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Abstract

This paper presents a numerical study of the behaviour of wall
shear stress (WSS) in three-dimensional pulsatile flow through
an axisymmetric stenosed artery. A realistic blood flow rate
(250 ml min~—" at rest in coronary artery [7]) and cardiac cycle
(T=0.84s [5]) are applied in the simulations. The flow is fully
three-dimensional, and the fluid is assumed to be Newtonian
and incompressible. Direct numerical simulation (DNS) of the
Navier-Stokes equations is carried out to investigate how dif-
ferent levels of stenosis (S) affect WSS. It has been found that
larger values of S lead to higher WSS in the stenosis region due
to the faster flow velocity at the throat (smaller cross-sectional
area). Downstream of the stenosis region, WSS decreases due
to viscous effects and remains nearly constant for lower stenosis
level cases (S=30% and 50%). However, at the highest stenosis
case (S=90%), the WSS distribution becomes unsteady down-
stream of the throat due to the instabilities in the shear layer.

Introduction

Atherosclerosis, also known as atherosclerotic disease, is the
most common form of cardiovascular diseases and the direct
cause of heart-attack in the community. It is caused by the for-
mation of plaque on the inner wall that narrows and hardens
a specific region in an artery of the human cardiovascular sys-
tem, which is clinically known as stenosis ([3] and [1]). It was
reported by Caro et al [2] that WSS fluctuates rapidly in the
vicinity of the stenosis and is relatively steady in other regions
of the artery. Since then, various investigations on how the pres-
ence of stenosis in the artery affects WSS have been carried out.

In these investigations, one common observation has been noted
that blood flow characteristics, such as flow velocity, pressure
and WSS, of the post-stenotic region are significantly affected
and cause the development of flow recirculation and the forma-
tion of vortex rings. It was also reported by Ooi et al [4] that the
altered blood flow characteristics (velocity, pressure and WSS)
downstream of stenosis may further promote the growth of the
stenosis or develop a new stenosis region, as well as the block-
age of smaller arteries and hence possibility of plaque rupture.

Apart from the effects of the stenosis, the pulsatile nature of
the cardiac cycle is another important factor that influences the
flow characteristics in arteries. Several studies have been un-
dertaken to better understand the flow features in pulsatile flow.
[4] reported that some researchers have conducted both experi-
mental and DNS study of a pulsatile flow in a constricted pipe
and identified that the flow variables are dependent on the in-
flow conditions upstream of the stenosis. In [4], 2D simulations
were carried out to investigate the effects of different stenosis
levels. It was found in [4] that, larger stenosis levels result in
higher WSS values. Likewise, the formation and propagation of
vortex rings are observed and lower stenosis degrees lead to a
closer distance between the two subsequent vortex rings. How-
ever, only a few studies have considered the numerical study of
WSS in three-dimensional pulsatile flow as the simulations are

expensive requiring many grid points to fully resolve all spatial
and temporal scales in the calculations.

Here, the main purpose is to study how the distribution and be-
haviour of WSS are affected by varying the stenosis degree in a
fully three-dimensional flow field. Specifically, numerical sim-
ulations are carried out for an axisymmetric stenosis model with
different degrees of stenosis and one pulsatile period. Details of
the simulations are described below.

Numerical Model

In this study, the flow is fully three-dimensional, and the fluid is
assumed to be Newtonian and incompressible. Thus, direct nu-
merical simulation (DNS) of the incompressible Navier-Stokes
equations is carried out to investigate how different levels of
stenosis (S) affect WSS.

Figure 1. Geometry parameters of the numerical model, where z repre-
sents flow direction

The geometry of the stenosed artery is idealised as a smooth
constriction on a long rigid straight axisymmetric pipe. The

important parameters for this problem are the cross-sectional
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area of the pipe, A = *°7~ and the cross-sectional area of the
throat, Ay, = ”XTD‘“Z (see Fig.1), which determine the degree of
stenosis,
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The flow at four different stenosis levels (S=30%,50%,70% and
90%) are investigated. A reference case S=0% is also sim-
ulated. All simulations are carried out at Reynolds number

Rep = *Y° =703, where p = 1000 kg m~3, U=0.5896 ms ",

full pipe diameter, D = 0.003 m, and g = 2.5 x 10~¢ mPa.s, that
is within the expected physiological Reynolds numbers mea-
sured in vivo [6]. The inlet flow velocity takes the form of the
Womersley profile with the cardiac cycle T=0.84s to simulate
realistic blood flow for someone at rest (see Fig.2). The same
form, but with a shorter pulsatile period (T=0.3s) inlet condition
is applied on the same stenosis level case to study the effect of
the pulsatile period for a person doing exercise. The Womers-

ley number (0t =1,/ %p), which is a dimensionless expression of



the pulsatile flow frequency in relation to viscous effects, for the
pulsatile waveforms are 2.59 (T=0.84s) and 4.34 (T=0.3s), re-
spectively. The length of the computational domain is L=20D.
For all the cases, the throat of the stenosis is located at 5D from
the inlet. The instantaneous WSS distributions are investigated
at 1peak=1/6T, tiqa1e=11/21T and t;,,4,,6,=37/42T as indicated in
Figure 2.

Velocity(m/s)
o o
2 o

o
IS

0.2

0 0.14 0.28 0.42 0.56 0.70 0.84
Time(s)

Figure 2. Pulsatile inflow velocity profile (T=0.84s) A: tpear B: tmidaie
C: rough

The DNS is conducted using an open source CFD code Open-
Foam. The size of time step is &=0.002s. The mesh res-
olutions close to the wall surface are Az=1.56x10">m and
Ar=7.8125x10"%m, whereas computational Az and Ar in the
middle of the pipe are 1.25x 10™*m and 6.25x 10~ m, respec-
tively. The number of grid points in the models ranges from
3.53x107 t0 3.63x107.

Results and Discussion
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Figure 3. (a) Normalised time average WSS (t\1o) distributions for
different stenosis levels (b) Zoom in figure of (a) with y limits from -3
to 3 (c) S=30% (d) S=50% (e) S=70% (f) S=90%

The time average WSS distributions for different stenosis levels
within one cardiac period are displayed in Figure 3. The aver-
age values are calculated for one complete period. The results
are normalised with Tg ,which is the time averaged WSS for
S=0%. Upstream of the stenosis, the values of WSS are nearly
identical, indicating that WSS is not influenced by the degree

of stenosis prior to the stenotic region. At the throat, the results
show a positive correlation between the maximum mean WSS
and the increase of S. Downstream of the stenosis, the regions of
negative WSS are observed in all cases except for S=30%. This
shows that the mean recirculation region occurs for all cases ex-
cept S=30%. There is also a chaotic region for S=90% between
z/D=10 and 15, corresponding to the turbulent features of the
flow.
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Figure 4. Vorticity magnitude for the pulsatile flow for S=90 % (a)
Normalised spatial WSS distributions (b) #peqr (€) tmidate (d) trough
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Figure 5. Vorticity Magnitude for the pulsatile flow through the S=70 %
model (a)Normalised spatial WSS distributions (b) #peax (€) tmidaie (d)
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Figure 6. Instantaneous location of the centre of the chaotic region

The instantaneous WSS for different stenosis levels and corre-
sponding vorticity structures are investigated to better under-
stand the influence of the degree of stenosis on the flow field.
The vorticity structures for S=90% and 70% at tpak» tmidare and
trrough are shown in Figs 4(b), 4(c), 4(d) and 5(b), 5(c), 5(d),
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Figure 7. Normalised instantaneous WSS distributions for S = 30, 50,
and 70% at t

respectively. Only one period is shown because the flow is pe-
riodic. In the vicinity of the throat, a cylindrical shear layer is
formed leading to a jet in the proximal of the post-stenotic re-
gion. The magnitude of vorticity in the shear layer gradually
decreases due to the action of viscosity. For the S=90% case,
the shear layer eventually breaks down forming a chaotic region
downstream of the stenosis, with turbulent flow characteristics.
In [8], the localised turbulent region was also observed in their
study. However, it seems here a different mechanism of flow
breakdown is observed. In this study, it appears that growth in
instabilities in the shear layer eventually leads to chaotic turbu-
lent flow further downstream from the throat, whereas in [8],
the breakdown was caused by the tilting of vortex rings formed
at the throat.

For S=70%, the shear layer formed at the throat remains steady
right through the computational domain. For other cases with
lower values of S, the features of vorticity structure are similar
to the 70% case in the post-stenotic region.

In both [4] and [8], the formation and propagation of vortex
rings were observed in their simulations. [4] investigated three
cases from a low stenosis degree of 25% to a high degree of
75% at Reynolds number Rep=400. The domain specified in
S=25% and 75% are 25D and 50D,respectively. Likewise, in
[8], DNS was conducted for both steady and single harmonic
pulsatile flow in a smooth axisymmetric 75% stenosis tube with
the domain 50D at Reynolds number Rep=750 and 400, respec-
tively. However, this phenomenon does not occur in any of our
cases. This may be due to the longer pulsatile period applied in
our study with a smaller Womersley number o=2.6 in compari-
son with [8], where the Womersley numbers range from o=7.2
to 18.6.

Figure 4(a) and 6(a) show the normalised instantaneous WSS
at three time steps. The maximum WSS occurs at the stenosis
region due to acceleration through the throat. By comparing the
data, WSS in S=90% is much greater than that in S=70% be-
cause of the small constricted cross-sectional area at the throat.

In the proximal of the post-stenotic region, WSS drops dramati-
cally from positive to negative, indicating a localised but strong
recirculation region. Further downstream, the jet becomes un-
stable and the flow becomes turbulent. The WSS is negative
within the chaotic region. Also, the correlation between the lo-
cation of the vortex breakdown and inlet condition shows that
a greater instantaneous inlet velocity leads to a shorter distance
between the turbulent region and the stenosis. This correlation
is clearly demonstrated in Figure 2, which shows the inlet ve-
locity, and Figure 6 which shows the centre location of the insta-
bility region at each 0.02s time step in one period. As indicated
in Figure 6, the domain of the chaotic region occurs between
12.67 and 15 z/D.

For S=70%, the chaotic region is no longer observed in the post-
stenotic area of the artery model, demonstrating that only a high

stenosis level (greater than 70%) could lead to a formation of the
chaotic region within the specified domain downstream of the
stenosis. Instead, a long domain of recirculation region occurs
downstream of the stenosis. As shown in Figure 5, the domain
with negative WSS is approximately 5 to 15 z/D. By comparing
the data, the recirculation domain at .. is longer than those
at the other two time steps (iqgaze and #;o,g,), Which indicates
that greater inlet velocity results in a longer recirculation area.
Meanwhile, as indicated in Figures 5(b), 5(c), 5(d), a longer
recirculation domain leads to a slower decay of the vorticity
strength due to the effect of viscosity.

Figure 7 displays the normalised instantaneous WSS distribu-
tions for S=30, 50 and 70% at one specific time step. It is clear
that with the decrease of the stenosis level, the length of the re-
circulation domain decreases accordingly. Also, at S=30%, the
WSS across the entire artery model are positive, which implies
that the recirculation region at a low stenosis level no longer
occurs.

Comparision Between Two Different Womersley Numbers
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Figure 8. (a) Normalised time average WSS distributions at S=90%
for T=0.3s and 0.84s,respectively (b) Zoom in figure of (a) with ylimits
from -3 to 3

The effect of the cardiac cycle period in the stenosis artery
is investigated by comparing the data with the same form
of pulsatile inlet velocity condition but using two car-
diac cycles (0=2.59 for T=0.3s and 0=4.34 for T=0.84s)
for the same stenosis level and mean Reynolds number

Rep = % = 703.The results in Figure 8 show that the

distributions of WSS for the two different pulsatile cycles are
similar. For S=90%, downstream of the stenosis, the localised
instability region occurs closer to the stenosis with the shorter
cardiac cycle (T=0.3s). Also, it has been shown that within
the instability region ,the WSS magnitude is higher with a
longer cardiac cycle. For S=50%, upstream of the stenosis, the
WSS magnitude is higher for T=0.3s case. Downstream of the
stenosis, the domain of recirculation region in the post-stenotic
area with T=0.3s is slightly shorter and the WSS after passing
the trough point of the WSS curves are greater than those
with T=0.84s, meaning that a shorter cardiac cycle results in a
shorter recirculation region in the post-stenotic region, as well
as higher WSS.
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Figure 9. (a) Normalised time average WSS distributions at S=50% for
T=0.3s and 0.84s,respectively (b) Zoom in figure of (a) with y limits
from -0.2 to 0.5

Conclusions

The objective of this study is to understand the WSS behavior
in three-dimensional stenotic pulsatile flow. Direct numerical
simulations (DNS) are carried out in an asymmetric stenotic
model at four different stenosis levels. Higher stenosis levels
lead to greater WSS at the stenotic region. In higher stenosis
case (S=90%), the localised turbulent WSS distribution is ob-
served downstream of the stenosis with negative WSS values,
indicating the recirculation region. However, this phenomenon
does not occur in the lower stenosis cases in the computational
domain used here. Instead, the stable negative WSS region after
the stenosis is observed. At the low stenosis levels, the length
of the recirculation region becomes smaller for lower stenosis
levels and eventually disappears.

The effect of the pulsatile boundary condition is also investi-
gated by comparing the results with two different cardiac cy-
cles applied to the same stenosis level. A shorter pulsatile pe-
riod (T=0.3s) leads to a closer distance between the instabil-
ity region and the stenosis in the higher stenosis level case.
For lower stenosis levels, a shorter pulsatile period results in
a shorter length of the recirculation region.

Future studies should focus on the validation of the flow break-
down mechanism in our study and the understanding of vortex
ring formation and propagation. The relationship between the
breakdown mechanisms with different Reynolds and Womers-
ley numbers should be investigated.
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