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and the Mean Wall Shear Stress (Mean WSS) were obtained by both k — € and
k — w turbulence models and then compared. According to the results, the
negative pressure predicted by the k — w turbulence model was several times
greater than that by the k — & turbulence model for both single and double
stenosis. This, in turn, leads to the collapse of artery walls and irreparable
injuries to the downstream extremity. Furthermore, the k — w model predicted
a larger reverse flow region in the post-stenotic region. In other words, the k-®
turbulence model predicts a larger part of the post-stenotic region to be prone to
disease and the k — € turbulence model predicted a higher rate of plaque growth.
Moreover, the k — w model predicted a much more intense reverse flow region
than the k — € model, which itself can lead to blood pressure disease.

Oscillatory shear index,
Time-averaged wall
shear stress,

Axial pressure drop,
Shear stress.

1. Introduction

Atherosclerosis is a blood artery disease caused
by the deposition of lipids and low-density
cholesterol in the inner walls of the arteries of
medium to large diameters. As a result, fibrous-
fatty plaques (atheroma) develop and grow
gradually with aging or as a result of unhealthy
habits, leading to artery stenosis or other
complications. The narrowed lumen results in
the perturbation of the blood flow, exacerbating
or accelerating the progression of the disease.
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Therefore, it is necessary to study the blood
flow turbulence. Disease development and
progression factors can be understood by
studying blood flow patterns. Early studies on
blood flow functions in the body return to the
first findings in fluid dynamics. Fluid dynamics
can be wused to achieve hemodynamic
parameters of blood [1, 2]. The hemodynamic
parameters of blood can be in turn used for
studying formation points, process, and timing
of arterial occlusion [3]. Recently, several
studies have been conducted on the blood flow
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through an artery with a rigid wall. Some
studies in this area are reviewed below:

Using the modified k-¢ model, Ro et al. [4]
conducted a numerical study on unsteady
turbulent blood flow in a stenosed bifurcated
artery with 75% constriction under periodic
body acceleration. In this study, the blood was
assumed to be a non-Newtonian fluid in a rigid
wall artery. Applying different values of the
periodic acceleration of the human body, it was
found that this periodic acceleration leads to
blood flow turbulence, affecting flow variables
such as the volumetric flow rate and blood
velocity. The wall shear stress (WSS) increased
with increasing body acceleration.

Lantz et al. [5] conducted a numerical and
experimental study to obtain turbulent kinetic
energy in a rigid artery with stenosis using
magnetic resonance imaging (MRI) and
computational fluid dynamics (CFD) before and
after cutter entry. They used Large Eddy
Simulation (LES) model to simulate the blood
flow. According to their results, the total
turbulent kinetic energy decreased at the
stenosis with increasing the blood flow rate and
Reynolds number after the perturbation.

Li et al. [6] studied the pattern of blood flow in
a bifurcated artery with a high degree of stenosis
by in vivo magnetic resonance imaging and
computational fluid dynamics at a Reynolds
number of 200 to 900. The blood was assumed
to be an incompressible Newtonian fluid
flowing through a rigid-wall artery. Drawing on
the transient flow model, in this study a Mean
WSS peak was estimated at 73 Pa with high-
WSS areas around the stenosis throat.

Hye and Paul [7] investigated rotational blood
flow in rigid arteries with stenosis. Rotational
and non-rotational blood flows were studied
using 3D axially-symmetric stenosis models
with 75% constriction using the standard
transient k — w equation and the LES method at
Re = 500, 1000, 1500, and 2000. A steady,
homogeneous, Newtonian, incompressible
turbulent blood flow was assumed in the
simulations. The results show that the spiral
flow affects the turbulence kinetic energy in the
post stenosis region. Other important results
such as the wall pressure and shear stress remain
almost unchanged by the spiral velocity. But the
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presence of the upstream curved segment in
artery moderately affects the results of the
maximum pressure drop and wall shear stress.
Tabe et al. [8] simulated the transition of the
laminar flow to a turbulent one to identify the
relaminarization zones in a low Reynolds
number blood flow through rigid arteries with
severe single stenosis with 50% and 75%
constrictions. Simulations were performed at
Reynolds numbers of 500 to 2000 by using
Fluent software. The k-o SST turbulence model
was used to simulate the turbulent blood flow in
turbulent regions. The flow was assumed to be
Newtonian, steady and incompressible with
axial symmetry. The results clearly showed that
part by part simulation is an appropriate method
for studying stenosed arteries. It can also be
used to numerically simulate any stenosed
conduit in different low Reynolds number
applications where a laminar-to-turbulent
transition and flow relaminarization take place.
The flow changes from laminar to turbulent by
increasing the degree of stenosis. The turbulent
flow produces an eddy in the post-stenotic
region. These eddies, in turn, exert reverse
stresses to the inner layer of the artery causing
damage to this layer. As a result of damages,
macromolecules enter the inner layer and cause
atherosclerosis. According to the literature, in
reality, more than one stenosis forms in
coronary arteries [9]. So far, few studies have
been conducted on coronary arteries with
double stenosis. The k-¢ turbulence model has
been extensively used to simulate the turbulent
blood flow [3, 10-13]. Due to the inability of
this model to simulate the post-stenotic eddies,
the numerical results of this turbulence model
are not well consistent with experimental results
[10]. In this paper, the k-o turbulence model is
used to simulate the turbulent blood flow.
ADINA 8.8 finite element software was used to
solve governing equations. Blood is assumed as
a Newtonian incompressible fluid and the
results of k-¢ and k-o turbulence models are
compared to predict atherosclerosis.

2. Governing equations

The turbulent, transient, and incompressible
flow is governed by the Reynolds-averaged
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Navier-stokes equation, which is as follows
[14]:

Dy; 16F+ d (u+pr aﬁi+aa,-
Dt pox; 0x p \0x; 0x; Q)

The continuity equation is:

ou;
1l 2
ox; 0 )
In both k — w and k — ¢ turbulence models, py
was calculated from Egs. (3) and (4),
respectively:

k
— q 3
W pawz (3)
k
= pe, — 4
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where Cy = 0.09.

In Egs. (3) and (4), k represents the turbulence
kinetic energy whereas w and ¢ are specific

turbulence  dissipation rates.  Equations
governing k and w are as follows:
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where D indicates the deformation rate or the
shear rate, {3 is the thermal expansion coefficient
in the Boussinesq approximation, g represents
the gravitational acceleration vector, and 0 is
temperature in Kelvins. a, o, Bk, Bw: Ow: T8
o, and Bg are empirical constants of the
turbulence model. Where «, «ay,, and Bk were
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derived from the k — w turbulence model at
high Reynolds numbers. The constants
corresponding to the k — w turbulence model at
low Reynolds numbers are as follows:

L 1/40 + Ry

TETIR, (14)
1/10 + R

Ay = O(}(:)TR(DO(_l (15)
w

. 5/18 + Ry (16)

Bic = Bk 1+Rg

where the superscript h indicates the parameter
was determined at a large Reynolds number.

Re=7¢ (17)
Ry
= 18
Ro 2.7 . ( )
Rq
R :(_) (19)
B~ \8
R, = p—~ (20)
t pllow

The empirical constants of the k — w turbulence
model are given in Table 1.
Equations governing k and ¢ are as follows:

d(y?pk) a
FTa Ve [y?(pvk — qi)] (21)
drpe
y pe e _
TR Ve [y?(pve — q¢)] (22)
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+ Cl(l - C3)B)
= (mo++")pg Ve (27)
Og

B
D= 1/ei]-eij (28)

where the empirical constants ¢4, c,, c3, Ok, O,
and og are 1.44, 1.82, 0.8, 1, 1.3, and 0.9,
respectively.
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Table 1: The empirical constants of the turbulence

model [15].
a=1 a, =0.555  Br=0.09 pB,=0.075
Gm=2 8920712 0'9=1 0'k=2

In the relations presented for the two turbulence
models, v represents the vertical component of
the velocity vector, and y is the second
coordinate of the position vector. a is zero for
two- and three-dimensional flows and 1 for the
axisymmetric one.

Turbulent boundary conditions were assumed at
the fluid inlet. The turbulence intensity (i) and
the turbulence length scale (1) are calculated
using the following relations:

-1

UoD\B
i= 0.16(p 9 ) 29)
1 =0.07L = 0.07D (30)

In Egs. (29) and (30), D is the artery diameter,
U, represents the average fluid velocity, p
indicates the fluid viscosity, and p is the fluid
density.

3. Solution validation

To ensure the reliability of the numerical
results, they were compared with the
experimental data reported by Ahmed and
Giddens [16], the numerical data presented by
Banks et al. [12], and Jahangiri et al. [3]. As
evident from Fig. 1, the numerical results of the
present study are much more consistent with the
experimental data of Ahmed and Giddens [16]-
especially near the walls-relative to other
numerical studies [3, 12]. The results indicate
that moving further away from the throat of the
stenosis, the presented model exhibits a better
match with experimental data in comparison
with similar works. The results are consistent
with the claim that the advantage of k—» model
over k—¢ is its improved function at boundary
layers under adverse pressure gradient [17].

4. Numerical methods

An artery model with axially-symmetric
stenosis and rigid walls was used in this study.
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Fig. 1. Velocity profile at different intervals. (a)
1D from the stenosis throat, (b) 1.5D from the
stenosis throat, and (c) 2.5D from the stenosis
throat.

The onset of flow turbulence has been shown
to be at stenosis with a constriction of over
80% [3]. So, a constant 80% stenosis was
assumed in this study. The computational
domain and its dimensions are illustrated in
Fig. 2. The arterial equation in the stenosis
re(%ion is as follows [18]:

R(z)

=1- (7})\0 _ Ro't) X (1 + cosizn(ZL_ Zm)) (31)

R, 2R, st
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Fig. 2. Computational domain for the arteries with: (a) single stenosis and (b) double stenosis.

Blood was considered in the simulations as a
fluid with a viscosity of 0.0033 Pa.s and a
density of 1050 kg/m3. The average velocity
profile applied to the fluid inlet for a right
coronary artery (Fig. 3) has been provided by
Zeng et al. [19]. To avoid variation of solutions,
three velocity pulses were applied at the fluid
inlet and the results were computed in the third
pulse [20-23]. To achieve results independent of
grid and time step for determining the most
accurate solutions and minimizing computer
runtime, the independence of solutions from the
number of computational grids and time step
was examined.

0.45

S S S S S S S S S S S—

Velocity (m/s)

Nondimensional Time

Fig. 3. Velocity pulse applied to the fluid inlet
[19].

To ensure the grid independence of the results,
the axial velocity profile is demonstrated in Fig.
4 at a distance of one diameter (1D) from the
stenosis throat for three different grid modes. As
evident, the results obtained from a grid with
10,200 cells are very close to those obtained
from 15,300 cells. So the mesh with 10,200
cells was used to reduce the computational cost
and time. Simulations were performed on a
computer with a 3.5 GHz processor and 16 GB
of memory.
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Fig. 4. Axial velocity profile at a distance of 1D from
the stenosis throat.
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5. Results and discussion

Blood pressure difference along the coronary
artery is an important cause of atherosclerosis
and intimal hyperplasia [24]. Fig. 5 compares
axial pressure drop across the artery at the time
of maximum flow velocity (the third pulse at
3.25 s) for arteries with single and double
stenosis obtained from the k-¢ and k-
turbulence models.

As evident from Fig. 5, the k-¢ turbulence
model predicts a higher pressure drop than the
k-o turbulence model. Furthermore, the
difference between the two turbulence models
is minimal at the entrance to the stenosis where
the fluid accelerates. The pressure is higher in
double stenosis than that in single stenosis.
Therefore, the upstream pressure reaches a
critical value earlier in double stenosis as
compared with single stenosis leading to a non-
physiological increase in the upstream pressure
and systemic pressure. Notably, the k-
turbulence model predicts the reverse pressure
several times larger than the one predicted by
the k-¢ model. In the most critical conditions,
reverse pressure may lead to the collapse of the
vascular wall and blood flow occlusion [25]
with irreparable damages to lower extremity.
The largest reverse pressure is observed in the
single stenosis throat [24] or in the second
stenosis throat of the double-stenosed artery. In
this region, the flow path becomes narrower and
the risk of occlusion increases. In some cases,
the vessels collapse immediately following a
stenosis [26, 27]. The collapse of the vascular
wall in negative pressure (reverse) can be
related to a considerable reduction of the vessel
wall elasticity [28]. In addition, pressure
loading fluctuations may lead to fatigue failure
of the plaque [29, 30]. The collapse of the vessel
leads to hemodynamic changes that may lead to
angina, myocardial  ischemia, cardiac
arrhythmias, syncope, or even death [31, 32].
Therefore, it is necessary to recognize and
investigate the collapse of vessels that leads to
vascular dysfunctions.

Fig. 6 shows velocity profiles for two
turbulence models at the time of maximum flow
velocity (the third pulse at 3.25 s) at different
distances from the throat for a single-stenosed
artery.
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It is evident that the k-¢ turbulence model
predicts a smaller reverse flow region. In other
words, the k-o turbulence model predicts a
wider area to be prone to disease in the post-
stenotic region, whereas a larger plaque growth
rate is obtained using the k-¢ turbulence model
[11]. Another important feature of Fig. 6 is that
both the length of the reverse flow area and its
intensity are less in the k-¢ model than the k-«
model. Given the fact that the maximum
negative velocity is related to pulmonary
hypertension [33], the k- model is more
accurate in estimating the risk of this disease.
The blood flow velocity is of great importance
because the thrombosis growth rate is affected
by blood flow velocity [34, 35]. It has been
found that the oxygen pressure in living tissues
is dependent on the blood flow velocity [36]. In
addition, the blood flow velocity directly affects
thrombosis due to platelet aggregation [37].
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Fig. 5. Comparison of the axial pressure drop
in (a) single and (b) double stenosis
obtained from two turbulence models.
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Fig. 6. Velocity profile for single stenosis at the time
of maximum flow velocity.
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According to the above diagrams, the velocity
profile is steeper in the k-¢ turbulence model
than in the k-o model. Before and after the
throat, the k-« turbulence model shows a higher
maximum axial velocity. However, the k-g¢
turbulence model predicts a higher maximum
axial velocity in the throat. According to the
velocity profile in the stenosis throat, the
maximum velocity is much higher than 1 m/s (in
the center of artery) beyond a natural biological
state and may cause disturbances in the
circulatory system [35]. Also the maximum
velocity decreases at the end of stenosis in
comparison with the throat.

Fig. 7. shows velocity profiles for two
turbulence models at the time of maximum flow
velocity (the third pulse at 3.25 s) at different
distances from the first and second throats for a
double-stenosed artery. The velocity profiles
for double stenosis are similar to those for single
stenosis with this difference that the k-o
turbulence model predicts the maximum
velocity in the second throat. Moreover, the
difference between the two turbulence models
is maximized in between the two stenosis. A
more important result of the k-o model that is
unprecedented in previous studies [3, 10, 13], is
that the k-¢ model was not capable of showing
the reverse flow between two stenosis. One can
see from the results in that the entire distance
between the two stenosis is affected by the
reverse flow. In other words, this region is very
susceptible to the accumulation of fat particles
and their penetration into the vascular wall and
formation of a new stenosis between two
stenosis. As found in other research works [38],
the reverse flow has a fundamental role in
stenosis formation. Perturbations at arterial
walls and monocyte and LDL movement below
the endothelial space is referred to as
atherogenesis [39] and leads to atheroma
formation [40].

The importance of studying stenosis at
distances less than 5D apart lies in the different
effects of dual and single stenosis [41].
Furthermore, it must be noted that consecutive
stenosis has been associated with pulmonary
hypertension [42].
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Mean Wall Shear Stress (WSS) and oscillatory
shear index (OSI) are two hemodynamic
parameters of blood that play a key role in
predicting the location and development of
vascular diseases. The direction of the wall
shear stress has been reported to be vital in
controlling endothelial mechanotransduction
and downstream signaling pathways [43].
Further, it has been discussed that the direction
of the hemodynamic stress can disrupt the
balance of pro- and anti-atherosclerotic signals
in endothelial cells.

Fig. 8-9 compare OSI and Mean WSS
hemodynamic parameters obtained from the
two turbulence models for arteries with single
and double stenosis.

The OSI is a mechanical parameter for
fluctuating flow and indicates the deviation of
WSS from the dominant direction of blood flow
during a cardiac period. The OSI is variable
from zero (no change in the WSS direction) to
0.5 (for a 180° change in the direction of WSS)
[44]. Despite the dependence of the plaque
formation mechanism to a great many
biological parameters, OSI factor is a useful
measure as regards oscillatory blood flow [3,
13, 45]. According to experimental results, the
maximum OSI takes place at plaque formation
site [46-49].

The OSI and the Mean WSS are obtained from
Egs. (32) and (33), respectively [50]:

T
[ twdt
0SI = 0.5 x 1—|$—W| -
[ Ttwldt (32)
1 T
MeanWSS = T f Ty dt (33)
0

where T is the period of a cardiac cycle and Tw
is the WSS vector. Fig. 8-9 compares two
hemodynamic parameters obtained from the
two turbulence models for arteries with single
and double stenosis.

Two peaks appear in the OSI diagrams in the
case of a single stenosis, whereas four are seen
in those corresponding to a double stenosis. The
first peak in the single stenosis represents the
flow separation point and the second peak
indicates the reattachment point. The first peak
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in the double stenosis represents the flow
separation point whereas the second peak shows
the reattachment point in the first post-stenotic
region. The third peak represents the separation
point and the fourth peak shows the
reattachment point in the second post-stenotic
region. In other words, the distance between the
first and second peaks as well as the third and
fourth peaks represents the length of the reverse
flow regions.

According to the OSI diagrams in Fig. 8, the
separation points predicted by two turbulence
models are matched. While predicting a smaller
reverse flow region, the k-g turbulence model
locates the reattachment point at a small
distance in the post-stenotic region. In contrast,
the k-o turbulence model predicts the
reattachment of the reverse flow at a distance far
from the stenosis. According to the OSI
diagrams in Fig. 8, by changing the single
stenosis to double stenosis in the k- turbulence
model, the length of the separation area after the
first stenosis decreases and a larger separation
zone than single stenosis is formed in the second
post-stenotic region.

The mean WSS clearly shows that the k- model
estimates a larger maximum WSS while
underestimates the reverse flow region. In other
words, the k- model has a lower damage to the
plaque and the risk of its rupture compared to
the k-¢ model. Rather, it predicts the formation
of a new stenosis behind the previous one. This
is of great importance because the reduced shear
stress on arterial walls is the most important
parameter in determining the progression of
atherosclerosis [51, 52].

Under a wall shear stress of over 1 Pa,
endothelial cells tend to stretch along the flow
direction while taking a round shape with no
regularities under stresses of below 0.4 Pa. The
round cells in stagnant areas allow a higher
infiltration of haematogenous cells into the
walls of blood vessels, causing artery diseases
[35]. Based on these points, the k—& model
predicted the round cells to form closer to the
stenosis compared to the k—o model. It has been
stated that blood flow-induced shear stress
plays a key role in the pathogenesis of some
cardiovascular diseases [53].

191



JCARME

(0N

-20 -10 0 10 20 30 40 50

(@)

0SI

Nondimentional distance (Z/R)

Fig. 8. OSI comparison of the two turbulence models
for arteries with (a) single and (b) double stenosis.

Severe stenosis (above 75%) can lead to the
separation of the blood flow and create a
sizeable reverse flow region downstream of the
stenosis, which can have a direct contribution to
the development of the disease.

Considering the relationship between blood
flow-induced stresses and the pathogenesis of
atherosclerosis and thrombosis [24], the
contours of the flow separation and reverse flow
regions were examined in Figs. 10-17.

The reverse flow and velocity contours are
presented for k-« and k- turbulence models in
the following.

Figs. 10-11 show reverse flow contours
obtained from the two turbulence models for a
single-stenosed artery at the maximum and
minimum flow velocities at T, and Ta,
respectively. According to the reverse flow
contours for the single stenosis, the length of the
reverse flow region at the maximum and
minimum velocities is predicted much larger by
k-0 model. In the k-¢ turbulence model, the
maximum reverse flow takes place near the
stenosis which exacerbates stenosis. However,
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the results of the k-o model indicate a new
stenosis behind the previous one.

Figs. 12-13 show the velocity contours obtained
from the two turbulence models for a single-
stenosed artery at T, (maximum flow velocity).
It is evident that the maximum velocity in both
turbulence models takes place at the stenosis
throat on the artery centerline. By narrowing the
duct, the flow is accelerated and moves toward
the axis. In addition, as the velocity reaches its
maximum at the stenosis throat, the pressure is
minimized. The maximum velocity is higher in
the k-¢ model.

Figs. 14-15 show reverse flow contours
obtained from the two turbulence models for a
double-stenosed artery at the maximum and
minimum velocities at T, and T4, respectively.
Similar to the single stenosis, the k-o model
predicts a much larger length and intensity for
the post-stenotic reverse flow region.
According to the results of the k-¢ model, a
small zone between the two stenosis is affected
by the reverse flow. In other words, the k-o
model shows that the region between the two
stenosis is at risk of atherosclerosis at the
maximum and minimum flow velocities.

MeanWSS (Pa)

MeanWSS (Pa)

[
1|
[
40 I
1
I

Nondimentional distance (Z/R)

Fig. 9. Mean WSS comparison of two turbulence
models for arteries with (a) single and (b) double
stenosis.
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Fig. 10. Reverse flow contour for a single-stenosed artery using the k- turbulence model.
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Fig. 11. Reverse flow contour for a single-stenosed artery using the k-¢ turbulence model.
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Fig. 12. Velocity contour obtained from the k-o turbulence model for a single-stenosed artery.
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Fig. 13. Velocity contour obtained from the k-¢ turbulence model for a single-stenosed artery.
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Fig. 14. Reverse flow contours for a double-stenosed artery obtained from k- turbulence model.
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Fig. 15. Reverse flow contours for a double-stenosed artery obtained from k-¢ turbulence model.
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Fig. 16. Velocity contour obtained from the k- turbulence model for a double-stenosed artery.
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Fig. 17. Velocity contour obtained from the k-¢ turbulence model for a double-stenosed artery.

The velocity contours obtained from the two
turbulence models are illustrated in Figs. 16-17
for a double-stenosed artery at T, (maximum
flow velocity). As evident from the figures, the
maximum velocity takes place at the second
stenosis throat where the blood-passing through
the first stenosis-flows toward the artery
centerline. Due to the short distance between the
stenosis, blood does not have enough time to go

4. Conclusions

The turbulent blood flow in a rigid-wall
coronary artery with single and double stenosis
was investigated. ADINA 8.8 finite element
software was used to model the blood flow. The
results can be expressed as follows:

* The k- turbulence model predicted the
negative pressure several times greater than the
k-g turbulence model in both single and double
stenosis modes.

* The k-o model predicted a much lengthier
post-stenotic reverse flow region. In other
words, the k-o turbulence model predicts a

back to the wall as found in the results of other
studies in this area [3].

It has been argued that higher blood velocity
promotes eddies and fluctuations, increasing
turbulence shear stresses to the point of
exceeding threshold conditions and increasing
the risk of hemolysis (rupturing of RBC
membranes) and the activation of platelets [54,
55], which points to another area of interest in
the study of blood velocity.

larger area to be prone to the disease in the post-
stenotic region.

* The plaque growth rate was higher in the k-g
turbulence model in comparison to k-0 model.

» The intensity of the reverse flow region
predicted by the k-o model was much greater
than the k-¢ model causing pulmonary
hypertension.

* A higher maximum blood flow velocity was
predicted by the k- model at most points.

* Given the direct impact of the blood velocity
on the growth rate of thrombosis, the turbulence
model types play an important role in predicting
the development and progression of
atherosclerosis.
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