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Abstract

Blood flows with stenosis may cause turbulence. In such a case, vessels may be damaged by the turbulent flow because the velocity
gradient of turbulent flow is large near the wall. It is very important to predict turbulence accurately. Generally, the shape of the stenotic
vessel is quite complicated. Finite element method (FEM) is adopted because it is able to easily handle the stenotic vessel with unstruc-
tured meshes. Also, based on FEM, large eddy simulation (LES) is implemented to accurately solve turbulent flows in a vessel. To verify
the accuracy of the LES technique developed, it is applied to the turbulent flow in an eccentric stenosis flow considered by Varghese et al.
[1]. The simulation results showed that laminar flow occurs at the inlet region, whereas turbulence flow occurs after stenosis region. The
present results show a reasonably good agreement with the DNS results of Varghese et al. [1].
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1. Introduction

Blood in a vessel provides oxygen and nutrients to various
organs of human body. Plaque growing in a vessel can make
the area of flow passage small and then cause turbulence in
blood flow. As a result, the abnormal blood flow due to plaque
in a vessel may cause various kinds of diseases. A clear
knowledge of fluid dynamics in stenotic vessels can help us
understand the mechanism of disease progression and design
better diagnostic procedures (Pal et al. [2]). In that respect,
stenotic flows have been studied both numerically and ex-
perimentally by many researchers (Berger and Jou [3]).

Ahmed and Giddens [4] investigated stenotic flows experi-
mentally for three area reduction rates (25%, 50%, 75%) of
axisymmetric pipe at Re = 500, 1500 and 2000. Velocity and
wall shear stress distributions at some selected positions were
examined. Recently, Varghese et al. [1] simulated the experi-
ment of Ahmed and Giddens [4] by using spectral element
method at the area reduction rate of 75% at Re = 500, 1000. A
grid independent solution at Re = 500 was found to be consis-
tent with the experimental result of Ahmed and Giddens by
using spectral element method with grid resolutions corre-
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sponding to 1.15~3 million points. On the other hand,
Varghese et al. also studied the turbulent stenotic flow with an
eccentric case at Re = 1000 in that this kind of the flow is
relevant in the physiologic sense because actual arterial
stenoses are likely to be asymmetric. Recently, the effect of
eccentricity of stenotic flow was examined by Griffith et al.
[5] at Re = 1-400. They reported that the flow field becomes
more asymmetric as the eccentricity and Reynolds number
increases and the magnitude of reverse flow increases as the
eccentricity increases.

Some researchers have tried to employ turbulence models to
solve stenotic flows because DNS may require a huge com-
puting resource. In that respect, LES has been regarded as a
viable method. Tan et al. [6] used constant Smagorinsky and
dynamic Smagorinsky LES (Large eddy simulation) model to
simulate the stenotic flow examined by Varghese et al. [1].
Although the results with constant Smagorinsky model were
better than the other models, there were substantial deviations
from the velocity profiles of experiment at some positions,
which could be attributed to the fact that the flow undergoes a
transition from laminar to a turbulence state in the post-
stenotic region, and the turbulent flows are only weakly turbu-
lent (Fischer et al. [7]). In that respect, the Vreman model
recently proposed by Vreman [8] has a good feature that the
SGS eddy viscosity is automatically zero at the flow region
where the SGS dissipation should be zero.
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Fig. 1. Schematic of the eccentric stenosis model [1].

(a) 3-D mesh

Fig. 2. Mesh of the eccentric stenosis model.

Therefore, the objective of this study was to develop the
LES technique with the Vreman model as SGS models to
accurately predict the turbulent blood flow in vessels. For
simulations, we considered finite element method allowing for
geometric flexibility because the shape of the vessels could be
quite complicated. Finally, the performance of the present
LES technique was assessed against the previous studies.

2. Numerical method

In the present study, a 3-step finite element method (FEM)
based on P2P1 element is employed to solve the eccentric
stenotic flows. In the 3-step FEM, Galerkin and Crank-
Nicolson methods are employed for spatial and temporal dis-
cretizations, respectively. Therefore, this method is third/sec-
ond order accurate in space/time and unconditionally stable.
More details of the present 3-step FEM are in Cho et al. [9].
Fig. 1 shows the schematic diagram for the computational
domain and coordinate system. As shown in Fig. 1, in this
study the eccentric stenotic flow in which stenosis axis was
offset from the main vessel axis by 0.05D, which is the same
as that by Varghese et al. [1]. As the boundary conditions, at
the inlet the steady laminar parabolic velocity profile was
imposed, and at the outlet the traction free condition was ap-
plied. Also, the wall of the stenotic vessel was regarded as
rigid. As shown in Fig. 2, unstructured mesh based on tetrahe-
dron was used. The numbers of node and cell are 308721 and
225498, respectively. Velocity variables were interpolated by
quadratic basis function and pressure by linear.

In the present study, the Reynolds number based on the
mean inlet velocity (u;) and the main diameter of the stenotic
vessel is 1000. At this Reynolds number, the flow in the post-
stenotic region becomes turbulent. The typical Reynolds num-
ber range of blood flow varies from O(1) in small arterioles to
O(10%) in the largest artery, the aorta [10]. For blood flow,
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(b) y-z plane mesh at the inlet

density and viscosity of the blood are considered as 1050
kg/m’ and 0.004 kg/m-s, respectively [11]. As for LES model,
the subgrid-scale model developed by Vreman [8] is consid-
ered. Thanks to the good feature of the Vreman model already
mentioned, it has been successfully applied to some bio-fluid-
dynamic problems (Choi et al. [12]). In the Vreman model [8],
the eddy viscosity is defined as

v, =C,\ 1,/ a,a,
(07,] = a;f/axi’ H[} = ﬂllﬂzz 7ﬁ122 +ﬂ11ﬂ33 7ﬂ123 +ﬁ22ﬁ33 7ﬂ223’
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Here, C,is the Vreman model [8] coefficient, and in this
study it is set to be 0.07.

Since long-term simulations are necessary for averaging
process of the present LES, parallel computations based on
domain decomposition and MPI method have been conducted.
We extended the parallel algorithm developed by Choi et al.
[13] for P1P1 splitting formulation to the present meth-
od for P2P1 splitting technique.

3. Results and discussion

Fig. 3 shows the instantaneous vorticity magnitude
(|@| = Jorm, ) contours of the flow in the eccentric stenosis
model. For comparison, the previous results are included from
the DNS performed by Varghese et al. [1] and the LES by
Varghese et al. [14] with the SGS model implemented in Flu-
ent 6.2. As shown in Fig. 3, the shear layer surrounded by a
long, thin recirculation zone is developed at the stenosis throat,
which was already observed in previous studies (Sherwin and
Blackburn [15] ; Varghese et al. [1] ; Vetel et al. [16]). The
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Fig. 3. Comparison of instantaneous vorticity magnitude contours of the eccentric stenosis model.
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Fig. 5. Comparison of time-averaged vorticity magnitude contours of the eccentric stenosis model.

recirculation zone can be identified more clearly in Fig. 4.
Contrary to the previous studies for an axisymetric stenosis
model (Varghese et al. [1]), the recirculation zone only exists
in the lower side corresponding to the opposite side of the ec-
centricity. Also, under the influence of the eccentricity, the
shear layer is deflected toward the upper side. The inclination
angle of the shear layer is around 4°, which is similar to that
seen in the previous result. The shear layer almost remains until
x = 8-9, and then the transition to turbulence is observed in
downstream. Although small-scale structures in downstream (x
= 10-13) could not be well resolved in this study as compared
to the previous one, the overall feature of the vortical structures
observed in the present paper is also seen in Refs. [1, 14].

Fig. 5 shows the time-averaged vorticity magnitude con-
tours through the eccentric stenosis model. In the current sim-
ulation, the time-averaging is taken during the non-
dimensional time interval of Tu/D = 140. As observed by
Varghese et al. [1, 14], the localized transition occurs after
approximately x = 4. Correspondingly, the ratio of the turbu-

lent viscosity and the fluid viscosity increases nearly at that
location as shown in Fig. 6. Based on the ratio of the turbulent
eddy viscosity and laminar viscosity (v¢/v), the transition starts
inside the shear layer. As the flow goes downstream, the
whole flow becomes turbulent.

For further validation of the present simulation, the turbu-
lence statistics are presented. Figs. 7 and 8 show the mean
streamwise velocity and streamwise velocity fluctuations,
respectively. They are compared against those given by Var-
ghese et al. [1, 14] (DNS and k-w RANS model) and Tan et al.
[6] (Smagorinsky and dynamic Smagorinsky models). Here,
x-z plane is the symmetric plane of the stenosis model given.
As shown in Figs. 7 and 8, the present results are in a reasona-
bly good agreement with the previous DNS results, which
show that the Vreman model is successfully implemented in
FEM framework considered in the present study. The velocity
distributions in x-z plane clearly show the effect of eccentric-
ity, but those in x-y plane do not because the stenosis model is
only asymmetric in x-z plane. As said above, negative velocity
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Fig. 6. Instantaneous vy/v contours of the eccentric stenosis model (The instantaneous time is the same as that in Fig. 1).
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Fig. 7. Time-averaged axial velocity profiles, u/u; along the several axial locations (Solid line : Vreman model, circle : DNS [1], dash-dot : k-w
model [14], dash : Smagorinsky model [6], dash-dot-dot : Dynamic Smagorinsky model [6]).
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Fig. 8. Root-mean-square axial velocity profiles (Solid line : Vreman model, dash-dot : DNS[1]).
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Fig. 9. Time-averaged axial wall shear stress magnitude along the vessel walls, normailized by the value upstream of the stenosis at three different

azimuthal locations.

related to the existence of the recirculation zone is observed in
the lower side in the region of x = 6, 8. At x = 10, the recircu-
lation zone disappears so the negative velocity does not exist.
Also, the difference between the time-averaged velocities in x-
z and x-y planes become smaller in farther downstream sec-
tion as the jet disappears and the transition to the turbulence
occurs.

In the problem related to the stenosis model, another rele-
vant physical property is the skin friction at the wall. The tur-
bulent motion in a vessel affects the constituent of the blood as
well as the function of the endothelial cell layer, at which the
wall shear stress is recognized as a mediator of the local he-
modynamics to the inner layer Gardhagen et al. [17].

Fig. 9 shows the distribution of the axial component of the
time-averaged wall skin friction along the vessel walls at three
different azimuthal locations. The value is normalized by that
upstream of the stenosis. For comparison, the previous results
by Varghese et al. [1] are included. Overall, the wall shear
stresses in the present study show reasonably good agreement

with those obtained in the previous DNS study (Varghese et al.

[1]) although the peak value in the present study is a little
smaller than that in the previous one. As shown in this figure,
just in front of the throat, the wall skin friction has the maxi-
mum value by a factor of around 30 as compared to that at the
inlet. However, right after the throat, the wall skin friction
rapidly decreases and then as the flow moves within the di-
verging section the wall shear stress returns to that at the inlet.
Also, the wall shear stress is affected by the eccentric of the
stenosis model. At 0 < x < 8, under the influence of the de-
flecting jet, the wall shear stress on the side of the eccentricity
is larger than those on the other locations. However, after x =
8, the influence of the eccentricity disappears, and the wall
shear stress is nearly independent on the azimuthal locations.

4. Conclusions

To perform large eddy simulations of the turbulent flow in a
stenosis model, a subgrid-scale model based on the Vreman
model [8] was implemented into a finite element method. To
validate the performance of the present large eddy simulation

technique, the turbulent flow in the stenosis model considered
by Varghese et al. [1] was simulated. The simulation results
show that laminar flow occurs at the inlet region, whereas
turbulent flow occurs after the stenosis region. Compared to
the previous results, the present results show a reasonably
good agreement in terms of the vortical structures as well as
the turbulence statistics such as the time-averaged streamwise
velocity and axial wall shear stress.
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Nomenclature

Re : Reynolds number

D : Main diameter of the stenotic vessel
T : Sampling time for averaging
u : Axial velocity

u; : Mean inlet velocity

C, : Vreman model coefficient

1% : Kinematic viscosity of fluid
v, : Turbulent eddy viscosity

10} : Vorticity
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