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SHORT COMMUNICATION

Application of the lattice Boltzmann method to flow in aneurysm
with ring-shaped stent obstacles

X. Xu and J. S. Lee* |

Department of Mechanical Engineering, Wayne State University, 5050 Anthony Wayne Dr. No. 2100,
Detroit, MI 48202, U.S.A.

SUMMARY

To resolve the characteristics of a highly complex flow, a lattice Boltzmann method with an extrapolation
boundary technique was used in aneurysms with and without transverse objects on the upper wall, and
results were compared with the non-stented aneurysm. The extrapolation boundary concept allows the
use of Cartesian grids even when the boundaries do not conform to Cartesian coordinates. To ease the
code development and facilitate the incorporation of new physics, a new scientific programming strategy
based on object-oriented concepts was developed. The reduced flow, smaller vorticity magnitude and wall
shear stress, and smaller du/dy near the dome of the aneurysm were observed when the proposed stent
obstacles were used. The height of the stent obstacles was more effective to reduce the vorticity near the
dome of the aneurysm than the width of the stent. The rectangular stent with 20% height-of-vessel radius
was observed to be optimal and decreased the magnitude of the vorticity by 21% near the dome of the
aneurysm. Copyright © 2008 John Wiley & Sons, Ltd.
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INTRODUCTION

Studies of aneurysm models have shown complex hemodynamic changes in an aneurysm after
the placement of a stent across the aneurysm neck [1-5]. But an irregularly shaped and wide-
necked aneurysm makes the current stent technology limited [6]. Doctors, sometimes, use lack of
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a variety of sizes of stents for the artery being treated due to the short supply of stents. This can
cause serious results such as subacute thrombosis [7]. Any alternative surgical supplies that can be
manufactured easily and flexibly performed with complex vessel geometry should provide more
options and prevent doctors from using stents that are poorly matched to the size of the vessel.

The flow over two- and/or three-dimensional obstacles of different shapes and sizes has been
studied extensively by numerous investigators due to its importance to engineering applications.
In many of these applications, enhanced surfaces significantly alter the structure of the flow. Han
et al. [8] conducted an experimental study to investigate the effect of rib geometry on the friction
factor for complex flow. It was found that the shape and size of the rib affected the friction factor
significantly.

Bergeles and Athanassiadis [9] studied the influence of the streamwise length of a rib on
reattachment length and showed that a sudden decrease in reattachment length from 11 to 3 rib
heights was observed when the length-to-height ratio of a rib was greater than 4. Sparrow and
Tao [10] used the naphthalene sublimation technique in flat rectangular channels of large aspect
ratios with obstacles situated on one of the walls of the channel and oriented transversely to
the flow direction. The results showed a substantial enhancement of the Sherwood (S4) number
compared with the smooth-wall duct. Drain and Martin [11] performed laser Doppler velocimetry
measurements of the fully developed water flow in a rectangular duct with one surface roughened
with a periodic array of elements. They found that the conventional Navier-Stokes (NS) equation
solver tended to seriously underestimate the reattachment length, which is an importance indicator
of complex flow structure.

In this paper a lattice Boltzmann method (LBM) was considered for the simulation of an
aneurysm. One advantage of the LBM is that data communications between nodes are always local,
which makes the method extremely efficient for large-scale parallel computations [12]. It is also
easy to handle complex geometry including moving boundaries without the loss of computational
speed. The LBM has been applied to many engineering and science problems including turbulence
[13], porous media flow [14], multiphase flows [15] and physiological flows [16, 17]. Figure 1
shows flow regimes in terms of the Knudsen (K»n) number and indicates how widely the LBM can
be used. The NS and Euler equations are applicable when Kn<0.01 (continuum) or <0.1 when
appropriate slip boundary treatments are used. With the Boltzmann equation, most of the flow
regimes are covered (Kn<100).

The goal of this study was to perform a two-dimensional planar lattice Boltzmann simulation of
flows in aneurysms with and without a transverse stent obstacle on the upper wall to analyze the
flow mechanics inside the artery, paying close attention to the effects of the disease geometry with a
proposed complex boundary treatment method. Throughout this study, the simple two-dimensional
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Figure 1. Knudsen numbers and corresponding governing equations [18].
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APPLICATION OF THE LATTICE BOLTZMANN METHOD 693

geometry for the aneurysm was considered. The pulsatile boundary condition was used at the
inflow boundary. To avoid a large computational demand, the ghost cell extrapolation method was
used in this study.

NUMERICAL METHOD AND CODE DEVELOPMENT STRATEGY

The LBM

The LBM used in this study is the nine-velocity incompressible lattice Bhatnagar—Gross—Krook
(BGK) model (D2Q9) [19-21] as shown in Figure 2. The evolution of the distribution function
fi(x,t) on a lattice is governed by

of

5+6~Vf=9(f) (D
with the conservation of mass, momentum and Galilean invariance. The fluid density, p, and
velocity, u, can be evaluated from the distribution function by

p:/f(x,e,t)dV, pu:/ef(x,e,t)dV 2)

In the D2Q9 BGK model, the evolution of the distribution function on a lattice (Equation (1)) is
discretized as follows:

dfi .
The distribution functions contribute to the density, p, and the fluid momentum, pu obtained from
Equation (2) by the following equations:

p=§fi(x,e,t), pu=§eiﬁ(x,e,t) 4)
i=0 i=0
The directions of discrete velocity used in the model are given by
0,0, i=0
ej=1 c(cos(i—1)m/2,sin(i —1)m/2), i=1,2,3,4 5)

V2c(cos (2i —9)7/2, sin (2i —9Nn/2), i=5,6,7,8

where ¢ =Ax /At is the particle speed, and Ax and Ar are the lattice spacing and the time step,
respectively.

The evolution of the particle distribution function resulting from the collision processes and the
particle propagation is governed by

fi(x+e;At, t+At) — fi(x, t):—%(fi(x,t)—fieq(x,t)) (i=0,1,...,8) (6)

where (1/7)(fi(x,t)— fieq(x, t)) is the collision operator (£2;) and 7 is the relaxation time. The
equilibrium form of the distribution function in two dimensions for the D2Q9 lattice is given by

e 1 1 , 1
[ =pwi|1+5eut+_—(ej-u)"——u-u @)
o 2cy 2cs
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Figure 2. The D2Q09 lattice. The node is the blank circle and fictitious particle
velocities (e;) have eight directions.

where cs(=c/+/3) is the speed of sound, wg=4/9,w; =1/9 for i=1,2,3,4 and 601':31—6 for
i=5,6,7,8.
The relaxation time, 7, is related to the kinematic viscosity, v, by

v=(1—1)cAt (8)

Boundary conditions

To validate the LBM, four types of boundary conditions, which include bounce-back, periodic,
extrapolation method and extrapolated outlet boundary condition, were used. Each method is briefly
described as follows:

Bounce-back boundary condition. The bounce-back boundary condition is the most common and
simplest. But this method is only the first order in terms of numerical accuracy [22] unless the
boundary is at the center between lattice nodes. It is also not feasible to be applied to such
complex boundary conditions as moving boundaries or complex geometries. Therefore, some other
boundary treatments have been proposed to improve it. Skordos [23] proposed to include velocity
gradients in the equilibrium distribution function at the wall nodes. He and Zou [24] extended the
bounce-back condition for the non-equilibrium portion of the distribution. Inamouro et al. [25]
proposed a non-slip boundary condition by assuming the unknown distributions at the wall to
be an equilibrium distribution with a counter slip velocity, which cancels a slip velocity at the
wall. However, it is still difficult to implement all the above bounce-back schemes to arbitrary
geometries.

In this study, the bounce-back method was applied in a way that a fluid particle colliding with a
boundary site simply reverses the direction of its velocity. Figure 3 shows nodal distributions for
a simple case. The bounce-back scheme at node B can be expressed as

H(B)=fa(F), f5(B)=f1(G), fo(B)=fs(E) )

where f is the distribution function after the collision process.

Periodic boundary conditions. For the inlet and outlet, periodic boundaries in combination with
velocity and pressure boundaries have been used [26—29]. This will provide simple treatments for
inlet and outlet boundaries, but realistic flow conditions (e.g. pulsatile flow) cannot be implemented.
Using Figure 1, the periodic condition was applied to the inlet nodes as it was simply transposed
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Figure 4. Complex inflow and wall boundary treatments using an extrapolation method.

copies of the outlet nodes at the matching periodic boundary. The relationship between the inlet
and outlet nodes is given by

HH)=f(F),  f3(L)= ) (10)

Extrapolation method. Most of the earlier variations of the immersed boundary method solved
the governing equation both inside and outside of the actual flow boundary but used a forcing
function to meet the conditions on the boundary. However, it is not practical to solve the fluid
equations inside a solid body due to large CPU time consumption [30, 31]. To avoid this, the ghost
cell extrapolation method was used for this study based on Guo and Zheng [32]. Figure 4 shows
an arbitrary geometry and surrounding nodes. Here nodes, w, b, f and ff, denote the nodes inside
the wall, on the boundary, on the fluid adjacent to the wall boundary, and on the fluid next to the
fluid lattice, respectively. The distribution function at the wall node, f;(Xy ), is expressed using a
simple relationship:

fiGxw) = f0w) + £ (%) (1D

where superscripts, eq and ne, denote the equilibrium and non-equilibrium components of the
distribution functions, respectively. The equilibrium distribution function, fieq (Xy), is given by

1 , 1
(ei‘uw) 2% 2uw Uy (12)

eq 1 1
f (Xy) = Ppi | 14+— ez uw+24

S

where u,, is extrapolated by

uy, =uy;, A>0.75

(13)
uy, =Auy,; +(1—-Auy,,, A<0.75
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where A, u,,; and u,,, are defined as

_Ixp—xp|

BTN uy1 =W+ (A-Dup)/A, wyr=Q2up+(A—Dug)/(1+A) (14)

Finally, the non-equilibrium part of the wall distribution function, f¢(xy), is

F ) =A S xp) + (1= A) £ (x¢r) (15)

The extrapolation scheme is of the second-order accuracy, and it is consistent with the accuracy
of the D2Q9 model [32]. This scheme is also expected to yield more accurate results compared
with the bounce-back scheme [32].

Linear extrapolation outlet boundary condition. The unknown distribution functions are extrapo-
lated at the outlet boundary using the inner lattice right before the outlet boundary at the streaming
time step [33]. Only three distribution functions, f3, fg and f; are extrapolated

FX, t+A) =2 fi(x+e;At, t +At) — fi(x+2¢;At, t+At) (i=3,6,7) (16)

Code development strategy

In this study, the diameter of the artery is larger than 1 mm, and the blood is assumed to be a
Newtonian fluid, and a single phase flow simulation is conducted. In the object-oriented program
(OOP), software objects are data groupings tightly coupled to procedures for operating on that
data. OOP commonly employs objects with the attributes of real-world entities. For example, the
LBM fluid solver includes ‘Fluid,” ‘Field’ and ‘Grid’ objects; most function operations, such as
stream and relaxation operations, are conducted in the ‘Field’ class. By using the OOP strategy,
the code was cleaner and easier to manipulate, and it helped to ease the code development and

| Integrator |

| Mixture |

| Fluid Field |

| | LBM Lattice |

Particle Field

| Finite Element

Figure 5. The structure of object-oriented code structures for multi-physics flow.
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facilitate the incorporation of new physics. The author has recently published two articles [34, 35]
in Scientific Programming, detailing the implementation of OOP strategy in scientific software
engineering and demonstrating the benefits for code maintainability and reusability while using
the OOP strategy. Figure 5 shows the multi-physics code structure.

RESULTS

Validation

Simulation capability to a variety of configurations with respect to the type of flow conditions
to obtain a comprehensive comparison with analytical data was conducted. This validated the
accuracy of the numerical approach. The fully developed channel flow driven by a constant pressure
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Figure 6. The comparison of fully developed channel flow cases. Analytical, bounce-back and extrapolation
schemes are tested and verified: (a) computational domain of the fully developed channel; (b) velocity
comparisons with the analytical solution; and (c) the relative error comparisons.
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gradient is shown in Figure 6(a). Periodic boundary condition is used at the inlet and outlet, both
bounce-back and extrapolation wall boundary conditions are applied on the wall, respectively, for
comparison purposes. The profile of the analytical velocity (u#exact) [36] is expressed as parabolic

2
1 ) a7

where the non-dimensional values of pressure gradient, dp/dx =3 x 1079, kinematic viscosity,
v=0.03, density, p=1, and H is the channel height, respectively. The Reynolds number of the flow
is defined by Re=umaxH/pv=0.012x31/0.03=12.4. The maximum Mach number (Mp,x =
Umax/Cs) 1s fixed to be 0.021. For the boundary wall treatment, both second-order bounce-back and
extrapolation schemes were used and compared as shown in Figure 6(b). The profiles of velocity
show that the lattice Boltzmann solutions match the analytical solutions within a few percent. A
higher order of accuracy was studied by measuring the convergence rate of the relative error as
shown in Figure 6(c). The relative error is defined as

_ 2
Error= Y. (1= 4e)” (18)
Ue

where u is the numerical solution and u, is the analytical solution. A very low relative error was
generated with both bounce-back and extrapolation methods as shown in Figure 6(c). The error
increases with movement toward the stationary wall since u, is close to zero. A relatively smaller
error with the bounce-back method compared with the extrapolation method is observed. However,
as the degree of complexity of the geometry increases, the bounce-back method may not work
well [37].

The second validation of the LBM is presented in Figure 7. For this, the efficiency of the extrap-
olation scheme in a Couette flow with a rotating inner wall was investigated. The computational
domain for the Couette flow is shown in Figure 7(a), and Cartesian grid points around circular
boundaries are shown in Figure 7(b). Extrapolation wall boundary is applied on the wall to accu-
rately capture the circular boundaries. An 80 x 80 computational domain in the x- and y-directions
was employed where the speed of the inner wall (up) was fixed to be 0.04. The Reynolds number
based on an inner and outer wall radius difference was 53 (Re=ug(r; —r1)/v). In a steady-state

X

(a) (b)

Figure 7. The Couette flow geometry and corresponding grid: (a) the Couette flow configuration and
(b) grid generation around the circular.
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case, the Couette flow has the following analytical solution [36]:

uof (ra r
1-p < r r2>
where f=r1/r;. A good match with the analytical solution is observed in Figure 8(a). Figure 8(b)
shows the corresponding velocity vector plot. The relative error (Equation (18)) plot in Figure 8(c)
also shows very small error between the numerical and analytical solutions.

Before further study the influence of a transverse stent obstacle on the flow inside the aneurysm,
current LB method has been extensively validated by simulating the flow inside an aneurysm
using the model SSa LS in [26]. The current simulation used periodic boundary condition at the
inlet and outlet as in [26], grid resolutions, 800 x 188, viscosity, 0.026, and pressure gradient,
4.17e—6 were used to exactly simulate the referred case in [26]. The only difference between the
current simulation and that in [26] is the wall boundary treatment; the bounce-back wall boundary
condition was used by Hirabayashi et al. [26], whereas the second-order extrapolation method

(19)

ug(r)=

1.0

= LBM |
0.9 \ — Analytical
0.8

o

0.5 \\ 5=

z-; =

02 N
\\

0.1

u(r)/uda

0.0

0.6

0.8 1

0.2 0.4
(a) (r-r1)/(r2-r1) (b) X

2.50E-04

2.00E-04

1.50E-04

Error

1.00E-04

5.00E-05 4

1S4

.
RS
P24
0000200000000 000000499¢¢ .

0 0.2 0.4 0.6 0.8
(c) (r-r1)/(r2-r1)

0.00E+00

Figure 8. The Couette flow case results: (a) comparison with the analytical solution; (b) velocity vector
plot; and (c) the relative error plot.
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Figure 9. Velocity magnitude comparison at the aneurysm orifice.

was used in the current simulation. The velocity magnitude comparison at the aneurysm orifice in
Figure 9 shows that current results matched well with the data of Hirabayashi et al. [26].

Flows in aneurysm with a transverse stent obstacle

Despite its capability of reducing blood flows into an aneurysm sac, there are still some problems
when the stented aneurysm is used. Won et al. [38] investigated problems encountered during and
after stent—graft treatment including stent—graft migration, stent—graft folding, cerebral ischemia
and mechanical failure. The porosity and size of the stent and the difficulty in implementation
to complex vessel geometry are notable problems. The modification of the flow field also causes
coagulation in the aneurysm leading to its permanent occlusion after treatment [39]. Therefore,
minimal flow changes by the disease treatment and the ease of implementation to the patient-
specific geometry are very important. In this section, a simple ring-shaped obstacle situated before
an aneurysm was used to examine the effect of the flow in an aneurysm.

The two-dimensional computational domain is shown in Figure 10. The parent vessel is 4 mm
in diameter, and the diameter of the sac of the aneurysm is 5 mm. Because the vessel diameter is
larger than 1 mm (i.e. it falls in the region of high strain rates), the non-Newtonian effect is small,
and the flow is assumed to be Newtonian fluid with the dynamic viscosity of 3.5x 10~°m?/s
and the density of 1060kg/m>. For simplicity, the vessel wall is treated as rigid. At the entry
of the artery, the pulsatile inlet velocity as shown in Figure 11 was implemented by using the
extrapolation method to investigate the effects of momentum variations with the different sizes
and shapes of the obstacle. The unknown distribution function at the exit is obtained from the
extrapolation method. The maximum Reynolds number calculated at  =0.3 s, where the maximum
center velocity is 0.29m/s, is

Umax d _ 0.29m/s x 0.004 m ~331 20)
v 3.5x10~%m?2 /s

Remax =

A ring-shaped stent obstacle can be easily inserted as shown in Figure 12. The ring was
positioned in a way that the stent obstacle was directly opposed normal to the main flow direction
as shown in Figure 12. A memory-shaped material can be used so that the ring shape will be
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Figure 12. Ring-shaped stent obstacle is inserted to the desired location.

recovered at the temperature close to that of human blood. This method, however, needs to be
tested further in a clinical setting. The geometry for the obstacle is depicted in Figure 13. The
ratio of obstacle height (H) to vessel diameter (d) and obstacle length (L) to vessel diameter
(d) are given in Table I. Calculations were performed for various cases with triangle-, square-
and bluff-shaped stents. Since aneurysm rupture usually occurs at the apex of the dome [40], the
analysis of flow effects due to the obstacle was focused on the location of an aneurysm near the
dome of the aneurysm.
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Figure 13. The geometric configuration of a stent obstacle.

Table I. List of studied obstacle cases.

Case Stent H/d L/d
No stent N/A N/A N/A
Triangular stent (0.1d H_0.1dL) 0.1 0.1
Rectangular stent (0.1d H_0.1dL) 0.1 0.1
Rectangular stent (0.1d H_0.3d L) 0.1 0.3
Half circular stent (0.1d H_0.2d L) 0.1 0.2
Half circular stent (0.1d H_0.4dL) 0.1 04
Triangular stent (0.2d H_0.1dL) 0.2 0.1
Rectangular stent (0.2d H_0.1dL) 0.2 0.1
Rectangular stent (0.2d H_0.3dL) 0.2 0.3
Half circular stent (0.2d H_0.4dL) 0.2 0.4
Half circular stent (0.2d H_0.6dL) 0.2 0.6

The variables used in this section were non-dimensionalized with respect to a reference velocity,
¢, density, pg, and time step, At* as follows:

*

P
,036*2’ CF2AL*

u v p* *
u——, V=—1, p:—’ p:
c* c* I

2D

where ¢*=Ax*/At*=10"*m/10~s=100m/s, p§;=1060kg/m>.
Figure 14 shows the results of a grid independence study using the non-stented aneurysm model.
In this study, the periodic boundary condition is implemented at the inlet and outlet by using the

Copyright © 2008 John Wiley & Sons, Ltd. Int. J. Numer. Meth. Fluids 2009; 5§9:691-710
DOI: 10.1002/fid



APPLICATION OF THE LATTICE BOLTZMANN METHOD 703

. 0025
012
; ooz f
01
r 0015 |
o b E U (lattice: 800x188)
. U (lattice: 400:04)
001 I e W (laftice: B00X188)

V (latice: 400x54)
U fattice: 800x188)

Velocity at the Neck of Aneurysm

Fully Developed Streamwise Velocity
[=]
=
T

i T : D005 |
o U (lattice: 400x04)
0 ——— e iame b I
002 v
E‘ !
- \ 'n'
ol _ -
u L 1 L ll\ DUDS Ea 1 P | L L 1 P | L o KTy
L] 20 40 &0 a0 360 380 400 420 440
{a) ¥ (b} bt

012 -

U (attice: BODX188)
----- U (lattice: 400%94)

Streamwise \ elocity at the Middle of Channel

50 100 150
Y

o

Figure 14. A grid-independent study: (a) fully developed streamwise velocity; (b) velocity at the neck of
the aneurysm; and (c) streamwise velocity at the middle of the channel.

constant pressure gradient dp/dx=4.17 x 107%. The grid resolution of 400 x 94 and 800 x 188
were used with 40 lattices and 80 lattices for the diameter of the vessel, respectively. The results
showed good agreement between the grid resolution 400 x 94 and 800 x 188; therefore, the grid
resolution 400 x 94 was used in the rest of simulations. The reason for not using coarser grid
resolution is because the stent geometry is too small (1 mm x 1 mm) to be accurately captured by
coarser lattices, such as 200 x 47 (dx =2mm).

Extrapolation wall boundary condition was applied on the wall for the boundary of the aneurysm.
Inlet was also treated using the extrapolation wall boundary method by imposing time-dependent
pulsatile velocity values. The extrapolation outlet boundary method was used at the outlet. One
million time steps were used in one pulsatile period and the time step, Az, was 107 %s.

The vorticity contours of the non-stented case during one pulsatile period of the flow near the
dome of an aneurysm are shown in Figure 15. It was observed that the highest vorticity corresponds
to the time of the peak velocity at t =0.37 where T =1.0s. Therefore, the data analysis was mostly
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Figure 16. Comparison of vorticity contour at r=0.3T.

conducted at r=0.3T (i.e. when the highest vorticity appears near the dome area of the aneurysm)
in this study.

Figure 16 shows the comparison of vorticity contours between non-stented and different stent
(obstacle) shape cases at + =0.37. It shows that the rectangular stents with H/d =0.2 resulted
in the largest vorticity reduction, 21%, compared with the non-stented aneurysm at the dome of
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Figure 17. Comparison of du/dy contour at t =0.3T.

the aneurysm. The height of the stent is observed to be more effective on vorticity reduction than
the width of the stent, and the effect of width of stent on vorticity is appeared to be negligible.
A similar trend was observed in du/dy plots in Figure 17; the red spot at the dome of the
aneurysm in the non-stented case disappeared when placing a stent obstacle of any shapes. Again,
the rectangular stent with H/d =0.2 reduced by a 21% the streamwise velocity gradient compared
with the non-stented case.

The different flow patterns in an aneurysm with different stent obstacles are shown in Figure 18.
The blood directly moved into the non-stented aneurysm created a large size of vortex near the
dome of the aneurysm. However, the vortex is significantly reduced due to the fact that the inserted
stent created a thin boundary layer over the neck of the aneurysm and kept the flow from moving
into the aneurysm sac. This also led the change of vortex location to the center of the aneurysm
from the vessel wall, particularly when the rectangular stent obstacle was used in the simulation.

The variation of velocities at the center of an aneurysm along the streamwise direction for stents
with H/d=0.2 are shown in Figure 19. The reduction in velocity in the y-direction indicated
less flow near the dome area of the aneurysm, which also suggested that less pressure is expected
near the dome area of the aneurysm using proposed stent obstacles. When compared with the
non-stented velocity in the y-direction, the maximum reduction in the peak velocity is about 15%.
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Figure 18. Comparison of velocity streamline at t=0.3T.

It is found that shear stress values at the dome of the aneurysm are small in all stented cases
because the velocities near the dome are very small. Small shear stress values were also observed
by Ohta et al. [41] in the dome area. Table II lists the values of shear stress, u(du/dy+ 0v/0x), and
vorticity, (0v/dx —du/dy), at the top of the dome and its percentage changes compared with the
non-stent obstacle case at the dome of the aneurysm. The viscosity, ¢, was kept to be constant at
0.037Pas. The rectangular stent cases reduced shear stress and vorticity most strongly as indicated
in the table by the significant reduction ranging from 10.38 to 20.55%. The triangular and circular
stents reduced the vorticity moderately, ranging from 6.14 to 14.3%.

The momentum of the fluid in the normal direction (pv) and its percentage changes at the
center of the aneurysm are given in Table III. As given in Table II, the rectangular stent obstacles
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Figure 19. Velocity at the center of the aneurysm at t=0.3T.
Table II. Shear stress and vorticity at the dome of the aneurysm.
Vorticity magnitude
Case Shear stress (Pa)  Vorticity (1/s) change (%)
No stent 0.015141252 —4.0812 0.00
Triangular stent (0.1d H_0.1dL) 0.013839599 —3.73035 —8.60
Rectangular stent (0.1d H_0.1dL) 0.013570215 —3.65774 —10.38
Rectangular stent (0.1d H_0.3dL) 0.01355864 —3.65462 —10.45
Circular stent (0.1d H_0.2dL) 0.013937283 —3.75668 —7.95
Circular stent (0.1d H_-0.4dL) 0.014211674 —3.830064 —6.14
Triangular stent (0.2d H_0.1dL) 0.012410952 —3.34527 —18.03
Rectangular stent (0.2d H_0.1dL) 0.012030343 —3.24268 —20.55
Rectangular stent (0.2d H_0.3d L) 0.012135336 —3.27098 —19.85
Circular stent (0.2d H-0.4dL) 0.012975688 —3.49749 —14.30
Circular stent (0.2d H_0.6d L) 0.013450679 —3.62552 —11.17

Table III. Momentum in the normal direction and its
changes at the center of the aneurysm.

Case pv (kg/m2 s) pv change (%)
No stent 4.16 0
Triangular stent (0.2d H_0.1dL) 3.78 —8.89
Circular stent (0.1d H_0.2dL) 4.13 —0.643
Circular stent (0.1d H 0.4dL) 4.32 +3.96
Circular stent (0.2d H_0.6dL) 4.16 —0.0753
Rectangular stent (0.1d H_0.1dL) 3.05 —26.7
Rectangular stent (0.1d H_0.3d L) 3.05 —26.6
Rectangular stent (0.2d H_0.1dL) 2.90 —30.1
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reduced the momentum moving into the aneurysm significantly. The circular stent obstacle cases
are shown to be ineffective and a moderate change is observed for the triangular stent obstacle.

CONCLUSION

A two-dimensional fluid solver based on the lattice Boltzmann method (LBM) has been developed
using an OOP strategy. The developed fluid solved with the LBM was compared with configurations
with respect to the type of flow conditions to obtain a comprehensive comparison with analytical
data. Results matched well with the analytical solutions of the channel and Couette flows.

The flow in aneurysms with simple ring-shaped stent obstacles was simulated to examine the
flow inside the aneurysm. The results showed the lower vorticity near the dome of the aneurysm.
Three shapes of stent (triangle, rectangle and circle) with different heights and widths have been
investigated. The reduced flow, smaller vorticity magnitude and wall shear stress, and smaller
du/dy near the dome of the aneurysm were observed when the proposed stent obstacles were used.
The height of the stent was more effective to reduce the vorticity near the dome of the aneurysm
than the width of the stent. The rectangular stent with 20% height-of-vessel radius was observed
to be optimal and decreased the magnitude of vorticity by 21% near the dome of the aneurysm.

Future works for reducing the blood flow into aneurysms should include a three-dimensional
implementation of the LBM, smaller artery diameters with non-Newtonian viscoelastic effect and
multiphase flow with red blood cell and blood plasma. The results shown here already indicate
that the current fluid solver based on the LBM is a very promising method for the blood flow
analysis, particularly when complicated geometries were used. The OOP strategy can facilitate the
future development of the fluid solver and ease of the coupling of particle solvers for red blood
cells. More realistic artery geometry and blood models will be used in future studies.
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