al. (2015) carried out numerical simulation of non-linear pulsatile blood flow
through an artery with multiple stenosis, taking blood as a Newtonian fluid. A suitable non-
linear blood flow model was used to study the effect of periodic body acceleration through an
artery with multiple stenosis with the help of FDM (Finite Difference Method).

Hussain et al. (2023) carried out numerical simulation of Newtonian blood flow of unsteady
blood flow and heat transfer through stenosis of inconsistent shapes and dilatability. This
contemporary research was conducted to assess the features of blood flow and level of
blockage generated in the pathway of arteries of various geometries. The behaviour of blood
flow was studied in a stenotic artery to determine velocity, pressure, and changes in
temperature caused by this disease. It was found that the stenosis shape has a significant
effect on the velocity, total pressure reduction and temperature across the arterial stenotic
zone.

Kamangar et al. (2021) studied the impact of multiple stenoses on haemodynamics parameters
in coronary artery models that were idealized with varying levels of stenosis as well as distance
between the stenoses. The results revealed that the pressure reduction is maximum across the
90% stenotic level. It was also observed that the pressure reduction increased as the distance
between the proximal and distal stenosis decreased for the model P70_D70 where P70 refers
to a 70% level of proximal stenosis and D70 refers to a 70% level d distal stenosis. A
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recirculation zone is usually formed downstream the stenosis and is obstructed by the
presence of distal stenosis as the spacing between them decreases, this could lead to further
development of stenosis in the areas of disturbed flow. The wall shear stress was discovered to
increase with an increase in the distance between the proximal and distal stenosis across the
distal stenosis. The peak of the wall shear stress was recorded at a 90% level of stenosis.

Daniel et al. (2023) validated an initial numerical model to determine regionalized flow of
blood in coronary arteries. The three-dimensional coronary structure of 20 patients with
severe coronary syndrome was reconstructed from angiograms. A pressure gradient was
applied to the reconstructed geometry utilizing CFD to compute all flows. The side branch flow
was modelled as a wall boundary that is porous. The magnitude of side branch flow was based
on a homogeneous model with a loss of flow along the whole length of the artery; and a
regionalized model that has its flow proportional to local taper.

2.0 METHODOLOGY
2.1 Geometry Description

Consider blood flowing through a double-stenotic artery with a diameter D and a Length L.
Blood flowing in the positive z-axis as shown in Figure 1 and 2 below. The distal stenosis is
located 4D from the inlet and 23D from the outlet. The proximal stenosis is located at 9.4D
from the inlet and 17.6D from the outlet. These dimensions are sufficient for a fully developed
flow to be achieved.

Ls
—_—r,f__qlr—lrh Fﬂ—-
p—  —
Ls La

L

Figure 1: 2D schematic diagram of an artery with 75% double stenosis
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Figure 2: 3D diagram of an artery with 75% double stenosis
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2.1.1 Geometry Parameters
Table 1 shows the dimensions of the various parameters used:

Table 1: Table of geometry
Dimension (mm)

Parameter
L 27D
D 5
R 2.6D
Hs 0.075D, 0.1D, 0.15D, 0.225D, 0.3D, 0.375D
Ls 2.8D
L1 4D

2.1.2 Various Levels of Stenosis
For the purpose of this work, the following levels of stenosis are considered. All 7 geometries

are created using ANSYS Design Modeler are shown in Figure 3(a)-(g).

(a)

(b)

(©

(d)

m
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Figure 3: 2D schematic diagram of an artery with (a)15% double, (b) 75% double, (c) 15% proximal and 75%
distal, (d) 75% proximal and 15%, (e) 20% proximal and 60% distal, (f) 45% proximal and 60% distal and (g) 75%
proximal and 60% distal stenosis

2.2 Mesh Generation

The ANSYS Mesh is used to generate the mesh. A multizone structured meshing with hexa core
is used (Figure 4 (a)-(e)). The stenotic sites and the walls are inflated with a smooth transition
inflation to a maximum of five layers.

(d)

(e)

Figure 4: 2D view of structured mesh for (a) 15/15%, (b) 75/75%, (c) 60/60%, (d) 20/60% and (e) 75/60% stenosis

2.3 Problem Formulation

2.3.1 Assumptions

The governing equations, boundary conditions and assumptions made are provided in this
section. The Navier-Stokes and continuity equations were used to solve the flow equations.
Following the geometry in Figure 1 above, the cylindrical polar coordinates system is used to
represent the various points in the domain where r, 6, z denote radial, circumferential and axial
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direction respectively. The flow is not dependent on 6 because of asymmetrical, hence, 8 is
neglected.
Below are the assumptions made:
i. The flow is 3-Dimensional, incompressible, and steady.
ii. Blood is Newtonian fluid.
iii. Blood flows as single-phase flow.
iv.Single-phase flow is considered
v. Artery is considered as a rigid wall.
vi.There is no-slip at the solid-fluid interface.
vii. The flow is fully developed.
viii. Gravitational and magnetic forces are neglected.

2.3.2 Governing Equations

The equations that govern are as follows:
Navier-Stokes equation (Mathieu and Scoot, 2000)

; 1
8u2 0 (1)
Oxi
oui  owi -1 oP 0%ui )

+uj—=—(—)+v

5 oxi p Oxi Ox;jOxi

The Standard k -w Turbulence Model (Hoffmann and Chiang. 2000) was used.
The instantaneous component variables are also given by:

u=u+u',v=v+v,w=w+w,P=P+P 3

To further simplify the Navier Stokes equations Eqn. 1 and Eqgn. 2, the time average is taken
using the instantaneous component variables in Eqn. 3.1 and Egn. 3.2. A modified Navier-
Stokes equation is obtained. This modified equation is called Reynolds Averaged Navier Stokes
(RANS) equations. These equations are given below:

0 0 )
— —(pui)=0

Oxi (p)+ Oxi (pu )

0 0 —-O0P 0 ®)
— i)+ — i) = ——+—(2uS;

8t(pu)+6xj(puuj) Oxi +8)Cj( H J)

Where, p denotes density of blood, urepresents dynamic viscosity, P represents pressure
and S; denotes Strain-rate tensor.
Siequation is represented by

1 (aui 5%) (6)
Sy=o| 2L 20
2\ 0x; Oxi

Introducing the low Re k-w turbulent model equations to the equations above, the eddy
viscosity which came about by flow changes from laminar flow to turbulent flow, is solved.

These equations are given by

7
i(pkui)zai(rks—k)-FGk—Yk ?

k —equation : 2 (pok)+
ot Oxi Xj Xj



JER Vol. 30, No. 1 Olakoyejo et al. pp 1-21

K ®)

.0
w —equation : — (pw) +
ot Xi

(pa)@h) = i(l_‘a)a—a)) +Go—Yo
ox; Oxj

Where, k represents turbulence kinetic energy, w denotes specific dissipation rate, I't AT"»
represents effective diffusivity, G« , G» are generation terms and Y«, Y« are destruction term.
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The standard and translational variant k-w turbulence is dependent on Reynolds number which
are determined by:

. R (11)
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The closure coefficients for translational k-w model
ot =1,00=0.51,0=0.1111, f=*=0.085, i =0.071,Rp=T7.8, Rk =5.8,

Rv=294,%=1.45M0=0.245,0¢=2.0,00v=2
Lastly, the Reynolds number and velocity are given by:

R= pVang (17)
2
V max = 2Vavg (18)

2.3.3 Boundary Conditions

The boundary conditions used for the 3D model are given below:

(i). Inlet: The Poiseuille flow, parabolic velocity profile was used at the inlet for simulation of
steady flow.

(ii). Outlet: A traction free (zero pressure) condition was used at the outlet of the artery.
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(iii). Wall: A non-slip condition was considered for the arterial wall.
Table 2 shows the different locations and their boundary conditions

Table 2: Table of boundary conditions

Location Condition
Wall Vr=Vz= O
Atr =R(z) (No slip)
Wall Bv-
Atr=0,Vz=0 EZO
Inlet PR
atz=0,Vr=0 v—vmx(l— — ]
re
Outlet v Ov-
Atz=L %
Attached flow v a
v =0 — >0, Lo
z oz )., iz
On the verge of separation ov ap
S == =0, =>0
v.=0 oz ), oz
Separated flow oy )
v >0 — | <0, )
: oz )., oz

2.3.4 Material Properties
The properties of the material are given below in Table 3:

Table 3: Table of material properties (Fetuga et al., 2022)

Properties 0 (kg/m?3) 1 (kg.m/s)
Blood 1050 0.003675
Arterial wall 1095

3.0 NUMERICAL DESCRETIZATION

The boundary conditions, the continuity and Navier Stokes equations were solved using the
ANSYS Fluent CFD software. The discretization scheme was set as Gauss cell based for gradient,
second order for pressure, and second order upwind for momentum. In addition, a turbulence
model of low-Reynolds number SST k-w model was implemented and 1x10”7 convergence
criteria were set for all the equations.

4.0 GRID INDEPENDENCE TEST

A grid independence test was carried out on carried out on a 75/75% double stenotic artery
with Re = 500. The importance of this is to effectively manage the number of grids to save
computational time and cost. Five mesh sizes were considered and are presented in ascending
order in table 4 below.

The axial velocity at different mesh sizes were compared. From the results, upon further
refinement of mesh from Grid 4, there was a constant axial velocity when rounding up to 4
decimal places. Therefore, for the purpose of this project, Grid 4 with element size 82287 and
node size of 17825 will be used for this computational study.
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Table 4: Grid Independence Test

AXIAL VELOCITY (m/s)

MESH NODES ELEMENTS $=75/75%
MESH 1 10258 45631 4.498211
MESH 2 10266 45673 4.485441
MESH 3 10393 46150 4.494524
MESH 4 17825 82287 4.492022
MESH 5 263578 253188 4.492021

4.1 Validation

To validate the models, the axial velocity was studied and compared with experimental work
carried out by Ahmed and Giddens (1983) and numerical studies by Kabir et al. (2021)
literature for a case of 75/75% stenosis at Reynolds number of 500 at axial location of Z=2D
and Z=2.5D. The relative axial velocity and relative error are presented in Table 5 below. From
the table, at an axial location of Z=2D, the relative axial velocity of this study varied from the
study conducted by Kabir et al. (2021) by 7.7% and from Ahmed and Giddens (1983) by . Also,
at an axial location of Z=2.5D, the relative axial velocity varied by 6.3%. This is within
acceptable limits; therefore, this similarity shows the consistency of this numerical model.

Table 5: Validation of numerical model

Model v, /v,, atz=2D % Error v, /v,, atz=2.5D %Error
Kabir et al., 2021 0.7429 7.7% 0.9143 6.3%
Ahmed and Giddens 0.975 29.7% 0.95 9.8%
Present work 0.6857 - 0.8571 -

4.1.1 Flow Streamlines

The velocity profile for various Reynolds numbers and at a 75/75% stenosis level were studied.
From the results given in Figure 5(a), (b), (c) and (d) below, as blood enters the artery, the
velocity begins to increase from the upstream of the proximal stenotic area towards the throat
of the stenosis. At the throat of the proximal stenosis, the velocity reaches its peak and then
begins to reduce towards the first downstream of the stenotic area. After the first
downstream, a repeat of the flow streamline occurs. Blood velocity begins to increase towards
the distal stenosis and at the throat, the velocity reaches its peak and begins to decrease
towards the second downstream. Because of this difference in velocity, there is an increase in
pressure that leads to a separation in the flow. The separated flow is then re-attached at a
point further away from the distal stenotic area. This is in much similarity with the numerical
study carried out by Fetuga et al. (2022) and Kabir et al. (2021). This same flow streamline is
observed in the Wall Shear Stress contours and is shown in Figure 6(a), (b), (c), (d) and (e).
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Figure 5: Velocity profile for 75-75% stenosis at (a) Re = 150, (b) Re = 500, (c) Re = 1000, (d) Re = 2000.
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Figure 6: WSS contours at Re = 500 for various levels of (a) 15/60%, (b) 20/60%, (c) 45/60%, (d) 60/60%..., (e)
75/60% ... stenosis
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4.2 Effects of Reynolds Number on Axial Velocity

4.2.1 Effects of Reynolds Number on Axial Velocity For 20/60%, 45/60%, 60/60% and
75/60%

The effects of Reynolds number on axial velocity of varying levels of stenosis was studied.
Figure 7 below shows the effects of Reynolds number on axial velocity of varying levels of
distal stenosis. For a 20/60%, at Reynolds number of 150, a minimum axial velocity of
0.65203 m/s was observed and a maximum axial velocity of 11. 561 m/s was observed. This
was very similar to the values obtained for 45/60% stenosis where the minimum and maximum
axial velocities were 0.65116 m/s and 11.411 m/s respectively. However, for a 75/60%
stenosis, a significant increase was observed with its maximum axial velocity reaching up to
25.471 m/s and a minimum axial velocity of 1.4514 m/s. This shows that at higher levels of
distal stenosis, there is a significant increase in velocity due to a greater constriction. In the
arteries, when axial velocity increases, it is associated with increased shear stress on the
endothelial cells lining the coronary arteries. Increased velocity could also lead to a plaque
rupture. Plaque rupture can result in the formation of a blood clot, which can partially or
completely block the coronary artery and lead to a heart attack medically known as myocardial
infarction. Furthermore, increased blood velocity can elevate the oxygen demand of the heart.
If the coronary arteries cannot supply sufficient blood to meet this demand, it can result in
ischemia and cause chest pain, known as angina.

30 ‘
—e—20/60%
—=— 45/60%
o5 | —— 60/60% X
- - %==75/60% .’

20

15

Axial Velocity (m/s)

10

0 & | | | | | |
500 1000 1500 2000 2500 3000 3500

o

Re
Figure 7: Graph of axial velocity against Re for 20/60%, 45/60%, 60/60% and 75/60% stenosis

4.2.2 Effects of Reynolds Number On Axial Velocity For 15-75% And 75-15%

The effects of Reynolds number on a 15/75% and a 75/15% stenosis was also studied. As seen
from Figure 8 below, a similar axial velocity variance was observed. For a 15/75% stenosis, a
minimum axial velocity of 1.3818 m/s was observed with a maximum axial velocity of
25.528 m/s. For a 75/15% stenosis, minimum and maximum axial velocities of 1.4168 m/s and
26.003 m/s respectively were recorded. In addition to the effects of axial velocity discussed in
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section 4.2.1 above, research has shown that persistent high blood velocity can lead to
hypertension. Over time, hypertension can lead to heart failure or death.

30 I I \ \ \
—=—15/75%
==— 75/15%

25

20

15

Axial Velocity (m/s)
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0 \ \ \ \ \ \
500 1000 1500 2000 2500 3000 3500

o

Re
Figure 8: Graph of axial velocity against Reynolds number for 15/75% and 75/15% stenosis

4.3 Effects of Varying Level of Stenosis on Wall Stress

4.3.1 Effects of Varying Level of Distal Stenosis On Wall Shear Stress

Figure 9 shows the comparison of maximum wall shear stress with various levels of distal
stenosis while the proximal stenosis is kept constant. From the graph, it can be observed that
for all cases of Reynolds number, between 15-60% and 60-60% level of distal stenosis, wall
shear stress remains constant. As the level of distal stenosis increases between 60-60% and 75-
60%, wall shear stress increases exponentially with 75% level of distal stenosis having the
highest Wall shear stress value of 3500 Pa. The lowest Wall shear stress was recorded at 15%
level of distal stenosis with a value of 14 Pa. It can also be observed that very little change is
recorded between Reynolds numbers of 150 and 500. This is since flow is purely laminar within
this region. As Reynolds number increases beyond Re=500, there is a significant change in Wall
Shear Stress. Hence, it can be inferred that Wall Shear Stress increases with an increasing level
of distal stenosis. It is noteworthy that high wall shear stress is associated with formation of
vulnerable plaque phenotype and promotes plaque development. High WSS is also associated
with damage to the endothelial cells lining the arteries. This damage can lead to endothelial
dysfunction, reducing the artery's ability to regulate blood flow and pressure effectively. An
excessive WSS also leads to high blood pressure which can in turn leads to heart attack or even
death of the individual.
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Figure 9: Graph of maximum wall shear stress against percentage level of stenosis

4.3.2 Effects of Varying Level of Proximal Stenosis on Wall Shear Stress
Figure 10 also shows the comparison of maximum wall shear stress with varying level of
proximal stenosis i.e., keeping the distal stenosis constant at 60% and varying the proximal
stenosis between 15 and 75%. It is evident from the graph that for all cases of Reynolds
numbers, maximum wall shear stress remains constant between 15 and 45% levels of proximal
stenosis. At 75% stenosis and Re=3000, the wall shear stress reaches the peak of 3004 Pa. As
previously stated, an excessive WSS also leads to high blood pressure which can in turn leads
to heart attack or even death of the individual.
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Figure 10: Graph of Maximum wall shear stress against percentage level of stenosis
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4.4 Effects of Varying Reynolds Number on Wall Shear Stress

Furthermore, the comparison between wall shear stress and Reynolds number was analyzed.
This was conducted on four geometries: 60-15%, 60-20%,60-45%,70-75%. For stenosis levels of
60-15 to 60-45%, the WSS was almost equal for 60-15% to 60-45% and increased gradually
with the minimum values at an average of 15 Pa and maximum values at an average of 731 Pa.
For a stenosis level of 60-75%, significant changes were recorded . minimum and maximum
values of 52 Pa and 3004 Pa respectively. This shows that higher levels of stenosis, there is a
drastic increase in WSS as Reynolds number increases. This is line with the research carried out
by Kabir et al., 2021. This is shown in Figures 11 (a), (b), (c), (d) and (e).

These results have shown that as Reynolds number increases, indicating higher blood velocity,
WSS increases. Extremely high WSS can damage the endothelial cells lining the arteries. This
can lead to endothelial dysfunction and further cause more plaque formation.
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Figure 4: Graph of Maximum wall shear stress against Reynolds number. for (a) 60-15%, (b) 60-20%, (c) 60-45%,
(d)60-60%, (e) 60-75% level of proximal stenosis

4.5 Effects of Reynolds Number on Both Proximal and Distal Recirculation Zone Length

The effects of Reynolds no. on recirculation zone length were studied for 15-60% and 20-60%
stenosis and the results are presented in Figure 12(a) and (b) respectively. The graphs show
that as Reynolds number increases, dimensionless recirculation zone length decreases but this
occurs for only the proximal stenotic site. It can be seen in Figure 12(a) that at 0<Re<500, the
longest recirculation length is recorded with a peak value of 3.5786D. Between 500<Re<2000,
recirculation length decreases with a minimum value of 0.8244D. For Re>2000, the proximal
recirculation zone length remains relatively constant at a value of 0.8D.

Compared with the distal recirculation zone length, Figure 12(a) below shows that recirculation
zone length remains constant for 0<Re<3000 and has a value of almost zero indicating that
there is no significant recirculation zone at second downstream. The same applies for 20-60%
stenosis as shown in Figure 12(b) which had a peak proximal recirculation length of 3.2757D at
Re=150 and a minimum proximal recirculation length of 0.8438D at Re=3000.

The findings suggest that at low velocities, the flow separates more easily after the stenosis,
thereby creating a longer recirculation zone. As Reynolds no. increases, the inertial forces
overpower the viscous forces, which in turn helps in reattaching the flow faster after
separation, thus leading to a reduced recirculation length. The negligible recirculation length
distal to the second stenosis indicates that blood flow stabilizes fast after the second stenosis
due to interaction between the two stenoses. The physiological effect of the prolonged
recirculation zone is that it can create a conducive condition for further development of
plagues due to the prolonged exposure of the endothelial cells to low and oscillatory shear
stress. Oscillatory shear stresses can lead to plaque rupture. If blood clots form in the coronary
artery, it can lead to blockage of blood to the heart and then lead to a heart attack.
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Figure 5: Graph of dimensionless recirculation zone length against Reynolds number. for (a) 1560% and (b)
20/60% level of stenosis

4.6 Comparison of Effects of Recirculation Zone Length on Varying Level of Distal and
Proximal Stenosis

Figure 13(a) below illustrates the relationship between recirculation and Re for varying levels
of distal stenosis. From the graph, it can be observed that for all levels of stenosis, as Reynolds
number increases, recirculation zone length decreases, this is noticeable in lower levels of
stenosis between 15/60% and 45/60%. However, it can be observed that for higher levels of
stenosis i.e, 60/60% and 75/60%, the recirculation zone length remains relatively constant.
This may indicate persistent flow disturbances that do not significantly change as Reynolds
number increases. Furthermore, recirculation zone length remains constant at higher levels of
stenosis because the severe reduction in cross sectional area of the artery creates a significant
flow disturbance, thereby leading to immediate separation and stable recirculation patterns.
The flow disturbance is so pronounced as such that it overrides the influence of other factors
that can change the recirculation zone length i.e, a further increase in the Reynolds number
will not cause any significant change in the recirculation zone length. As a result, even as
Reynolds number increases, the recirculation zone length, the RZL remains relatively constant.
This shows a saturation effect where the stenosis itself dictates the flow behaviour. The same
applies for varying levels of proximal stenosis shown in Figure 13(b), only that the recirculation
zones form earlier and remain relatively constant.
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Figure 6: Comparison of effect of recirculation zone length on varying level of (a) distal and (b) proximal stenosis

5.0 CONCLUSION
A computational fluid dynamics study was conducted to investigate the effects of double
stenosis on heamodynamic indicators such as recirculation zone length and wall shear stress in
double stenotic arteries of various levels. The simulation was carried out on 11 geometries —
15/60%, 20/60%, 45/60%, 75/60%, 60/15%, 60/20%, 60/45%, 60/60%, 60/75%, 15/75%,
75/15%, using ANSYS FLUENT. Five Reynolds numbers were considered — Re = 150, 500, 1000,
2000, 3000 and the major findings in this research are:
(i) At low Reynolds number, recirculation zone length is high while it is lower at higher
Reynolds number, i.e., as Reynolds number increases, recirculation zone length decreases.
(ii) When varying both distal and proximal stenosis, as Reynolds number increases,
recirculation zone length decreases in lower levels of stenosis between 15/60% and
45/60% while it remains relatively constant for higher levels of stenosis i.e., 60/60% and
75/60%.
(iii) As Reynolds number increases, maximum wall shear stress increases.
(iv) When varying both distal and proximal stenosis, as Reynolds number increases,
maximum wall shear stress increases gradually at lower levels of stenosis with almost equal
values. At higher levels of stenosis, there was rapid increase in maximum wall shear stress
as Reynolds number increases.
(v) The velocity flow streamlines and the WSS contours were also presented.

This study assumed that blood was a Newtonian fluid for simplicity of computation. However,
blood is a non-Newtonian fluid. Using a non-Newtonian model such as Casson model could
influence wall shear stress distributions and flow streamlines. Future studies should
incorporate non-Newtonian behaviours to get a more accurate representation.
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