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ABSTRACT

The pulsatile blood flow through constricted artery generates fluid mechanical forces on
internal layer of artery, endothelium. These fluid mechanical factors affect endothelial lining
from keeping artery healthy. In this paper, a series of numerical simulations of modelled bell
shaped stenosed artery have been carried out for investigation of fluid mechanical factors of
realistic pulsatile flow at the inlet of modelled stenosis with bell shaped geometry. The
governing equations for two-dimensional unsteady laminar flow of incompressible fluid are
solved by finite volume method followed by SIMPLER algorithm. The fluid mechanical
factors, particularly wall pressure, streamline contour, peak wall shear stress, low wall shear
stress and oscillatory shear index, having inferences to the arterial disease, are investigated
by simulation results of different percentage of restrictions. The impacts of Reynolds number
and Womersley number for both of mild stenosis and severe stenosis on arterial disease,
atherosclerosis are also investigated by evaluating fractional flow reverse and oscillatory
shear potential. All these parameters have a noticeable impact for the plaque deposition. The
possibility of plague deposition at the downstream of the stenosis in a stenosed artery always
increases with increase in Reynolds number of flow, percentage of restriction and Womersley
number of flow.

Keywords: Wall pressure; wall shear stress; fractional flow reverse; oscillatory shear
potential; atherosclerosis

INTRODUCTION

Constricted artery is a mimic of stenosed artery. Stenosis, a narrowing in lumen area of an
artery, is caused by the arterial disease, atherosclerosis. Now days, atherosclerosis, a big
problem in human life, is processed by deposition of plaque at inner lining i.e. endothelium
of an artery wall. Plaque is buildup of cholesterol, fatty substances, cellular waste products,
calcium and fibrin etc. The plague may block partially or totally the lumen area of artery and
then it initiates the cardiovascular diseases such as gangrene, thrombus, heart attack etc. High
level of cholesterol and triglycerides in blood, cigarette smoking and high blood pressure are
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taken into account for progression of atherosclerosis by many researchers. Generally the
symptoms of atherosclerosis are exposed in advanced stages and then instant surgical
intervention is only way to tackle the patient situation. The main challenge is now to detect
the plaque deposition at very early stage and to predict the severity of plague development
for surgical intervention. The flow characteristics of blood flow through artery play an
important role for initiation, progression and development of plaque inside artery wall. The
pulsatile nature of blood flow generates fluid mechanical forces acting on the internal layer
of artery, endothelium. The endothelium creates biochemical signal to keep artery wall
healthy under different physiological conditions. Blood pressure exerts force, which is
directed in the perpendicular direction of artery wall. Thus the artery wall having circular
cross-section will be stretched circumferentially and creates circumferential stress. The
circumferential stress is associated with the tearing of endothelium layer of artery as well as
plaque rupture and as a result, possibility of plaque deposition inside artery wall increases.
Plaques deposit in the regions of low pressure because a suction action exerted on the surface
endothelium eventually causes the layer to be selectively separated from adjacent tissue. This
tearing action is thought to cause damage, in turn, to the endothelium and adjacent wall
layers, with subsequent thickening of the intima and eventual plaque development [1]. The
pulsatile blood flow creates fluctuating tangential forces acting over the internal layer of
artery (wall shear stress). The fluctuation of wall shear stress inflames the biochemical signal
to initiate the plaque deposition. The high shear stress harms the artery wall mechanically
and thereby promotes the diseases, atherosclerosis [2]. These high levels of wall shear stress
also cause direct endothelial damage by platelets activation and increase the risk of clotting
the blood flow [3]. This condition is very probable in atherosclerosis disease and basically
the main cause of heart attacks [4]. This high shear stress activates platelets and thus induces
thrombosis, a cardio vascular disease. Thrombosis fully restricts blood flow to the heart or
brain through artery [5]. Low shear stress in the separation region is considered to be related
to the mass transportation across the arterial wall and long “dwell time” for platelet
endothelium interaction [6]. These regions with low shear stress and flow recirculation are
susceptible to fatty deposition [7]. At present, a lot of scientific researchers are engaged to
add more and more information in this field. Rikhtegar et al. [8] have investigated wall shear
stress, oscillatory shear index (OSI), relative residence time (RRT) for the prediction of
plaque development. Bit and Chattopadhyay [9] have investigated OSI, WSS for different
degree of stenosis of hemodynamic flow through stenosed artery considering realistic
pulsatile flow at inlet. Peng et al. [10] have demonstrated the impact of stenosis geometry on
the wall shear stress, recirculation zone and the fractional flow reverse for flow through
stenotic coronary artery. Wall shear stress and oscillatory shear index distribution have been
studied by Basasvaraja et al. [11] for flow through carotid artery for varying degree of
stenosis. Liu et al. [12] have investigated pulsatile flow through stenosed tapered artery using
finite difference method on non-uniform grid. Lee et al. [13] have studied sinusoidal
fluctuated pulsatile laminar flow through various constrictions by finite volume method using
non-staggered non-orthogonal grid.

In the present research work, it is contemplated on the various aspects of plaque
deposition in connection to the fluid mechanical factors, which have not been met clearly in
the previous studies. An attempt has been made to investigate, fluid mechanical factors such
as, wall pressure, wall shear stress, oscillatory shear index, fractional flow reverse and
oscillatory shear potential, which have strong impact for plaque deposition, for realistic
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pulsatile flow through bell shaped stenosed artery. In this work, the numerical solutions are
obtained under the conditions of homogeneous, incompressible and Newtonian fluid through
axially symmetric rigid stenosis. The blood flow has been considered as two-dimensional,
laminar and pulsatile flow. It has been known that the blood usually behaves as a non-
Newtonian fluid. But, in large arteries, especially at moderate to high shear rates [5, 14 and
15] i.e. less than 1 s, blood may be regarded as a Newtonian fluid. The assumption of rigid
boundary does not seriously affect the results in most cases, since the development of
atherosclerosis in arteries causes a considerable reduction in the elastic property of its wall
[16].

NUMERICAL MODELING

Schematic diagram of the computational domain of artery model with bell shaped stenosis is
illustrated in Figure 1. This bell-shaped stenosis [17] geometry is modelled mathematically

as the following equation.
4m?z?

S
Where, m is a parametric constant, which defines shape of stenosis. In medical practice,
percentage stenosis or percentage of restriction is commonly defined as percentage occlusion
by diameter [18]. Dimensions of stenosis model for different percentage of restrictions are

given in Table 1.
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Figure 1. Computational domain of artery model
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Table 1: Dimensions of Stenosis Models with Different Percentage of Restrictions

Dimensions  hs D L Li Ls  Lsi Lse
PR 30% 015 1 200 499 02 01 01
PR 50% 025 1 200 499 03 01 0.2
PR 70% 03 1 200 499 04 01 0.3

For this axisymmetric flow of incompressible and Newtonian fluids with constant fluid
properties, the governing equations are the continuity and Navier-Stokes equations in two-
dimensional cylindrical co-ordinates (r,z). The governing equations are non-dimensionalized
with the following dimensionless variables.
Lengths: r"=r/D,z"=2/D , L'=L /D, t" =t/T. Velocities: u,” =u, /U, u,” =u,/U
and Pressure: p” = p/pU?.
The non-dimensional governing equations, Equations (3-5), are:
1 o(r'u™) ou”
— e =

=0 3
r or oz ®)
1W,22aur . aur . ou'e op° 2 |o%u’r o%ur lou,
= —+Ur—+U ;— =——+— ottt 4
7 Re ot or 0z or Re| or 0z r or

r — —_

* + z * * — * + * +_ *
7 Re ot or oz or’ Re|lor? oz% ror or
Where Wo is the Womersley number, which is defined by equation (6) and Re is the
Reynolds number, which is defined by following equation.

W, = R\/E (6)
14

Where o is the radial frequency 2z /T . The Womersley number can be interpreted as the
ratio of unsteady force to viscous force. The Womersley number is an indicator of the main
frequency of the pulsatile flow. In this work, two different values of Womersley number are
taken as 5 and 12.5 from different physiological conditions of the body. In this work, the
Reynolds number is considered as 50 and 200.

At this problem, four different types of boundary conditions are applied to solve the

governing equations. No slip condition at the artery wall is applied, i.e., u, =0, u,” =0.

At the inlet, axial velocity has been specified as realistic pulsatile flow condition, as can be
seen in Figure 2 and Equation (7) [19], and the transverse velocity has been set to zero, i.e.,

u,” =1+0.29244cos(wt” +4.027) —0.5908c0s (20t + 6.509) +
0.2726c0s(3awt” +1.913) +0.1980cos(4wt” +1.461) +0.1124cos(5wt” +0.074)
u,” =0. At the exit, fully developed flow condition has been assumed and hence gradients

have been set to zero, i.e., éu,”/éz" =0, éu,”/oz" =0.The normal gradient of the axial
velocity and the transverse velocity have been set to zero at the line of symmetry, i.e.,
au,” /or" =0, u,” =0. The boundary conditions are shown in Figure 1a.

*

1W?au, . ous . ou op° 2o, oW, 1lou, u
1W,” au u u Z__L_F{U u u u*2 5)

()
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Figure 1a. Schematic diagram of modeled artery with boundary conditions
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Figure 2. Axial velocity distribution

In this present study, the governing equations have been solved numerically by an in-
house CFD code developed using integral approach of the finite volume method. The
governing equations are discretized by control volume formulation on a staggered grid. Non-
uniform mesh type is used in this finite volume method. Finer grid near wall and restriction,
and coarser grid for other parts of pipe are taken for fast and more accurate results. The
equations are integrated over proper control volume and the values of pressure are stored at
centre of control volume and values of both velocities are stored at faces of control volume.
The discretized equations are solved using Tri-diagonal Matrix Algorithm (TDMA) with
Alternate Direction Implicit (ADI) scheme following Semi-Implicit method for Pressure-
Linked Equations Revised (SIMPLER) algorithm [20]. The third-order upwind scheme has
been used line by line for discretization of advective equations. The discretized equations
have been solved. The convergence of the iterative scheme has been achieved when the
normalized residuals for mass and momentum equations summed over the entire calculation
domain will fall below 107’ In the computation, the non-dimensional length of computational
domain has been chosen to be 200. After grid independence test, finally the numerical mesh
comprised of 449x49 (22001 node numbers) grid nodes in z and r direction has been
considered in the present work.
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RESULTS AND DISCUSSION

The numerical results obtained from the simulation using the in-house CFD code are
compared with the numerical and experimental results of Womersley [21] and Ojha et al. [22]
respectively. The differences between the predictions and experimental data are found to be a
good agreement, which is shown by our previous published work, Goswami et al. [23]. Time-
averaged wall pressure, fractional flow separation, peak time-averaged wall shear stress, low
time-averaged wall shear stress, oscillatory shear index and endothelial cell activation
potential have been taken into consideration for the analyzing of fluid mechanical features of
realistic pulsatile flow through the stenosed arteries with mild stenosis (PR 30%), moderate
stenosis (PR 50%) and severe stenosis (PR 70%).

The time-averaged wall pressure is calculated by integrating instantaneous wall
pressure over a cardiac cycle. The variation of the time-averaged wall pressure along the axial
direction of the considered arterial length is shown in Figure 3 for all considered percentage
of restrictions with fixed Re 100 and Wo 10. The wall pressure at the outlet of the modeled
artery has been set to zero for all considered cases. The wall pressure decreases gradually from
inlet to outlet of the artery with a pressure drop at the throat of the stenosis for each percentage
of restriction. From the figure, it is also noted that the wall pressure before stenosis and wall
pressure drop are higher for higher percentage of restriction. Thus higher percentage of
restriction is more prone to plaque rupture as well as tearing of endothelium layer, which in
turn allows plaques to form. The axial distribution of time-averaged wall pressure for mild
stenosis and severe stenosis is shown in Figure 4 and Figure 5 respectively. From the figures,
it is noticed that the wall pressure before stenosis and pressure drop at the stenosis decrease
with increase in Reynolds number for both of mild and severe stenosis. As the wall pressure
is non-dimensionalized by dividing it with averaged velocity in the mathematical formulation,
it may commented that the wall pressure before stenosis and pressure drop at the stenosis
increase with increase in Reynolds number for both of mild and severe stenosis. As a result,
possibility of plaque deposition is higher for higher value of Reynolds number. Viewing on
the figures, it can also be mentioned that wall pressure before stenosis decrease prominently
with increase in Womersley number for both of mild and severe stenosis. So plagque deposition
chance is high for lower value of Womersley number. Further, it can be also pointed out that
the effect of Womersley number on wall pressure drop is not so evidenced, but the wall
pressure drop increases with increase in Womersley number. As a result, plague deposition
chance increases by increase in Womersley number for both of mild and severe stenosis.
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Figure 3. Distribution of wall pressure along axial direction for fixed Re 100 and Wo 10 for
different PR
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Figure 4. Distribution of wall pressure along axial direction for PR 30% with different Re
and different Wo
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Figure 5. Distribution of wall pressure along axial direction for PR 70% with different Re
and different Wo

Recently, fractional flow reverse (FFR) is incorporated in clinical practice for
diagnostic categorization and medical recommendation [24, 25]. Higher value of FFR
indicates severity of arterial stenosis in certain circumstances. FFR is the ratio of pressure at
distal to stenosis and pressure at proximal to stenosis. FFR has been estimated from the
simulation results for different combination cases of percentage of restriction, Reynolds
number and Womersley number. From the Figure 6, it noted that FFR value is always greater
than 8.0 for severe stenosis (PR 70%) and less than 4.5 for mild stenosis (PR 30%). As the
wall pressure is non-dimensionalized with averaged velocity, it can be commented that FFR
increases with increase in Reynolds number for both of mild and severe stenosis. Though the
effect of Womersley number on FFR is not so significant for severe stenosis but it is prominent
for mild stenosis. FFR value decreases with increase in Womersley number for the case of
mild stenosis. From overall study on FFR, it is mentioned that higher FFR indicates higher
percentage of restriction of flow with high Reynolds number and low Womersley number. So
Reynolds number and Womersley number of pulsatile flow are to be considered before
surgical intervention.
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Figure 6. Fractional flow reverse for different combination cases of percentage of restriction,
Reynolds number and Womersley number

The details of flow fields are also investigated for three different percentage of
restrictions at four different times of a cardiac cycle such as t/T=0, t/T=0.25, t/T=0.50 and
t/T=0.75. By assessing all the instantaneous streamline patterns at different time steps for
different percentage of restrictions, as can be seen in Figure 7a-7d, it is obvious that higher
percentage of restriction leads to higher flow separation with stronger formed vortex in the
downstream of stenosis. Therefore, it may be commented that chances of development of
atherosclerotic plaque at the inner wall of artery increase with increase in percentage of
restriction.

As blood flow velocity changes in the constricted region, it is very important to notice
the wall shear distribution in the stenotic zone. The time-averaged wall shear stress is
calculated by integrating instantaneous wall shear stress, obtained from the simulation results
at different time levels, over a cardiac cycle. The variation of the time-averaged wall shear
stress along axial direction in the stenotic zone for different percentage of restriction is shown
in Figure 8. It is revealed that the nature of variation of peak WSS is almost similar for all the
considered percentage of restriction. Peak wall shear stress increases sharply proximal to the
throat of the stenosis and time-averaged wall shear stress decreases sharply distal to the throat.
From the figure, it is observed that the magnitude of peak wall shear stress increases with
increasing in percentage of restriction. So the possibility of plaque deposition is high for
higher percentage of restriction. Figure.9 depicts the variation of wall shear stress along axial
direction at the post-stenotic zone for various percentage of restriction. From the figure of low
wall shear stress, it is observed that the low wall shear stress enhances with increase in
percentage of restriction. Zero magnitude of time-averaged wall shear stress indicates the
location of stagnation points as well as separation and reattachment points. The increment of
low
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Figure 7a. Streamline contour for PR 30%, PR 50% and PR 70% (top to bottom)
respectively at t*=0

Figure 7b. Streamline contour for PR 30%, PR 50% and PR 70% (top to bottom)
respectively at t*=0.25
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Figure 7c. Streamline contour for PR 30%, PR 50% and PR 70% (top to bottom)
respectively at t*=0.5
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Figure 7d. Streamline contour for PR 30%, PR 50% and PR 70% (top to bottom)
respectively at t*=0.75
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Figure 8. Distribution of peak WSS for Re 100 and W010
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Figure 9. Distribution of low WSS for Re 100 and Wo010
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wall shear stresses with higher percentage of restriction and the corresponding formation of

separating region may damage the endothelial layer of artery.
The fluctuation in wall shear stress is measured by oscillatory shear index. Oscillatory

Shear Index (OSI) is a derivative of wall shear stress. OSI defines the cyclic departure of the
WSS vector from its major axial direction [26, 27]. The OSI is calculated from the following

formula (Equation (8)):
.

Idet

0

T
I|Tw|dt
0 .

(8)

oSl =—|1

N

The distribution pattern of the OSI along axial direction of arterial length in the
stenotic zone and post stenotic zone is shown in Figure 10 for three different percentages of
restrictions. The figure clearly indicates that the first peak OSI just immediate after throat of
the stenosis and the location of time-averaged reattachment point i.e. second peak OSI at the
downstream of stenosis are greatly influenced by percentage of restriction. Increase or
decrease of first peak OSI does not obey any proportionality rule with percentage of
restriction, but higher percentage of restriction always leads to longer recirculation length for
all combination case and subsequently increases the chance of formation of atherosclerosis.

So the chance of plague deposition at the inner wall of artery
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Figure 10. Distribution of oscillatory shear index along axial direction for Re 100 and Wo
10
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Figure 11. Distribution oscillatory shear potential of along axial direction for fixed Re 100
and Wo 10

due to existence of recirculation zone increases with increase in percentage of restriction. This
low averaged shear stress and high OSI may be significant condition in the development and
localization of atherosclerotic plaque in the inner wall of artery as suggested by Ku et al. [26].
Endothelial cell activation potential (ECAP) was proposed by Achille et al.[28] to localize
regions of wall exposed to both high OSI and low WSS using the ratio of these two indices
for blood flow through aneurysm. In the study of blood flow through stenosed artery, both
high OSI always having positive value and low WSS having negative value localize in post-
stenotic zone, as can be seen in Figure 9 and Figure 10. To combine high OSI and low WSS,
a single parameter, named as oscillatory shear potential (OSP) is proposed for case of blood
flow through stenosed artery. The OSP is calculated with the following formulae, Equation(9):
OSP =-2x0Sl x7,, €)]
Higher value of OSP at any location of artery wall implies that the wall is under low
wall shear stress as well as high OSI. Figure.11 illustrates the distribution of OSP along axial
direction for different percentage of restriction. The figure clearly depicts that OSP moves
towards downstream of stenosis further as percentage of restriction increases. The higher
percentage of restriction leads to larger area under OSP. As a result, the chance of plaque
deposition increases with increase in percentage of restriction. The effect of Reynolds number
and Womersley number for both the mild stenosis and severe stenosis on OSP is depicted in
Figure 12 and Figure 13 respectively. From the figure, it is noticed that area under OSP
increases with increase in Reynolds number as well as Womersley number of flow for both
mild and severe stenosis. OSP also move towards downstream of stenosis as Reynolds number
increases. Therefore, it is mentioned that the possibility of plaque deposition inside the artery
wall always increases with increase in Reynolds number and Womersley number for any
percentage of restriction.

5318



Goswami et. al / Journal of Mechanical Engineering and Sciences 13(3) 2019 5306-5322

12
PG
¢ ~
~ —_ _
1o - R . Re=50, Wo=5
J s e Re=50, Wo0=12.5
.
8 - ' * Re=200, Wo=5
rl -
. *. = = = =Re=200, Wo=12.5
L]
6 - ',"‘"\\ \\
A 4 *. .
S \ *
4 - (I I "‘ N Y-
g . S -
:,. \‘ S e -
N m )
1 v ~
7 | \ * ~
o \
Y N s
0 (‘; N : ; R
49.9 50.9 51.9 52.9

Figure 12. Distribution of oscillatory shear potential along axial direction for PR 30%
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Figure 13. Distribution of oscillatory shear potential along axial direction for PR 70%

CONCLUSIONS

The aim of this present work is to investigate fluid mechanical factors having inferences to
plaque deposition in a realistic pulsatile flow through bell-shaped stenosed artery for different
percentage of restrictions, Reynolds numbers of flow and Womersley numbers of flow.

Wall pressure before stenosis and wall pressure drop at stenosis increase with increase
in percentage of restriction and Reynolds number of flow, but decreases with increase in
Womersley number of flow. FFR value is higher for higher percentage of restriction. To detect
percentage of restriction with FFR value, Reynolds number and Womersley number flow

should be taken into consideration.
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Both peak and low wall shear stress increase with increase in percentage of restriction.
The first and second peaks OSI are found at stenotic zone and post-stenotic zone respectively.
The recirculation zone is identified in the downstream of stenosis and the size of the
recirculation zone increases with increase in percentage of restriction.

Oscillatory shear potential combines oscillation in wall shear stress and low wall shear
stress. The area under OSP increases with increase in percentage of restriction, Reynolds
number and Womersley number for both mild and severe stenoses.

The possibility of plague deposition at the downstream of the stenosis in a stenosed
artery always increases with increase in Reynolds number of flow, percentage of restriction
and Womersley number of flow.

In conclusion, the present study has pointed out that the fluid mechanical factors,
mainly fractional flow reverse and oscillatory shear potential, may be useful to predict the risk
of the plaque deposition in constricted artery and may help to decide on the proper medical
management for the patient having stenosis.

NOMENCLATURE
D  Diameter of the artery T Time period of the pulsatile cycle
R Radius of artery t Time
L  Total length of computational p Static pressure

domain

Li  Length of computational domain UD
| befogre stenosis P Re Reynolds Number = p
Ls  Length of stenosis D [2
Wo Womersley number = — il
2 \VoT
Lsi Length of upstream stenosis Pw Wall pressure
Lse Length of downstream stenosis Tw Wall shear stress (WSS), [Nm2]

Le Length of computational domain OSP Oscillatory shear potential
after stenosis

hs  Height of stenosis WSS  Wall shear stress

u;  Velocity in z-direction FFR Fractional flow reverse

ur  Velocity in r-direction oSl Oscillatory shear index

U  Average velocity in r-direction at = Time-averaged wall shear stress
inlet "

V1 Dynamic viscosity PR Percentage of restriction

p  Density 1-1 Inlet

v Kinematic viscosity 2-2 Exit

Superscripts r, z Cylindrical co-ordinates

*

Dimensionless terms
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